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Abstract: Supercapacitor (SC) parameters dependence on charging time is analyzed for Nesscap
2.7V / 10F. Charging was performed using constant current in the range from 0.5 A to 5 A. Recip-
rocal capacitance (C-1) was calculated. It linearly decreases with applied charge. During SC charg-
ing, the effective distance of charges on electrode-electrolyte interface decreases, due to the charge
distribution being altered by mobile ions inside electric field. Ions are at first moving by drift, and
then by diffusion processes. Effective thickness of electrolyte negative charge is determined from
reciprocal capacitance. The effective thickness varies between 2.6 nm and 2.1 nm.
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1. INTRODUCTION

This paper gives an analysis of the impact of supercapacitor (SC) charging duration on effective
thickness of electrolyte negative ions in close proximity to its terminals. There were three samples
evaluated for the purpose of this paper, denoted TN-1, TN-2, and TN-3. All of which were of-the-
shelf SC NessCap 2.7 V / 10 F.

Figure 1: Diagram of single electrode of
SC Nesscap 2.7 V / 10 F at steady state

SC structure consists of two porous carbon based electrodes. The electrode effective area of evalu-
ated samples is roughly A = 200 m2. The space between both electrodes is filled with an anion-rich
electrolyte,  and cellulose separator.  The permittivity of  the  electrolyte  turns  out  to be roughly
ε = 1010 F/m. And we suppose its work function to be 7 eV. The diagram of single SC electrode is
presented in figure 1. Note that circa 2 eV energy gap exists in the depletion region (between 5 eV
carbon electrode and the electrolyte) which is responsible for gradual change in ionic charge den-
sity in close proximity to the electrode, as depicted by red curve. An effective capacitance is cre-
ated on such interface. This capacitance turns out to be roughly 20 F for SC Nesscap 2.7 V / 10 F,
as there are two such capacities in series, one at each electrode. [1-2]
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SC behaves as a regular capacitor with very high capacitance. But several phenomena, attributed to
its irregular structure and composition, are observed. Notably they are voltage relaxation and re -
covery. Both are well accounted for in the state of the art SC model as described in [1]. Other phe-
nomenon is voltage dependent capacitance, which is described in [2].

Overview of SC charging by constant current 2 A up to its rated voltage 2.7 V is presented in fig. 2.
Two things are to be noted. First  is the voltage relaxation,  taking place since the charging has
ended (denoted in black). This is caused by the diffuse capacitance charging. Second is slight bend
in the charging curve. Note that in the case of regular capacitor, the charging would be strictly
straight, as shown by green line. This phenomenon will be fully addressed later on in this paper.

Figure 2: Charging of Nesscap 2.7 V / 10 F sample TN-1 by constant current
2 A (blue) and snippet of subsequent relaxation after charging (black)

The reminder of this article is divided as follows. In next section “Experimental setup”, a descrip-
tion of the measurement hardware is presented. Section “Measurement” holds and explains the
measured results. Section 4 contains parallel plate capacitor equivalent parameters evaluation. And
section “Discussion” attempts to tackle the physics behind the charging phenomenon.

2. EXPERIMENTAL SETUP

The essence of the measurement is to charge SC by constant current, until the voltage on its termi-
nals reaches its rated voltage. For this task a μ-precision programmable current regulator was con-
structed. The measurement setup is depicted in figure 3.

The measurement is controlled by PC, via a handyscope HS-3 (TiePie engineering) device. This
device has 2 separate voltage channels, capable of streaming measurement at 10 kHz, which are
used for measured voltage and current values acquirement. And an arbitrary function generator
channel, used to set the limiting current.

The regulator, labeled CS 1 in the figure, is capable of supplying precision current in the range
from -5 A to 5 A. To achieve negative currents,  an H-bridge configuration is used. The current
value and direction through the sample is measured using shunt resistor. Its dynamic transition pe-
riod is greatly bellow 10 ms, even for full current swing. The current set error is in the neighbor-
hood of 0.3% (induced by HS-3 device). And its load regulation is bellow 1 μA. These error values
are negligible in the greater picture of transferring over 20 C of charge into the sample.

Figure 3: Measurement setup diagram
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The current regulator is supplied by standard lab power supply, capable of producing 5 A at 12 V.
The power line needs to be decoupled using a π-filter configuration, in order to achieve fast transi-
tion. An additional bias power supply, having 5 V high noise lane (cooling) and ±17 V symmetrical
supply for powering the on board electronics, is used.

3. MEASUREMENT

Three samples were evaluated for the purpose of this paper. While all the calculations were per-
formed for every sample, only sample TN-2 was chosen as median to be presented graphically. 

Figure 4: Charging of Nesscap 2.7 V / 10 F sample
TN-2 using varying currents in time

Figure 4 shows charging curves of sample TN-2. Four distinct charging currents were used. The
duration of charging Δt varies from 4.6 s to 50.8 s, honoring equations (1) and (2) for regular paral-
lel plate capacitor. For transferred charge it holds:

Q = It [C ] (1)

where I is current flowing through the capacitor and t is the time duration for which the current is
applied. For capacitor electrodes potential it holds:

V =
Q
C

[V ]
(2)

where Q is charge stored in capacitor and C is its capacity. The non-linear behavior of SC charging
curve may be approximated by 2nd order function: [2]

Q = CH V +
1
2

CH1V 2
[C ]

(3)

where CH is Helmholtz or immediate capacitance and CH1 is constant which characterize voltage
dependence of SC capacitance. Parameters for x = ay2 + by + c quadratic fit of charging character-
istics for all samples and currents are given in table 1.

Table 1: Charging characteristic quadratic fit parameters for all samples

Note that the parameter a, responsible for the hyperbolic bend of the charging curve, is consistent
over all samples at the same charging current. Only exception is charging by 5 A, at which the
joule heat generated inside SC is the culprit. Parameter b, the slope of the charging curve is also
consistent, as it reflects the constant aggregation of charge in time.

Charging current: 0.5 A 1 A 2 A 5 A
Sample a b c a b c a b c a b c

TN-1 -0.0002 0.0641 0.0607 -0.0010 0.1304 0.0755 -0.0040 0.2632 0.1267 -0.0244 0.6556 0.2675
TN-2 -0.0002  0.0640 0.0591 -0.0010 0.1298 0.0753 -0.0040 0.2631 0.1280 -0.0281 0.6767 0.1764
TN-3 -0.0002 0.0636 0.0595 -0.0010 0.1294 0.0652 -0.0040 0.2644 0.1180 -0.0262 0.6596 0.2525
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4. RECIPROCAL CAPACITANCE AND EFFECTIVE THICKNESS EVALUATION

Given the charging fit parameters, SC reciprocal capacitance may be calculated from (3). First, the
charging curve is to be converted from voltage vs time to voltage vs charge relation, using ( 1).
Then from (2) it follows that  C-1 =  V /  Q . Calculated reciprocal capacitance characteristics for
sample TN-2 are shown in fig. 5 left.

Figure 5: Reciprocal capacitance and effective thickness of SC
Nesscap 2.7 V / 10 F sample TN-2 for varying currents

We will model SC behavior through reduction of the problem into system of single plate of parallel
plate capacitor, as this fits well the system with very slow charges movement. For distance be-
tween electrodes of regular capacitor it holds that:

d = ε A C−1 (4)

where ε is electrolyte permittivity and A is the effective area of its electrode. Evaluated effective
area of sample TN-2 for varying currents can be found in fig. 5 right.

5. DISCUSSION

From  fig.  5 it is obvious, that SC charging duration is inversely proportional to the amount of
stored charge and increases linearly with time. We propose, that this is caused by anion buildup in
the depletion region of anode during charging. Using Gauss's law, the relation of electric intensity
over area can be linked to unidirectional negative charge distribution around the electrode by fol -
lowing set of equations:

∮ D⃗d A⃗=Q ⇒ ∇ E⃗=
ρ

ε
⇒ E (x)=E0(1−

x
d
) where E0=

e⋅n⋅A⋅d
ε⋅A

(5)

where  ρ is charge density,  n is negative charges count at distance  x from the electrode, and  E0

stands for electric field intensity adjacent to the electrode.

For capacitor, with slowly moving charges, the charge density remains almost constant. The rela-
tion of its voltage to its electric field intensity could be inferred from (5):

V (x ) = ∫
0

x

E(x)dx = E0 x− e⋅n
2 ε

x2 (6)

The relation of potential distribution between capacitor electrodes is depicted in  6 left. The red
curve represents initial electric field intensity vector. By substituting (2) in (6) value of capacitor
potential distribution may be obtained, depicted in green for both cases (parallel plate and SC).

The last term of (6) predicts the electric field intensity evolution in depletion region of parallel
plate capacitor (fig.  6 middle, brown line). The blue line reflects the constant charge density of
parallel plate capacitor.
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Figure 6: Depletion region potential distribution (left), with consequent elec-
trode voltage marked Vd.. Charge density and electric field evolution in double
plate capacitor (middle) and SC (right). Vs electrolyte depletion region fetch.

The relation between second and third term of (6) must be applicable to SC. Therefore it can be as-
sumed, that the charge density changes around electrodes during the charging ever so slightly. This
charge buildup (blue curve of fig. 6 right) is caused by two effects. First, charges move freely in
electrolyte and are therefore affected by electric field, hence a drift towards the electrode occurs.
Second, charge low density region is produced by the drift, which is slowly replenished by diffu -
sion. The latter process is well described in [1]. In the case of discharged SC, situation gradually
changes from that described in fig.  6 middle to that in fig.  6 right. During this process an extra
charge is slowly accumulated in the area enclosed by Drift and Diffusion lines of fig. 6 right

The consideration of this new dual principle can account for aforementioned bend in SC charging
characteristic.  Since the charge density mainly changes by drift,  which is in turn dependent on
time, the duration of charging plays a role in the amount of charge stored by charging of SC. Note
that the value of Q in figure 6 middle and right would not be equal. Also note that the right figure
is grossly over exaggerated, in order to pinpoint the electrical intensity inflection point, which is
exactly at that distance from electrode where the drift and diffusion lines join (marked by gray).

6. CONCLUSION

Measurements of several samples of SC Nesscap 2.7 V / 10 F were performed. SC charging was
studied and its reciprocal capacitance was calculated. From which the effective electrolyte thick-
ness was estimated. The effective thickness varies from 2.6 nm to 2.1 nm and increases linearly
with the length of the charging, which is new effect observed in SC.

During the charging negative ions are slowly moved by drift and diffusion processes towards the
electrode, as they are affected by electric field, and cause both increase in capacitance and de -
crease of electrolyte effective thickness. In other words, the longer the charging takes place, the
larger distance do ions traverse in electrolyte. This effect increases charge density in close proxim-
ity to the electrodes. This new dual effect is in perfect congruence with physics behind Maxwell's
equations.
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