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Abstract:
Electric charge in supercapacitor is stored onteldes as well as inside its electrolyte. Charge®lectrodes
create Helmholtz double layer which is formed imrmagaly with time constant in the order of secondsile the
storage of charge in electrolyte takes time inditder of hundreds of seconds. When the chargedcapecitor
is briefly short-circuited, the charge on elect®ds discharged, however the charge in electralgtaains
mostly unchanged. The charge stored in electradytedistributed by diffusion to the electrodesiiluhe charge
on electrodes form electric field which acts aghitiee charge concentration gradient and equilibristate
occursfor charge-carrier exchange at electroddrelgte interface. Supercapacitor capacitance valegends
on the voltage of its terminals; with increasindtage total capacitance increases.

INTRODUCTION

Supercapacitor (SC) is an electronic device ablstdoe large amount of energy within relatively shtame
period. Due to high capacity (in thousands of FeY&ICs could be used as an extra power sourceddtad
study of SCs charge and self-discharge processespeeformed in [1], [2], [3], [4], [5], [6] and |7

The charge on SC with carbon electrodes is stooedmy in Helmholtz double layer on the interfdmgween a
conductive electrode and an electrolyte but alsdhin electrolyte itself. Helmholtz capacitance amged
immediately with time constant in the order of sets) while the charge stored in electrolyte isseitiuted by
diffusion process, which leads to the increaseotdl tcapacitance of the sample. This diffuse cdpace is
charged with time constant in the order of hundrefiseconds [5]. The increase of capacitance dutdo
charging of diffuse capacitance leads to decraapetential on SCs terminals.

We describe mathematical method for obtaining ateuestimation of capacitance vs. voltage relatibtested
SC. We show how to extrapolate this informatiomfroharging and discharging characteristics of $Cthe
process we estimate SCs immediate capacitancecasthot, which characterize SCs capacitance itioeléo
the voltage on its terminals. We show how to esténSCs differential capacitance. We calculate vedgnt
capacitance of linear capacitor holding the sansegsh and the same energy, respectively, as tHaated SC
[8].

We have prepared an experiment where the SC igetidor time interval of 600 seconds from the \gdta
source through the load resistor up to reachingperating voltage. We can calculate total chaejevered to
SC within this time interval. After this chargingtérval the capacitor is shorted for 12 secondsyhith the
entire charge from electrodes is discharged. Chstayed in the electrolyte is then slowly redisitdd and the
voltage on SC terminals increases. We have monitthies restoring voltage value in time interval 4600
seconds. The time dependence of restoring voltagebe modeled by the exponential stretched lawghwhi
shows, that the charge redistribution is driverdiffusion process.

CAPACITANCE DEPENDENCE ON ELECTRIC FIELD

As mentioned above, the physics of the SC predicteltage dependent value of capacitance. We igethi
capacitance from the voltage vs. time curve dutheg charging (Fig. 1:) or discharging (Fig. 2:) dgnstant
currentlc.
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Fig. 1: Voltage vs. time for SC Nesscap 10F/2.7V duringgimg by constant current (blue line represeintsar approximation).
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Fig. 2: Voltage vs. time for SC Nesscap 10F/2.7V duringlilisging by constant current (blue line represkmésr approximation).

Electric charge stored on SC during charging candbeulated a® = Ic * t, wheret is time of charging. Stored
electric charge vs. voltage dependence is detethfimen SC charging and can be approximated by 2ddro
polynomial function [6] (see Fig. 3:):

Q=CyoV+12C,,V* _ 1)

WhereCyy is Helmholtz or immediate capacitance &hd is constant which characterize voltage dependefice
SC capacitance.
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Fig. 3: Stored electric charge vs. voltage for SC Ness€&217V for charging by constant currégt= 0,45 A

From the curve fit obtained from Fig. 3: it followlsat for SC Nesscap 10F/2.7V the capacitance salueing
charging were roughl€yo = 7.07 F andCy; = 1.77 F/V.

C
Differential capacitanc ° is given by the first derivative of stored cha@es. applied voltag¥'-

C5=deV , (2)



hence from equations (1) and (2) we get:

C;=Cip+CV _ 3)
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Fig. 4: Capacitance vs. applied voltage for Nesscap 10¥/&i7charging/discharging by constant currdgt= 0,45 A

Capacitance depends on voltage. With increasintagielthe capacitance increases both for capadismging
and discharging process as shown in Fig. 4:.

Two different capacitance values are defined [8idipwing terms:

The first one is the equivalent capacitance defiagaapacitance value of a linear capacitor holtiiegsame
charge as the SC at the voltageT his capacitance is denoted @Gy, and is obtained from (2) and (3):

Cho=Cpotl2C,,V (4)

whereV is voltage on the SC after the chargigq corresponds to average value of SC capacitancét dd
very near to the nominal capacitance value fodratdtage.

The second one is the equivalent capacitalicdefined as the capacitance of linear capacitomigathe same
energyE as the SC at the voltaye Energy stored in generic capacitor is given Bipfang equation.

E=] VdQ (5)

Energy of linear capacitor is obtained by integnaiof (5), introducing the relatiaaQ = Cg dV,

_1 2
E= ECEV (6)

Energy stored in SC is calculated by combining &quoa (2), (3) and (5) such as:

_1 2, 1 3
E_ECHOV +§CH1V (7)

This nonlinear behavior of the immediate capaciant the SC has the consequence that more energy pe
voltage increment is stored at higher voltage thamould be in a constant linear capacitor. Theieajant
capacitanc€x is given by equaling equations (6) and (7):

Ce=Cp+23C,V _ (8)
The explanation of SC voltage-dependent capacitéoltewvs from electric charge distribution in SCtise

region. The distance between positive and negealeetric charges is constant in parallel plate capa In SC
this distance is dependent on the value of elefitflid in time because of the charge carriers' muomat.



EXPERIMENTAL

The samples of SC Nesscap 10F/2.7V were evalu@le&C in series with load resistance was connetciée
DC power source for time interval of 600 secondsltdge on SC’s terminals and charging current were
recorded with sampling frequency of 20 Hz. Acquichdracteristics are shown in Fig. 5:.
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Fig. 5: Time dependence of voltage on SC's terminals (bluee) and charging current (red curve) during gimay of SC Nesscap
10F/2.7V — whole charging time interval 600 seconds
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Fig. 6: Detail of initial 80 seconds of Fig. 5:

Operating voltage\,,) value 2.7 V is reached within the time intervib0 seconds and then the voltage is kept
at constant value (see Fig. 6:). The charge deld/éos SC was calculated by integrating the chargumgent in
the time interval 0 to 50 seconds, and 0 to 600rsds; respectively. The charge delivered to SCiwvittitial 50
seconds i€sps = 27.5 C, and the total charge of SC after 600m@s of charging i® = 32.08 C.

After the charging of SC for 600 seconds the SC dissharged through the shunt resid®py = 0.250. Time
dependence of discharge current and voltage orintalsnis shown in Fig. 7: and Fig. 8:. The voltageSCs
terminals reached zero value within 12.5 seconts.charge taken out from SC was calculated Qhe 27.4

C.
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Fig. 7: Time dependence of discharging current (blue curiime interval 602 to 614 s) and voltage on S€fminals (red curve) during
charging, discharging and voltage recovery on SE€sbegp 10F/2.7V.
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Fig. 8: Time dependence of discharging current (blue curimme interval 602 to 614 s) and voltage on S€fminals (red curve) during
discharging of SC Nesscap 10F/2.7V — detail foetinterval 601 to 619 s.

From our previous experiments on SC Nesscap [fllldws that we can neglect the charge losses dubd
current leakage. The leakage current is in therasflé to 1001A, so the charge loss is less than 50 mC during
the whole experiment.

DISCUSSION

From the comparison dsys and Qs charge values it follows, that during initial 58cends of charging, the
charge is stored mostly on the SCs electrodes. @heng additional 550 seconds of charging, thegbs are
stored in electrolyte. The time dependence of dhgrgurrent in time interval 50 to 600 seconds ¢&n
approximated by analytical function (see Fig. 9evehthe charging current exponentially decreas#s sguare
root of time, which corresponds to the charge tabistion by diffusion process:

I=1 exp(- /) +1, 9)

wherel; = 0.0309 At is time, time constant = 44.6 s and, = 0.0072 A.

Herel, + 1, = 0.0381 A is the current value in time 50 secondue of current, represents the value at
infinity, but it is not equal to the SCs leakagereuat, which is in the order of 1 to 10A in these components
[5]. Measured value of curremf is about 3 orders of magnitude higher than expeltakage current value,
which shows that the charge diffusion is still nogress and that more charges could be store@datrelyte.
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Fig. 9: Time dependence of charging current (black curueind charging of SC Nesscap 10F/2.7V in time waeb0 to 600 seconds and
the data fit by analytical function (blue line).

Total charge stored in the SC during charging Was= 32.08 C. Voltage on SC’s terminals was kept at
operating valud/y, = 2.695 V. Considering the amount of charge stare@lectrodes to be equal@gs = 27.4

C, then the charge stored in electrolyte during $&bnds of charging @ = Qr — Qqs = 4.68 C.

We can calculate the Helmholtz capacitanc€as Qqs/ Vop = 27.4 1/ 2.695 = 10.17 F and the total capacitance
after 600 s of charginGrepoos = Qr / Vop = 32.08 / 2.695 = 11.90 F.

When the SC is shorted all charge from electrodedischarged. Charge stored in the electrofjtes then
redistributed and the voltage on SCs terminalsmees (see Fig. 10:). The time dependence of irestanltage
can be modeled by exponential stretched law, whiddws that the charge redistribution is driven Hjusion
process. The analytical function for restoring agé fit is:



V, =V, (1~ exp(— /7)) (10)

whereV,; = 0.461 V is the restoring voltage value at irtfirand the time constantiis = 104 s.

From the charge QE remaining in SC and the regaraitage value Vrl we can calculate total capaciafor
voltage 0.461 V a€n, =Qg/V,1 =4.68/0.461 =10.15 F.

We can see that the value of capacitadggis smaller than the Helmholtz capacitance valuggatCapacitance
of SC is voltage dependent and at least Helmhaltacitance value increases with voltage on itsiteris
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Fig. 10:Time dependence of voltage on SC’s terminals (btpares) during the voltage recovery after thel8t iurcuit for SC Nesscap
10F/2.7V. Here time t = 0 s corresponds to thetoin614.25 s in Figs. 7 and 8.

CONCLUSIONS

The electric charge on SC with carbon electrodestased not only in Helmholtz double layer at theeiface
between the surface of a conductive electrode aredeztrolyte, but also in the electrolyte itself.

The charges on electrodes create Helmholtz doalgks,| which is formed immediately with time congtamthe
order of seconds.

The charge storage in electrolyte (diffuse capacéais going on with time constant in the ordehwoifidreds of
seconds and the charge redistribution in SC stredsudescribed by diffusion process.

When short-circuiting the SC for short period ohdi the potential of its terminals reach zero. Téstaring
voltage on SCs terminals increase within time iraeof thousands of seconds.

Capacitance of SC is voltage dependent and at felstholtz capacitance value increases with vol@agéehe
SC'’s terminals. The immediate capacitance of SCianbltage dependence factor can be accuratéinaed.
And an equivalent capacitance of linear capacior e calculated.
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