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A B S T R A C T   

Supercapacitors are often charged using constant currents. The capacitance can be determined from the slope of 
the voltage-time curve if the measured voltage over the supercapacitor increases linearly with time. However, 
the resulting voltage-time curve is often nonlinear, which may lead one to interpret the capacitance as being 
either time or voltage dependent. In the current work, systematic experimental studies of the nonlinearity of 
galvanostatic charging curves as a function of applied current and temperature are undertaken for commercial 
supercapacitors in the range 1–1000 F. A consistent theory is developed to explain the available data. It is 
demonstrated that the nonlinearity in the voltage-time curve can be attributed to a constant capacitance in 
parallel with a resistance, the latter which is inversely proportional to the applied current. The influence of 
faradaic charge transfer reactions or surface charge reorganization on this parallel resistance is analyzed. The 
proposed theory is also used to analyze galvanostatic charging data available in the research literature, and the 
different types of nonlinearities observed provide new insight into the mechanisms occurring during charging of 
various types of supercapacitors.   

1. Introduction 

Supercapacitors utilize the surface of porous carbon structures 
immersed in an electrolyte to store charge [1–3]. The ability to store 
large amounts of ionic charges at the carbon surface result in large ca
pacitances [4,5], and supercapacitors exceeding thousands of Farads 
have been available the last two decades [6]. The technological progress 
has allowed supercapacitors to be used in intermittent renewable energy 
applications [7,8], wireless technology [9–11], and industrial machin
ery [6,12]. 

Despite considerable research efforts the last ten years, the progress 
in transforming research on supercapacitors into commercially viable 
products with even higher charge storage capacities has evolved rela
tively slowly [12]. A considerable research focus has been put on 
developing electrodes that allow more charge to be stored based on 
improved electrolytes [13–17] or nanoporous carbon structures [18,19]. 
However, emphasis has also been put on improving methods for accu
rately determining the electrical parameters governing supercapacitors 
[20–25]. For example, the capacitance of a supercapacitor is often 
determined using the slope of galvanostatic charging/discharging 
curves. However, such curves are often nonlinear, which makes it 
challenging to extract accurate capacitance values that coincide with 

those obtained using other electrical techniques such as impedance 
spectroscopy and cyclic voltammetry [26]. From a fundamental 
perspective, the source of this nonlinearity is not well understood, 
although it has recently been attributed to factors such as for example 
voltage-dependent dipole orientation [27] or carbon electrode structure 
[28]. Transmission line circuits has been used to demonstrate how 
charge redistribution and electrode history influence the galvanostatic 
charging/discharging curves, thus providing insight into these impor
tant phenomena [29]. However, to date no theory has been constructed 
which consistently can be used to model these nonlinearities and to 
interpret the galvanostatic charging curves when parameters such as 
temperature and current are varied. 

Different electrical techniques provide different insight into the 
working mechanism of a supercapacitor. While impedance spectroscopy 
is a perturbative technique that investigates small perturbations at a 
sequence of particular frequencies, cyclic voltammetry usually goes 
beyond small perturbations and investigates the nonlinear current 
following an applied voltage. As discussed in ref. [26], these techniques 
give different electrical information than when a constant current is 
applied, and care must be taken to extract reliable values for the 
capacitance. In addition, better methods are needed to extract more and 
better data from galvanostatic charging/discharging curves. In ref. [26] 
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it was argued that galvanostatic charging curves are better suited for 
determining capacitance than discharging curves since the latter may 
depend on the initial charge state. Therefore, the current work starts 
with building a model for consistently interpreting galvanostatic 
charging curves, followed by an investigation on how to interpret them 
in terms of an equivalent electrical circuit. The model is then used to 
examine a range of experimental data, both new data reported here as 
well as already published data in the literature. The work presented 
provides a new method for extraction and interpretation of capacitance 
values obtained using galvanostatic charging curves which might help 
reveal the underlying charge transport mechanisms. 

2. A model for galvanostatic charging 

In this section, the currents through a supercapacitor are first dis
cussed, followed by a formulation of suitable equivalent circuits. 

2.1. The currents flowing through a supercapacitor 

Fig. 1 shows a simplified schematic drawing of a supercapacitor and 
its operating principle. As the current flows in the electrolyte of a 
supercapacitor, the charge buildup on the carbon surface is given by qs 
= σA, where σ is the surface charge density (measured in C/m2) and A is 
the area on which it sits. Here qs does not participate in chemical re
actions, and the entire charge is therefore associated with the electric 
double layer. 

In addition, there is also a charge qr which participates in redox- 
reactions at the surface and therefore contributes to charge transfer as 
faradaic reactions. Some of this charge qr may be stored reversibly in 
covalent bonds in a similar manner as in a battery. If qs is the only charge 
stored in a porous carbon structure, one usually calls it a supercapacitor 
or electrochemical double layer capacitor. Under such circumstances, 
the charge qr only participates in dissipative processes and therefore 
does not contribute to charge storage. 

However, if both qs and qr contribute to the charge storage, it is 
called a pseudocapacitor or supercapattery [30–34]. It is not always easy 
to separate these two types of charge storage mechanisms, which has 
caused quite some confusion in the research literature [30–32]. This 
confusion is partly due to lack of proper interpretation of experimental 
data, but also the fact that not all fundamental charge storage 

mechanisms are properly understood. For example, one normally as
sumes that the charge qr does not contribute to the surface charge 
density [35], but that may depend on the character of the bond. For 
example, some oxide surfaces or polar covalent bonds may contribute to 
the surface charge density [36]. 

Here we will make the standard assumption that qr does not 
contribute to the surface charge density, which is a reasonable 
assumption for most porous carbon surfaces that have not been heavily 
doped. It is then convenient to separate the two charge contributions 
such that the total charge is q = qr + qs, giving rise to a current given by 

I = Is + Ir = A
dσ
dt

+ σ dA
dt

+
dqr

dt
. (1) 

The first term in Eq. (1) is due to a change in charge density, the 
second term is due to change in area on which the charge sits, while the 
third term is related to redox reactions. The current Is = dqs/dt is 
associated with the two first terms, whereas Ir = dqr/dt is associated 
with the redox-reactions. While it might appear obvious that the charge 
density σ increases as the supercapacitor charges, it might appear to be 
more of a mystery why the area should change such that dA/dt ∕= 0. 
However, such changes in area may occur due to several physical 
mechanisms. First, it has been demonstrated experimentally that inter
calation or insertion of charge in the carbon structures may result in a 
change in size of the order of a percent [37], and that such changes are 
due to alterations in C–C bonds as evidenced by X-ray diffraction ex
periments [38]. Intercalation or insertion during galvanostatic charging 
is expected to create an expansion, such that dA/dt > 0. A second 
mechanism that could lead to a change in area may occur if one has 
spatially heterogeneous flow, and ionic charges gather in clustered 
patches and not like a smooth diffuse double layer as often assumed for 
flat surfaces. The outer ions in these clusters are obviously shielded and 
do not contribute to charge storage. Then, subsequent ion flow towards 
these regions may cause gradual or avalanche-like rearrangement of 
charge to cover a larger area such that in effect one has dA/dt > 0 during 
charging. 

Note that Eq. (1) is an equation that only considers the currents at the 
porous carbon surface, and does not consider the diffusion or drift of 
ions in the bulk towards the surface. Transport through diffusion may 
play an important role in the galvanostatic charging curves in some 
cases, for example at low electrolyte concentrations, and will be 

Fig. 1. Simplified schematic drawing of the structure of a supercapacitor and its operating principle. Here Is is the capacitive charging current and Ir the charge 
transfer current. Also shown is an equivalent circuit with series resistor Rs, parallel-connected resistance R1 and electrical double layer capacitance C1. 
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considered in Section 8. 

2.2. The surface charge density 

To proceed from Eq. (1), we need a connection between the electric 
field and the surface charge density. In general, this is a very complex 
task due to the porous geometry and complex boundary conditions 
involved. However, one expects that they are proportional to each other, 
as suggested by Gauss' law. By homogenizing the porous carbon surface 
system and assuming a mean-field approach wherein only the electric 
field component in the ion flow direction perpendicular to the electrodes 
provides a net contribution, one may use the one-dimensional version of 
Gauss' law to integrate over the charge density ρ in the pores to find the 
effective electric field to be 

E =
1

εrε0

∫

ρdx ≈
σ

εrε0
. (2) 

Here εr and ε0 are the relative permittivity of the electrolyte and 
permittivity of vacuum, respectively. This effective field can be associ
ated with the voltage drop V such that E ≈ V/d, where d is a measure of 
the average extension of the electrical double layer at the porous sur
face. Thus, the arguments given here simply suggests that the surface 
charge density depends on the voltage according to 

σ =
εrε0V

d
. (3) 

Clearly, this simplified expression does not capture all the geomet
rical details of the porous structure. In fact, these have been lumped into 
the parameter d, which in principle may also depend on other envi
ronmental parameters. However, even though one decides to build a full 
three-dimensional model, it is not unreasonable to expect that the sur
face charge density and the applied voltage are linearly related. If this is 
the case, one can write 

σ =
C1

A
V, (4)  

where C1 is the electrical double layer capacitance. In the special case 
where Eq. (3) is valid, one obtains C1 = ε0εrA/d. For cylindrical pores or 
other complex geometries, the capacitance takes on other geometry- 
dependent values. Moreover, it is technically possible that the capaci
tance C1 depends on the voltage V, but this should be investigated 
experimentally with the proper techniques. 

Inserting Eq. (3) into Eq. (1) gives 

I = A
dσ
dt

+ σ dA
dt

+ Ir =

(
εrε0A

d

)
dV
dt

+
εrε0

d
dA
dt

V + Ir . (5) 

If one now assumes that the current is constant I = I0 during 
charging, this equation can also be written as 

I0 = C1
dV
dt

+
V

Rro
+ Ir , C1 =

εrε0A
d

, Rro =
1

εr ε0
d

dA
dt
. (6) 

Here C1 is the capacitance of the surface, while Rro will be denoted 
the surface reorganization factor. The particular forms of C1 and Rro in 
Eq. (6) are clearly dependent of the simplifying Eq. (3) used here. 

2.3. Reorganization factor 

The factor Rro = d/(εrε0dA/dt) is interpreted as a resistance since the 
term V/Rro is proportional to a current in analogy with Ohm's law. If Rro 
is due to electrolyte ion intercalation as discussed above, one may think 
that this term is dissipative if energy is lost as the area increases with 
time (i.e. dA/dt > 0). However, it should also be emphasized that the 
intercalation process could result in charge storage in addition to 
dissipative loss as discussed in refs. [37,38]. The area may typically not 
change by >0.1 %, thus rendering C1 nearly independent of time. 

According to the model above, a gradual decrease in area available for 
charge to sit (i.e. dA/dt < 0) results in a negative Rro, which could be 
interpreted as the current moving in the opposite direction due to a 
driving force expelling the charge from the surface. The author is not 
aware of direct dilatational measurements showing evidence for dA/dt 
< 0, but this does not rule out this possibility in future studies. 

While the formula for surface reorganization factor Rro = d/(εrε0dA/ 
dt) depends directly on the change in area per time interval, this 
quantity is very hard to measure directly with existing techniques. For 
example, we do not know how dA/dt depends on current or tempera
ture. To build a simple model for the condition that dA/dt > 0, one 
might imagine that the carbon surface consists of many pores and 
confined regions of average extension w. The ions flow into these and 
become trapped in a potential well. At the same time, the region expands 
and the charge rearranges, and the probability of escaping the potential 
well per unit time is p = f0exp(− E/kBT), where f0 is the attempt fre
quency, kB is the Boltzmann constant, T is the temperature and E the 
height of the potential barrier that must be surpassed for the ions to 
enter the confined region. In position y along the insertion channel there 
are N(y) ions, while at y + w there are N(y + w) ions, such that the rate 
of ions is r ≈ p[N(y) − N(y + w)] ≈ − pwdN/dy. The concentration of 
ions near each patch is n = N/wAc, where Ac is a representative cross- 
sectional area which the ions move through while inserting. The ion 
flux is defined as the number of ions passing through the cross-section 
area Ac per unit time and is therefore J = r/Ac ≈ − Dddn/dy, where 
the diffusion coefficient is Dd = w2f0exp(− E/kBT). If one assumes 
normal diffusional behavior, the area covered by the ions in the po
tential well is proportional to that covered by diffusion, i.e. A∝ < y2 >≈

Ddt during a time t, and this can be used as a representation of the area 
covered during ion insertion. This means that the change in area per 
time is simply given by 

dA
dt

∝Dd ≈ w2f0e−
E

kB T (7)  

when E = 0, the change in area per time is maximal and given by w2f0, i. 
e. the area of the patches multiplied by the escape rate. One may assume 
that increasing the current I0 during galvanostatic charging also in
creases the escape rate by pushing aside other charges on the surface, i.e. 
f0 = (N0/e)I0, where k0 is a constant and e the electronic charge e =
1.6•10− 19 C. If only one ion enters per event, then N0 = 1. Using this 
model, the surface charge reorganization factor becomes 

Rro =
ede

E
kB T

εrε0w2N0I0
. (8) 

According to Eq. (8), the surface reorganization factor Rro decreases 
inversely proportional to the current and exponentially with the tem
perature. Therefore, by increasing the current I0 or the temperature T, 
one may expect a smaller Rro. 

2.4. Charge transfer resistance 

In addition to the current Is, there might also be redox-reactions 
resulting in charge transfer. The simplest model for this type of charge 
transfer follows using the Butler-Volmer equation, which states that the 
current due to the redox-reactions can be written as [39] 

Ir = IrA
(
eαeV/kBT − e− (1− α)eV/kBT ), (9) 

where α is the transfer coefficient, e = 1.6•10− 19 C is the electronic 
charge, kB = 1.38•10− 23 J/K and T is the temperature. The exchange 
current density IrA depends on the surface concentration of the redox- 
species as well as the rate at which they are transformed, and is there
fore directly proportional to the current through the supercapacitor, 
such that IrA = krI0, where kr is a constant. For small voltages (eV/kBT 
<< 1) one may write 
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Ir ≈ krI0
eV
kBT

=
V
Rct

, Rct =
kBT
ekrI0

, (10)  

where Rct is the charge transfer resistance. It should be noted that in Eq. 
(10) the charge transfer resistance decreases inversely proportional to 
the current, just as the surface reorganization factor in Eq. (8). However, 
it is also seen that Rro decreases with increasing temperature, i.e., the 
opposite of the behavior of the charge transfer resistance in Eq. (10). The 
major difference between the two equations when it comes to 
temperature-dependence is that Eq. (8) assumes a voltage-independent 
energy barrier, while in Eq. (10) voltage-dependence of the energy is 
implicitly assumed. Under most circumstances one does not have small 
voltages, and the full Eq. (9) or some equivalent equation should be used 
to represent the redox-reaction. It is, however, convenient to keep Eq. 
(10) as a starting point when discussing charge transfer resistance. 

The total current flowing from through the interface to the electrodes 
is given by I0 = Is + Ir, or 

I0 = C1
dV
dt

+

(
1

Rro
+

1
Rct

)

V (11) 

It is seen that the total resistance can be understood in terms of a 
parallel connection between the charge transfer resistance Rct and the 
surface reorganization factor Rro, such that the effective resistance R1 is 
given by 

1
R1

=
1

Rro
+

1
Rct

. (12) 

If Rct << Rro, it is that R1 ≈ Rct. Under such conditions, which are 
achieved if dA/dt → 0, the resistance is dominated by ordinary charge 
transfer associated with redox-reactions. On the other hand, if Rct >>

Rro, it is seen that R1 ≈ Rro. For surface reorganization to dominate one 
must require that dA/dt >> edkrI0/(kBTεrε0). 

2.5. The voltage-time curve 

If one defines τ = R1C1 as the time constant for the parallel circuit 
consisting of R1 and C1, Eq. (11) is a first-order differential equation 
which in general can be solved to find the time-dependent voltage as 

V(t) = I0

∫ t
0

E(t)
C1(t)

dt
E(t)

, E(t) = e
∫ t

0
1

τ(t) dt (13) 

Eq. (13) applies to electrochemical systems which exhibits both 
capacitance and loss, as detailed in Section 2.1. It does not account for 
non-dissipative reversible charge transfer reactions such as found in 
battery-like supercapacitors, but can be extended to such systems as 
discussed in Section 2.6. It is difficult to solve Eq. (13) for the general 
case where Rct, A and d are time-dependent, in particular since this time- 
dependency is not known. 

If R1 and C1 are time-independent, R1 > 0 and τ = R1C1 > 0, Eq. (13) 
results in 

V(t) = V0
(
1 − e− t/τ), (14)  

where V0 = R1I0 is the maximum voltage. 
Eq. (14) expresses the voltage across the porous carbon, and does not 

include any potential changes due to other parts of the supercapacitor. 
For example, it does not include the fact that the electrolyte itself pos
sesses an ohmic resistance to motion of ions, the fact that there is ohmic 
resistance associated with the contact between the metal current col
lector and porous carbon surfaces, or other similar ohmic losses due to 
contact resistance or bulk flow. This can be done in a simple a manner, as 
has also been done in the literature [40], by considering the series 
resistance Rs as shown in Fig. 1 a). The voltage across Rs during galva
nostatic charging is RsI0. The total voltage across the entire super
capacitor is therefore, if τ is a constant that does not depend on time, 
given by the simple expression 

Vc(t) = V0
(
1 − e− t/τ)+RsI0. (15) 

Eq. (15) will be the starting point for most of the further analysis in 
this work. 

2.6. Electrical equivalent circuits 

A number of different complex equivalent circuits have been pre
sented to model supercapacitors [41–45]. Such equivalent circuits have 
been found to be very useful to model dynamic behavior [46,47], state- 
of-charge [48] and second-life use [49,50]. While useful in operational 
environments, many of these models are designed for their particular 
use and do not allow one to obtain further insight into the charging 
mechanisms. From such a perspective, the goal is to keep the electrical 
equivalent circuit as simple as possible with clearly defined capacitive 
and resistive elements that allows analysis of galvanostatic charging 
curves in a self-consistent manner. 

The equivalent electrical circuit represented by Eq. (15) is depicted 
in Fig. 2 a). The equivalent circuit given in Fig. 2 a) has been considered 
also in previous studies [51–55], and in ref. [55] an empirical expo
nential relationship was proposed to explain the voltage-time curve. In 
the current work we investigate this further experimentally and propose 
that the equivalent circuit should result from the considerations leading 
to Eqs. (11) and (15). In Eq. (15) one obtains dVc(t << τ)/dt ≈ V0/τ for t 
<< τ, whereas for t >> τ it is seen that dVc(t >> τ)/dt ≈ 0. It is therefore 
clear that the initial part of the voltage-time curve is determined by the 
electrical double layer capacitance C1. 

While the equivalent circuit of Fig. 2 a) does account for dissipative 
processes associated with faradaic reactions, it does not explicitly ac
count for faradaic charge storage mechanisms such as observed in 
pseudocapacitors. The fundamentals of such mechanisms are not fully 
understood, and if they are not related to area change (dA/dt ∕= 0) they 
are not captured by Eq. (11). It has recently been suggested that this can 
be done by using a charge transfer resistance Rct and a faradaic capac
itance Cct as shown in Fig. 2 b) [35]. Assuming a constant current I0 and 
Cct > 0, the voltage across the supercapacitor represented by the 
equivalent circuit in Fig. 2 b) is during galvanostatic charging given by 

Vc(t) =
Rct

(
1 + C1

Cct

)2I0
(
1 − e− t/τb

)
+RsI0 +

I0

Cct + C1
t,

1
τb

=
1

RctC1
+

1
RctCct

.

(16) 

Fig. 3 a) shows Eq. (16) with Rs = 0, Rct = 1 Ω, Cct = 5C1 = 5 F and I0 
= 1 A. For t << τb one obtains 

dVc(t≪τb)

dt
≈

I0

C1
, (17)  

whereas for t >> τb it is seen that 

dVc(t≫τb)

dt
≈

I0

Cct + C1
(18) 

The slope of the initial voltage-time curve is now only dependent on 
the capacitance C1 of the electrical double layer, whereas the later slope 
depends on the combined parallel-connected double layer and charge 
transfer capacitances (Cct + C1). In Fig. 3 a) it is assumed that charge 
transfer capacitance Cct is five times larger than the electrical double 
layer capacitance C1, such that the slope at large times is six times 
smaller than the initial slope of the charging curve. The relative 
capacitance values were selected to show a possible scenario in which 
one would be able to detect the presence of charge transfer capacitance 
in a galvanostatic charging curve. 

It should be pointed out that the detailed charge storage mechanism 
during faradaic reactions must be determined from fundamental con
siderations which are currently lacking. For the equivalent circuit in 
Fig. 2 b) to be valid it must be assumed that the faradaic current Ir 
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dissipates energy as it passes through Rct to the charge storage location 
associated with Cct, in a manner completely independent of the surface 
charge qs stored in the electrical double layer. However, from a funda
mental point of view one may also expect the faradaic reaction to 
contribute to the surface charge density and therefore that the channel 
of current through Rct combined with the current associated with the 
electrical double layer both combine to deliver charge to the capacitor 
Cct as shown in Fig. 2 c). The voltage across the supercapacitor repre
sented by the equivalent circuit in Fig. 2 c) is 

Vc(t) = RctI0
(
1 − e− t/τc

)
+RsI0 +

I0

Cct
t, τc = RctC1. (19) 

For t << τc one obtains 

dVc(t≪τc)

dt
≈ I0

(
1

Cct
+

1
C1

)

, (20)  

whereas for t >> τc it is seen that 

dVc(t≫τc)

dt
≈

I0

Cct
. (21) 

From Eq. (21) it is seen that the slope of the voltage-time curve 
initially depends on the equivalent capacitance of the two series- 
connected capacitors C1 and Cct, whereas for larger t the slope de
pends only on the charge transfer capacitance Cct. It is noted that Eq. 
(16) and Eq. (21) react to the charge transfer capacitance Cct in different 
manners, and it might therefore be possible to separate the detailed 
charge storage mechanism of a pseudocapacitor using the galvanostatic 
charging curve. 

2.7. Voltage-dependent capacitance 

Voltage-dependent capacitances are often used to account for non
linearities when modelling supercapacitors [56–60]. Complex equiva
lent circuits containing voltage-dependent capacitors are often used to 
model both galvanostatic charging and discharging [61,62]. The theory 
leading to Eq. (11) does not rule out voltage-dependent capacitance, but 
this should be assessed by comparison with experiments. To compare the 
electrical equivalent circuit model in Fig. 2 a) with that using a voltage- 
dependent capacitance, we consider only the very simplest model in 
Fig. 2 d), consisting of a voltage-dependent capacitance C(V) in series 
with a resistance Rs. In Fig. 2 d) one neglects any faradaic processes and 
assumes that all charge Q is stored in the electrical double layer. Let us 
assume that the charge on the capacitor is Q = C(V)V. The voltage- 
dependence is not known, but it is convenient to look for voltage- 
dependent capacitances that result in a voltage described by Eq. (14) 
over the capacitive element C(V). Since the current is constant, we know 
that Q = I0t, such that the voltage-dependent capacitance is C(V) = I0t/ 
V. Using Eq. (14), the voltage-dependent capacitance can be written as 

Fig. 2. Four simple models of a supercapacitor that allows one to model the nonlinearity of a galvanostatic charging curve. Here the series resistor is denoted Rs, a 
parallel-connected resistance R1, the electrical double layer capacitance C1, the charge transfer resistance Rct, and the faradaic capacitance Cct. In d), C(V) is a 
voltage-dependent capacitance. 

Fig. 3. In a), a plot of Eq. (16) with Rs = 0, Rct = 1 Ω, Cct = 5C1 = 5 F and I0 = 1 
A is shown. In b), capacitance as given by Eq. (22) is shown as a function of 
time, and in c) the same capacitance is shown as a function of voltage. 
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C =
C0

t
τ

1 − e− t
τ
= − C0

ln
(

1 − V
V0

)

(
V
V0

) , (22)  

where C0 = I0τ/V0. 
Fig. 3 b) and c) shows the capacitance versus time or voltage ac

cording to Eq. (22). It is noted that C/C0 < 1.5 when t < τ or V < 0.6 V0, 
and is within the time interval which is most often available for fitting to 
Eq. (15). It is therefore clear that the equivalent circuit in Fig. 2 d) may 
provide the same voltage-time curve as that of Fig. 1a). For this reason, 
from an operational point of view, wherein the underlying mechanisms 
are of less importance than how to operate the device, the equivalent 
circuits in Fig. 2 a) and 2 d) are equivalent if Eq. (22) is implemented. 
However, if one is interested in understanding and optimizing the 
charge storage, Fig. 2 a) allows a more detailed interpretation. 

3. Experimental details 

The experimental data reported in this work were obtained by 
applying a constant current while measuring the voltage over a super
capacitor. The temperature was controlled by inserting the super
capacitor into an iron bore (to ensure good thermal conductivity) placed 
on a hotplate. The temperature was measured at two different places on 
the surface of the supercapacitor and found to remain constant to within 
±1 ◦C in the temperature range between 273 K and 363 K (0 ◦C and 
90 ◦C). Before galvanostatic charging, the supercapacitor was first 
emptied through a 1 Ω resistor and then set to equilibrate to ensure that 
the voltage rebound after removal of the resistor was <0.04 V. The 
supercapacitors considered were of nominal capacitance/maximum 
nominal voltage a 1F/2.5 V supercap (GoldCap) denoted SC1, 10F/2.5 V 
(GoldCap) denoted SC2, 10F/2.7 V (Nichima) denoted SC3, 400F/2.7 V 
(Ioxus) denoted SC4, and finally 1000F/2.7 V (RND Components) 
denoted SC5. Current and voltage measurements were done with either 
a Gamry Ref. 600 (for currents up to 0.6 A) or a homemade setup uti
lizing a current source and a voltmeter for currents up to 30 A. During 
galvanostatic charging, the current fluctuations remained below ±0.1 
mA and the voltage fluctuations below ±5 mV. Before each measure
ment, the supercapacitor was allowed to rest at least 1 h at the set 
temperature. Due to size and temperature stability limitations, galva
nostatic charging at different temperatures was only done on the smaller 
(1 F and 10 F) supercapacitors. 

An example of the measured voltage versus time at T = 293 K is 
shown in Fig. 4 a) for a 10 F/2.5 V Gold Cap supercapacitor under 
constant current I0 = 0.5 A (blue line). In Fig. 4 b), the voltage is 
measured during charging with I0 = 0.01A at T = 354 K for a 10 F Nichia 
supercapacitor (red line). 

4. Interpretation of the experimental data 

Given the experimental charging curves such as in Fig. 4, the ques
tion is now which equivalent model would provide a most useful fit if the 
goal is to extract as much information about charging mechanisms as 
possible. 

First, it is clear that both the equivalent circuits in Fig. 2 b) and c) 
give rise to voltage-time curves that continues to grow linearly with time 
after time intervals exceeding all time constants. As such, Eqs. (16) and 
(19) only provide reasonable fits to the experimental curves in Fig. 4 if 
I0/Cct < <1. However, we also know that the commercial super
capacitors investigated in the current work utilize a porous carbon 
structure in organic electrolyte, thus making it unlikely that they do 
have a significant faradaic capacitance Cct. For these reasons, it is 
believed that galvanostatic charging of pure supercapacitors is better 
described by the equivalent circuit in Fig. 2 a) represented by Eq. (15). 

A method to determine the equivalent series resistance Rs from gal
vanostatic charging/discharging curves was given in ref. [63]. In the 

current work the supercapacitor started from zero charge before being 
exposed to a current jump to I0, which means that the initial voltage 
jump is RsI0, from which the series resistance can be extracted. The value 
of Rs is usually determined with an accuracy within 10 %, determined by 
the precision of the measurement apparatus when recording the fast 
voltage jump after current is applied. After Rs was determined, the 
MatLab function nlinfit was used to make nonlinear fits of Eq. (15) to the 
experimental data with R2 > 0.99. Here V0 and τ could be found fitting 
Eq. (15) to the experimental data, and after that R1 and C1 could be 
extracted by using V0 = R1I0 and τ = R1C1. It is also possible to transform 
Eq. (15) into a linear function and use the least squares method, but it 
was not found to provide a better quality of the fit. However, care must 
be taken when doing nonlinear fits, since the MatLab function nlinfit 
also allows fitting of Eq. (15) to nearly linear curves wherein the values 
of R1 become exceedingly large (and exhibits large uncertainty) while C1 
stays within the expected range. For this reason, each fit undertaken in 
this study is done several times with different starting values of the fitted 
parameters to ensure confidence in the results. It is found that the un
certainty in fitting parameters C1 and R1 were found to between about 5 
% and 15 %. 

The dashed line in Fig. 4 a) is a fit of Eq. (15) to the experimental data 
with U0 = 5.2 V, τ = 107 s, C1 = 10.3 F, Rs = 74 mΩ, whereas the dashed 
line Fig. 4 b) corresponds to U0 = 3.4 V, τ = 2398 s, C1 = 7.0 F, Rs = 97 
mΩ. It is noted that the fit of Eq. (15) to the experimental data is 
excellent up to about 3.2 V. For comparison, previous systematic mea
surements have demonstrated that porous carbon in organic electrolytes 
such as lithium tetrafluoroborate (LiBF4) or tetraethylammonium tet
rafluoroborate (TEABF4) dissolved in acetonitrile or propylene carbon
ate all typically exhibit a stagnation in the voltage growth above 3.2 V 
[64]. In Ref. [64] this was assigned to a faradaic process, possibly 
leading to irreversible kinetics. It is possible that this faradaic process 
exhibited reversibility for smaller voltages, but then became irreversible 
above 3.2 V. For some electrolytes, like TEABF4 in acetonitrile, one may 
also observe a small bump in the voltage-time curve similar to that seen 
in Fig. 4 a) above 3.2 V. Increasing the temperature as in Fig. 4 b) ap
pears to smoothen out some of the irregularities, although the deviation 
from Eq. (15) can still be observed at higher voltages. These consider
ations do suggest that redox-kinetics may play an important role 

Fig. 4. In a) a 10 F/2.5 V (Gold Cap) supercapacitor denoted SC2 is charged 
under constant current I0 = 0.5 A (blue line) at T = 293 K, whereas in b) a 10F/ 
2.7 V (Nichima) denoted SC3 is charged at I0 = 0.01 A at T = 354 K. The dashed 
lines are fits of Eq. (15) to the experimental data. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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determining V0, and that this redox-kinetics is related to the electrolyte 
voltage window. The obtained V0 from fitting Eq. (15) to the experi
mental data may provide insight into the range and accuracy over which 
this equation is valid. 

Since Eq. (15) can be fitted to the data, it is clear that one can also use 
these data to determine C0 and τ from Eq. (22). If Eq. (22) is used, the 
voltage saturates at V0 due to a diverging capacitance, which is 
unphysical. However, from an operational industrial view the equiva
lent circuits in Fig. 2 a) and d) are of similar value. In principle, any 
suitable nonlinear function may be fitted to the experimental galvano
static charging/discharging curves, as demonstrated in ref. [22]. How
ever, these functions may not easily be interpreted in terms of physical 
processes, and the energy or charge storage cannot be determined with 
confidence without considering dissipative processes. From an instru
mental point of view it is only the efficiency of the numerical algorithm 
implementing Eq. (22) and the corresponding equivalent circuit in Fig. 2 
d) determines whether it is more useful than the electrical equivalent 
circuit in Fig. 2 a) in industrial operations. However, if one is interested 
in the detailed charging mechanisms, there is from a fundamental point 
of view a large difference between the two equivalent circuits, and the 
question is now how one should interpret a voltage-dependent capaci
tance C(V). This question becomes even more important since it is 
known that some researchers have suggested to interpret the nonline
arity of galvanostatic charging curves entirely in terms of a voltage- 
dependent capacitance [65]. The theory leading to Eq. (11) is derived 
assuming an averaging over many local processes, and does not 
explicitly account for any voltage-dependence. Whether there is any 
voltage dependence of the capacitance can only be assessed by analyzing 
experimental data using a method that also accounts for the dissipative 
processes, as detailed in Section 2. 

In ref. [66] it was argued that any change dQ in the electric charge 
depends on the electrode potential E, and that one should utilize a 
pseudocapacitance defined as C = dQ/dE. For small values of the 
voltage, Eq. (22) becomes a linear function of voltage, as often assumed 
when modelling supercapacitors [56,57]. Such a linear function of 
voltage was reported in ref. [66] even at higher voltages. Supporting 
voltage-dependence of a capacitor one may think is the observation of 
voltage dependence that is often quoted for planar electrical double 
layers [36,39]. This formula is sometimes used as a starting point to 
explain the capacitance of with porous carbon electrodes used in 
supercapacitors [19]. However, it should also be noted that a porous 
carbon electrode consists of a series of irregular surfaces which support 
both dissipative and charge storage processes, which during charging 
may give rise to an irregular electrical double layer taking on a range of 
different thicknesses and voltage-dependencies that deviates from that 
of the planar situation. While theories based on the Poisson-Boltzmann 
equation have been developed to determine capacitance of rough elec
trical double layers [67], these models are based on an equilibrium- 
situation and are usually without proper loss mechanisms. A concep
tual problem is therefore to separate charge transfer associated with 
losses and charge storage in the electrical double layer, without tangling 
these two quantities in a manner that makes it challenging to use the 
concept capacitance at all. Without proper separation of these mecha
nisms, one may obtain capacitances that differ depending on the tech
nique used, as detailed in ref. [26]. Based on these arguments, the 
equivalent circuit in Fig. 2 a) is believed to provide a better represen
tation of the supercapacitor than that of Fig. 2 d). 

It might be argued that molecular dynamics [68] or ab-initio simu
lations [69] of the charging process would provide an even better 
approach to analyzing the data. Clearly, these processes can take into 
account the detailed structure consisting of a large number of charge- 
storing (capacitive) and dissipative (resistive) sites in the porous car
bon, and not only lumped into a simplified equivalent circuit as in Fig. 2, 
thus allowing better insight into the contribution of individual pores. 
However, such models are often very time-consuming and not 
straightforward to adapt. Moreover, they rely on a number of 

assumptions related to molecular interactions, configuration and 
boundary conditions that currently are very difficult, if not impossible, 
to verify experimentally. The fact is that to date no such small-scale 
theory has been able to reproduce the voltage versus time charging 
curves of macroscopic supercapacitors, accounting for both charging 
time scale and environment-dependent nonlinearities. 

Based on the arguments above, the theory of Section 2.1 leading to 
Eq. (15) and the equivalent circuit in Fig. 1 a) will be used as the main 
formula fitted to the experimental data. It has been shown by the author 
in previous publications that also cyclic voltammetry and impedance 
spectroscopy can be interpreted in terms of the equivalent circuit of 
Fig. 2 a) when applied to commercial supercapacitors similar to those 
listed in Section 3 [26,54]. However, as detailed in ref. [26] it is very 
important to point out that cyclic voltammetry and impedance spec
troscopy work under different current conditions than galvanostatic 
charging, and these former techniques are therefore not always suitable 
for validating equivalent circuit models to be used under different 
constant currents. The best way to check the validity of the equivalent 
circuit is to check the consistency of the data extracted from galvano
static charging under different circumstances, as will be detailed in this 
work. 

5. Impact of charging current 

The supercapacitors were first emptied for charge as described in 
Section 3, and then charged at a constant current I0 while the voltage 
across the two terminals was measured. To stay well within the elec
trochemical stability window, the supercapacitors were charged up to 
2.1 V. All the measurements reported in this section were done at room 
temperature, T = 293 K. 

Examples of a voltage-time curve are shown in Fig. 5 for a super
capacitor of manufacturer-given capacitance of 1000 F (SC5). The red 
curve is the experimental data for I0 = 30A, and the corresponding 
dashed line is a fit of Eq. (15) with C1 = 782 F, R1 = 0.12 Ω, τ = 97 s and 
Rs = 8.1 mΩ. The green curve is the experimental data for I0 = 1 A, and 
the corresponding dashed line a fit of Eq. (15) with C1 = 832 F, R1 = 4.4 
Ω, τ =3685 s and Rs = 5.0 mΩ. The orange curve corresponds to I0 =

0.3A, and the dashed line a fit of Eq. (15) with C1 = 770 F, R1 = 13.6 Ω, τ 
=10,475 s and Rs = 4.6 mΩ. 

Fig. 5. Charging of the SC5 supercapacitor for I0 = 0.3 A (orange), I0 = 1 A 
(green) and I0 = 30 A (red). The dashed curves are fits of Eq. (15) to the 
experimental data. In b) the voltage is shown as function of the reduced time t/τ 
to better show the difference between the low and high-current curve forms. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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In Fig. 5 b) the same voltage-time curves as in Fig. 5 a) are shown for 
I0 = 0.3 A (orange) and I0 = 30 A (red), but now as a function of the 
reduced time t/τ to better show the difference between the low and 
high-current curve forms. From the fitted parameters for C1 at different 
currents, it is observed that the capacitance varies between 770 F and 
832 F, which are slightly below the nominal value of 1000 F stated by 
the manufacturer. Perhaps more peculiar, it was observed that the 
parallel resistance R1 decreased from 13.6 Ω at I0 = 0.3 A to 0.12 Ω at I0 
= 30 A. In fact, most of the change in curve shape seen in Fig. 5 b) is due 
to the change in R1. 

Galvanostatic charging curves for different currents were recorded 
for all the supercapacitors listed in Section 3, and the corresponding 
fitted parameters V0, R1, C1 and τ are displayed in Fig. 6. It is seen in 
Fig. 6 a) that V0 varies between 3 V and 8 V, with an average value about 
5 V. The uncertainty in this fitted parameter is rather large (up to 30 %). 
Some of these variations could be partially attributed to the fact that the 
maximum charging voltage was kept at 2.1 V such that one did utilize 
the entire nonlinear range as in Fig. 3. However, it was found that 
charging to voltages close to or above the manufacturer-given voltage 
stability window, the charging curves failed to exhibit sufficient 
repeatability when repeating for different currents or upon using cyclic 
voltammetry as in ref. [26]. Thus, there were practical reasons for not 
extending the voltage charging range. 

On a more fundamental level, it should also be noted that the 
extracted V0 is based on reversible kinetics described by Eq. (15), while 
the actual maximum voltage is determined by irreversible kinetics as 
indicated for the voltages above 3.2 V in Fig. 4. Nonetheless, the data in 
Fig. 6 a) does suggest that there are no systematic variations of V0 with 
current, which is in agreement with the theory proposed in Section 2. 
According to the theory of Section 2, V0 is determined by the applied 
current and resistance R1 according to V0 = R1I0. Moreover, R1 is 
inversely proportional to the current and determined by the parallel 
resistance, which could be due to redox kinetics or ion insertion. 

The extracted time constants in Fig. 6 b) show that this parameter is 
decreasing with increasing current for all supercapacitors investigated. 
Interestingly, the extracted values for R1 show an inversely 

proportionality with applied current, as shown in Fig. 6 c). The dashed 
line in Fig. 6 c) is given by R1 = V0/I0, where V0 = 5 V. This is consistent 
with the theory developed in Section 2 for the surface reorganization 
resistance Rro (Eq. (8)) and the charge transfer resistance Rct (Eq. (10)), 
which both are inversely proportional to the applied current I0. Thus, in 
principle both mechanisms may be responsible for the behavior seen in 
Fig. 6 c). 

If one assumes that C1 = ε0εrA/d ≈ 1000 F with d ≈ 10− 9 m, the area 
is A ≈ 104 m2. If one also assumes that the parallel resistance is 0.1 Ω and 
entirely governed by surface area expansion, then one has that the 
largest possible change in area is dA/dt = d/(εrε0Rro) ≈ 102 m2/s. Ac
cording to Fig. 6 b), the time constant is about τ ≈ 102 s for this value of 
the parallel resistance. The largest currents therefore cannot govern the 
intercalation and ion insertion since that would lead to a large change in 
area and therefore most likely also a change in capacitance with time, as 
is not seen in the observed data. However, no such restrictions exist on 
small currents wherein a larger R1 and therefore smaller dA/dt would 
lead to insignificant changes in area and C1. 

If one assumes that the charge transfer through Eq. (10) is entirely 
responsible for the current-dependent parallel resistance R1, one obtains 
kr ≈ kBT/eV0 ≈ 5•10− 3 at room temperature with kBT/e = 0.025 V, 
which means that the redox current IrA = krI0 is about 0.5 % of the of the 
total current I0. Clearly, this is a rather inaccurate estimate since Eq. (10) 
assumes low voltages. Additional information obtained with other 
measurement techniques is needed to investigate how reasonable this 
number is. 

As shown in Fig. 6 d), we find that the capacitance C1 of each 
investigated supercapacitor is constant to within the combined mea
surement and data fitting uncertainties. These two observations, namely 
that the parallel resistance is inversely proportional to current, and the 
capacitance is independent of current, are two of the major findings in 
this work. Given that the investigated data are extracted for several 
different supercapacitor taken over currents varying by more than four 
orders of magnitude place strong confidence in the validity of the data. 

The series resistance Rs was also extracted as a function of current I0, 
and the results are for clarity shown for each supercapacitor in Fig. 7. It 

Fig. 6. Fitting parameters V0 (a), τ (b), R1 (c) and C1 (d) obtained using Eq. (15) on experimental voltage-time charging curves. The green upwards triangles 
correspond to SC1, the grey diamonds to SC2, the orange downwards triangles to SC3, the red circles to SC4 and the blue boxes to SC5. The dashed line in c) is R1 =

V0/I0, where V0 = 5 V. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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was found that the series resistance mostly remained independent of 
current, or at least did not show any systematic variations, with a few 
exceptions. One exception was observed for SC2 in Fig. 7 b), where the 
series resistance appears to decrease with current. The result was found 
to vary a little bit from device to device of the same type of capacitor, see 
for example the brown crosses in Fig. 7 b) which represent another 
supercapacitor of nominal 10 F from the same manufacturer. It is 
currently not known why the series resistance decreases with current, 
although it could be related to electrical paths that open up as the cur
rent increases. Another clear deviation from expectations is the outlier 
seen in Fig. 7 d) for SC5. Upon repeating the experiment several times, 
the same behavior was found, but currently no explanation exists for 
such a behavior. 

A decreasing equivalent series resistance with current was also 
observed in ref. [70]. In ref. [70] this decrease was attributed to a shift in 
the ionic storage location from smaller pores at low currents to larger 
pores at higher currents. In the current work, the equivalent series 
resistance is interpreted as due to charge movement through bulk, at 
metallic interfaces, and past porous structures, and not a part of charge 
storage. We find that the equivalent series is independent of current in 
most cases, with some exceptions, which suggests that the storage 
location within pores is not responsible for the behavior of Rs with 
current. 

6. Impact of temperature 

Using the temperature-controlled measurement setup described in 
Section 3, the voltage-time curve was measured for the three super
capacitors SC1 (nominally 1 F), SC2 (nominally 10 F) and SC3 (nomi
nally 10 F). 

Fig. 8 a) shows the voltage versus time over a supercapacitor of 
nominal capacitance 10 F (SC2) when the temperature is T = 273 K (red 
line) and T = 355 K (blue line) during galvanostatic charging with I0 =

0.5 A. In Fig. 8 c), the same supercapacitor is charged at I0 = 0.01 A at T 
= 273 K (orange line) and T = 355 K (green line). The curves in Fig. 8 a) 
and c) clearly indicate that both temperature and current influence the 
charging of the supercapacitor. Further evidence of this is shown in 

Fig. 8 b) for a supercapacitor of nominal capacitance 1 F (SC1) charged 
with I0 = 0.001 A at T = 275 K (violet line) and T = 357 K (brown line). 
All the dashed lines in Fig. 8 a) - c) are fits of Eq. (15) to the experimental 
data, and the excellent fits suggest that this model provides a good 
starting point for further analysis. 

The extracted capacitances are shown in Fig. 8 d) to remain nearly 
independent of temperature and also independent of the current to 
within the accuracy which the measurement and extraction procedure 
can be done. 

The parallel resistance R1 was extracted from the measurements, and 
is reported in Fig. 9. In Fig. 9 a), the values of R1 for SC2 (blue diamonds) 
and SC3 (red upwards triangles) are reported when charged at I0 = 0.01 
A, whereas Fig. 9 b) reports for SC2 (blue diamonds) and SC3 (red up
wards triangles) for I0 = 0.5 A. It is seen that the parallel resistance R1 
depends strongly on current as reported in Fig. 6, but much less on 
temperature for the capacitors SC2 and SC3. While the larger current I0 
= 0.5 A in Fig. 9 b) appears to gives rise to no systematic or easily 
detectable change in parallel resistance, the smaller current in Fig. 9 a) 
does appear to suggest a small decrease in R1 with temperature. 

Fig. 9 b) shows the parallel resistance R1 of SC1 charged at I0 = 0.5 A 
(green upwards triangles), while Fig. 9 c) shows R1 for SC1 when 
charged at I0 = 0.001 A. Here it is seen that the large current (I0 = 0.5 A) 
does not give rise to a clear and systematic temperature-dependent 
parallel resistance. One clear deviation in Fig. 9 b) is the outlier at 
315 K for SC1, but its origin is not known. In Fig. 9 c), there is a clear and 
systematic decrease in parallel resistance with temperature. The natural 
logarithm of R1 versus the inverse of the temperature is plotted in Fig. 9 
d). By fitting the linear function ln(R1) = 5.95 + 700/T to the data, one 
obtains the dashed line in Fig. 9 d). This function can also be written as 
R1 = 384exp(700/T), which when interpreted using Eq. (8) results in an 
energy barrier E = 0.06 eV for area rearrangement during galvanostatic 
charging. For the data in Fig. 9 a) and b) the corresponding energy 
barrier is much closer to zero, if the energy barrier proposed in Eq. (8) is 
assumed to govern behavior. It can also be concluded that Eq. (10) for 
the charge transfer resistance Rct cannot explain the data, since they do 
not exhibit an increasing parallel resistance with temperature. 

Fig. 7. The serial resistance as a function of current. V0 (a), t (b), R1 (c) and C1 
(d) obtained using Eq. (15) on experimental voltage-time charging curves. The 
green upwards triangles correspond to SC1 (a), the grey diamonds to SC2 (b), 
the brown crosses to another supercapacitor of the same type as SC2, the orange 
downwards triangles to SC3 (c), the red circles to SC4 (d) and the blue boxes to 
SC5 (d). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 8. In a) supercapacitor SC2 is charged at I0 = 0.5 A at T = 273 K (red line) 
and T = 355 K (blue line). In b), supercapacitor SC1 is charged at I0 = 0.001 A 
at 275 K (violet line) and 357 K (brown line). In c), supercapacitor SC2 is 
charged at I0 = 0.01 A at T = 273 K (orange line) and T = 355 K (green line). In 
d), the extracted capacitance C1 versus temperature is shown for SC2 charged at 
I0 = 0.5 A (blue diamond), SC2 charged at I0 = 0.01 A (brown diamond), SC3 
charged at I0 = 0.5 A (red downwards triangles), SC3 charged at I0 = 0.01 A 
(violet downwards triangles), SC1 charged at I0 = 0.5 A (red upwards triangles) 
and SC1 charged at I0 = 0.001 A (green upwards triangles). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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The data from Figs. 6 and 9 seem to suggest that a mechanism similar 
to that leading to Eq. (8), with the parallel resistance exhibiting a 
current-dependence which is inversely proportional to the charging 
current, and a temperature-dependence governed by an energy barrier. 
The observations further suggests that R1 decreases with temperature 
only for smaller currents, which might be associated with an energy 
barrier associated with movement of charge or increasing the area, 
similar to that used to derive Eq. (8). This small-current energy barrier is 
slightly smaller than that associated with self-discharging of super
capacitors [71]. This could be related to larger interactions and flow for 
higher currents, where such weak barriers are suppressed. However, one 
also notes in Fig. 9 a) that SC2 only exhibits a noticeable decrease in R1 
at higher temperatures, which appears to suggest that the energy barrier 
only become relevant above a certain temperature. Similar behavior is 
not seen for SC3, so it is unclear whether this behavior is just unknown 
systematic uncertainties or a device-specific behavior. 

The series resistance Rs was found to exhibit a clear and systematic 
decrease with temperature, as demonstrated in Fig. 10 a) for SC2 (red 
diamond) and SC3 (red downward triangle) charged at I0 = 0.5 A. Also 
shown is the series resistance of SC2 (blue diamond) and SC3 (blue 
downward triangle) at I0 = 0.01 A. Similar systematic decrease in series 
resistance with temperature is also seen for SC1 when charged at I0 = 0.5 
A (red upward triangles) and I0 = 0.01 A (blue upward triangles) in 
Fig. 10 c). 

The decrease in serial resistance with temperature has also been 
reported in ref. [40], where polynomial functions were fit to the 
experimental data. However, it would be more natural to fit the data to 
an exponential Arrhenius function to investigate whether an energy 
barrier might be governing the resistance. In Fig. 10 b) and d) data for 
the ln(Rs) is displayed versus the inverse temperature. By fitting the 
linear function ln(Rs) =A1 + B/T to the data, corresponding to an energy 
barrier which must be overcome to exhibit bulk ionic conduction or 
electrical contact with the metal collector, one obtains the dashed lines. 
This function can also be written as Rs = A2exp(E1/kBT) with A2 = exp. 
(A1) and E1 = kBB. From the linear fits in Fig. 10 b) one obtains E1 =

0.10 eV (dashed line) for SC2 and E1 = 0.08 eV (dash-dotted line) for 
SC3. From the linear fit in Fig. 10 d) one obtains E1 = 0.10 eV (dashed 
line) for SC1. It is therefore clear that if there are any energy barriers 
governing the serial resistance Rs, they are comparable to the energy 

barriers for the parallel resistance R1 for very small currents. This may 
indicate that comparable fundamental thermal mechanisms are 
responsible for the bulk ionic conduction as well as the charge transfer at 
the surface. However, further studies with other techniques are needed 
to understand this behavior. 

7. Comparison with published research 

In this section, we will use data from a selected number of studies 
[59,72–76] to extract values for R1 and C1 in order to compare with the 
data presented in the previous sections and to point towards possible 
future directions of supercapacitor research. For practical reasons it is 
here only possible to consider a selection of works which display 
voltage-time curves that are possible to read clearly. The data was 
extracted using the MatLab script called grabit.m. 

Since the entire voltage-time curve up to saturation are not normally 
displayed in the papers investigated, some caution must be made. That 
is, the interpretation given here relies on the claim that the nonlinearity 
of the voltage-time curve to be caused by a change in both R1 and C1 and 
can be described by Eq. (15). Although many different criteria for fitting 
Eq. (15) could be used, here an automated fitting algorithm based on 
MatLab's nlinfit resulting in R2 > 0.99, combined with subsequent in
spection by eye are used to determine whether the fit is satisfactory. 

Ideally, the galvanostatic charging should be undertaken after 
careful and slow discharging followed by a pause to ensure that the 
supercapacitor does not exhibit rebound effects, as described in the 
experimental Section 3. However, with few exceptions such as ref. [59], 
this is not done in reported galvanostatic charging curves found in the 
literature, which means that many of the curves were not obtained 
under conditions similar to the experimental data reported in this work. 

7.1. Impact of charging current 

In Fig. 5 b) of ref. [72], porous carbon consisting of graphene and 
carbon nanotubes was immersed in tetraethylammonium tetra
fluoroborate (TEABF4) and propylene carbonate, and voltage-time 

Fig. 9. In a) the resistance R1 is shown versus temperature for SC2 (blue dia
mond) and SC3 (red downwards triangles), both charged with a current 0.01A. 
In b), R1 is shown versus temperature for SC1 (blue diamond), SC3 (red up
wards triangles) and SC1 (green upwards triangles) charged with a current 0.5 
A. In c), the green triangles show R1 for SC1 versus temperature when charged 
with 0.001 A, whereas in d) the ln(R1) is displayed versus the inverse tem
perature. The dashed line in d) is 5.95 + 700/T. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 10. In a) the serial resistance is plotted versus temperature for SC2 at 0.01 
A (blue diamonds) or 0.5 A (red diamonds), and SC3 for 0.01 A (blue downward 
triangles) and 0.5 A (red downward triangles). In b), the function ln(Rs) is 
plotted for the same data, where the dashed line is fit of the function 1.18 +
1200/T and the dash-dotted line is the function 1.18 + 900/T. In c) the serial 
resistance is plotted versus temperature for SC1 at 0.01 A (blue upwards tri
angles) and 0.5 A (red upwards triangles). In d) the function ln(Rs) is plotted for 
the same data, where the dashed line is the function 2.15 + 1200/T. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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curves reported. Extracted data for two such curves with charging cur
rent per area 0.3 mA/cm2 (black circles) and 3.4 mA/cm2 (black tri
angles) are shown in Fig. 11 a). The dashed lines are fits of Eq. (15) to the 
extracted data with V0 = 4.6 V and τ = 1175 s for 0.3 mA/cm2, and V0 =

5.3 V and τ = 136 s for 3.4 mA/cm2. 
The curve with the steepest incline in Fig. 5 b) of ref. [72] could not 

be resolved, but values for V0 and τ were extracted in a similar manner 
for the other currents, and the corresponding relative values of R1 and C1 
are plotted in Fig. 11 b) and c). Note that R01 and C01 are constants 
denoting the maximum values, and that we are only reporting the 
relative values R1/R01 and C1/C01 since the trends are of most impor
tance here. 

The dashed line in Fig. 11 b) is a fit to the extracted values repre
senting the function 0.32/I0. It appears that the function R1 decreases by 
an order of magnitude as the current increases, and is inversely pro
portional to the charging current I0, in agreement with the findings of 
Section 5. Moreover, the capacitance C1 does not change by more than 
about 20 %. 

In ref. [72] it was reported in Fig. 5 d) that the capacitance decreases 
with charging current, in particular at the higher currents. Since the 
voltage-time curves for the highest currents were not reported it is not 
possible to check this here, but with the findings in Fig. 11 one may 
question whether it is in fact the parallel resistance, and not so much the 
capacitance that changes strongly with current. This deviation in 
interpretation of the capacitance is related to the data extraction tech
nique used, as investigated in ref. [26]. If one takes into account the 
nonlinearity of the voltage-time curve using Eq. (15) or some other 
suitable model, a better representation of the capacitance may be 
obtained. 

It is often of interest to observe how different nanostructures influ
ence the galvanostatic charging current. In ref. [73] both pristine and 
unzipped multiwall carbon nanotubes were used. Fig. 12 a) reports the 
voltage-time data extracted from Fig. 7 in ref. [73] for a current per 
electrode mass 0.5 A/g, where the blue circles correspond to pristine 
nanotubes and the red boxes to unzipped nanotubes. The blue dashed 
line in Fig. 12 a) corresponds to a fit of Eq. (15) to the extracted data 
with V0 = 5.8 V and τ = 54 s, whereas the red dashed line corresponds to fits with V0 = 5.1 V and τ = 81 s. Further extraction of relative values of 

R1 and C1 are plotted in Fig. 12 b) and c). Here R01 and C01 are constants 
denoting the maximum values relative to that obtained with pristine 
multiwalled carbon nanotubes. The dashed line in Fig. 12 b) represents 
the function 0.5/I0, which is a fit to the extracted data for R1/R01. It 
suggests that the R1 is inversely proportional to the current, as was also 
shown in Fig. 6 c). 

The capacitance C1 is larger for unzipped nanotubes as compared to 
pristine ones, as seen in Fig. 12 c), which is probably due to the increased 
area of the former as discussed in ref. [73]. On the other hand, R1 in 
Fig. 12 b) does not change much by unzipping the nanotubes may hint to 
the fact that the redox-reactions or ion insertion does not depend much 
on the area available. In ref. [73] it is stated that the capacitance de
creases with increasing current, see table 1 of ref. [73]. As shown in 
Fig. 12 c), fitting the data of Fig. 7 in ref. [73] to Eq. (15) results in a 
capacitance that does not change with current, at least to within the 
accuracy of the extraction and fitting procedure. Instead, any nonline
arity in the galvanostatic charging curve is associated with the resistance 
R1, which is seen to decrease with applied current according to the 
function 0.5/I0. 

In addition to the two examples shown here, data from other pub
lications such as ref. [77] have also been extracted and the estimated 
values of R1 found to be in good agreement with the inverse current rule 
proposed in this work. Currently it is not possible to distinguish the exact 
working mechanism of most of the data reported in the literature based 
on such plots of parallel resistance versus current alone, since several 
mechanisms such as surface reorganization (Eq. (8)) or redox-reactions 
(Eq. (10)) might give rise to an inverse proportionality between R1 and 
I0. 

Fig. 11. In a, data points extracted from Fig. 5 b) in ref. [72], corresponding to 
a charging current per area 0.3 mA/cm2 (black circles) and 3.4 mA/cm2 (black 
triangles), are shown. The dashed lines correspond to fits of Eq. (15) to the 
extracted data. In b) and c) the extracted relative parallel resistance and 
capacitance are plotted, respectively. The dashed line in c) is a fit of Eq. (15) to 
the extracted data. The dashed line in c) is the function 0.32/I0. 

Fig. 12. The circles in a) are data points extracted from Fig. 7 in ref. [73], 
corresponding to pristine carbon nanotubes (blue circles) and unzipped carbon 
nanotubes (red squares) samples charged at I0 = 0.5 A/g. The blue dashed line 
corresponds to a fit of Eq. (15) to the extracted data with V0 = 5.8 V and τ = 54 
s, whereas the red dashed line corresponds to fits with V0 = 5.1 V and τ = 81 s. 
In b), values of R1/R01 for pristine nanotubes (blue circles) and unzipped 
nanotubes (red squares). The black dashed line in b) is a fit to the extracted data 
for pristine MWCNT with the function 0.5/I0. In c), the relative change in 
capacitance C1/C01 versus is current is plotted for pristine nanotubes (blue 
circles) and unzipped nanotubes (red squares). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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7.2. Impact of temperature 

The influence of temperature on the serial resistance Rs is well 
documented in Fig. 10 and in the literature [40], and will not be further 
investigated here. However, the temperature dependence of R1 obtained 
from galvanostatic charging measurements has never before been re
ported in the literature, and it is therefore of interest to extract such data 
and compare it with the theory of Section 2, as well as the data based on 
experiments and presented in Fig. 9. 

Fig. 13 a) and c) show extracted data points from Fig. 9 in ref. [73], 
corresponding to pristine carbon nanotubes (blue circles) and unzipped 
carbon nanotubes (red squares) samples charged at I0 = 0.5 A/g at 
temperature T = 300 K (a) and T = 373 K (c). Eq. (15) is fitted to the 
experimental data, and the blue dashed line in Fig. 13 a) has V0 = 4.7 V 
and τ = 72 s and the red dashed line V0 = 4.5 V and τ = 35 s. Similarly, 
the blue dashed line in Fig. 13 c) has V0 = 4.3 V and τ = 40 s, and the red 
dashed line V0 = 4.3 V and τ = 115 s. In all these cases it is seen that the 
voltage V0 remains relatively unchanged to within 10 %, whereas the 
time constant τ changes by a factor of more than three. From the fits of 
Eq. (15), one can extract data for the relative parallel resistance R1/R01 
and capacitance C1/C01. Here R01 and C01 are the maximum resistance 
and capacitance, respectively, extracted for the pristine nanotube from 
data such as those in Fig. 9 in ref. [73]. 

The data in Fig. 13 b) suggests that the parallel resistance does not 
change very much with temperature, to within extraction uncertainty, 
both for the pristine and unzipped nanotubes. This is in agreement with 
the observations for the commercial supercapacitors, but it might be 
possible that a smaller current than the 0.5 A/g used in ref. [73] could 
result in a temperature-dependency. The capacitance C1 remains con
stant and independent of temperature for pristine nanotubes, but in
creases with temperature for unzipped carbon nanotubes, as also noted 
in ref. [73]. This may indicate that the available area increases as the 
unzipped carbon nanotube is heated, for example due to gradual 
opening of pores which then become more accessible to ions. The sud
den increase in C1 above 300 K in Fig. 13 d) is accompanied by a sudden 
increase in R1 in Fig. 13 b), which could be due to altered redox-activity 
on the surface leading to a larger R1. 

The method presented above, using Eq. (15) to extract data for R1 
and C1, can also be applied on other published research works. In ref. 
[74], a mixture of 1.4 M Li2SO4 and ethylene glycol was combined with 

graphene and carbon nanofiber as the electrolyte/electrode combina
tion. Fig. 14 a) shows examples of extracted data points from Fig. 3 a) in 
Ref. [74], and the dashed lines are fits to Eq. (15). The relative parallel 
resistance R1/R01 and capacitance C1/C01 are displayed as circles in 
Fig. 14 c) and d), respectively. The data indicate that both the parallel 
resistance and capacitance increase with temperature. According to 
Fig. 3 a) of ref. [74], the serial resistance Rs decreases with temperature, 
in agreement with data for commercial supercapacitors such as those 
from Fig. 10. 

The increase in capacitance with temperature in Fig. 14 d) may 
suggest that the area available for charge storage increases with tem
perature due to an increased access for ions. However, according to 
Fig. 14 c), it is also seen that the increase in capacitance is accompanied 
with a monotonous increase in parallel resistance as the temperature 
increases. This may therefore suggest that dA/dt < 0 if Eq. (8) is valid, 
which may appear to contradict Fig. 14 d) which seems to require that 
dA/dt > 0 for the capacitance to increase. This simplified argument 
requires that the capacitance is proportional to A and the surface reor
ganization factor Rro as inversely proportional to dA/dt. In some situa
tions, however, it is not unreasonable to expect that an increase in 
charge storage area is related not to the total area, but rather the dis
tribution of pore sizes that accept ions for storage in the electrical double 
layer. Thus, it is possible for the capacitance C1 to increase while the 
area decreases, thus leading to an increase in C1 and R1 simultaneously. 
Another possible explanation is an increase in surface active species and 
therefore redox-activity, leading to an increased R1 with a simultaneous 
increase in C1. The investigations presented here show that further 
studies are needed to extract the origin of the temperature-behavior. 

Behavior consistent with that of Figs. 8 and 9 can also be found in the 
literature. In ref. [75], 3 M KOH was used as an electrolyte with porous 
surfaces made of carbonized bamboo. The boxes in Fig. 14 b) are data 
points extracted from Fig. 11 in ref. [75], corresponding to T = 293 K 
(green) and T = 343 K (orange), where the dashed lines are fits using Eq. 
(15). The relative parallel resistance R1/R01 and capacitance C1/C01 are 
displayed as boxes in Fig. 14 c) and d), respectively. It is seen that the 
capacitance remains almost constant while the parallel resistance de
creases with temperature. This is consistent with the findings of Fig. 9 c), 
and suggest an energy barrier as detailed in Section 6. It should be noted 
that in ref. [75] it was claimed that the capacitance increased with 
temperature, a result which is most likely due to the use of some sort of 

Fig. 13. The data points in a) and b) are data points extracted from Fig. 9 in ref. 
[73], corresponding to pristine nanotubes (blue circles) and unzipped nano
tubes (red squares) samples charged at I0 = 0.5 A/g at temperature T = 300 K 
(a) and T = 373 K (c). The blue and red dashed lines in corresponds to fits of Eq. 
(15) to the extracted data. The corresponding extracted data for the relative 
parallel resistance and capacitance are shown in b) and d), respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 14. The circles in a) are data points extracted from Fig. 3 in ref. [74], 
corresponding to T = 253 K (blue circles) and T = 318 K (red circles). The boxes 
in b) are data points extracted from Fig. 11 in ref. [75], corresponding to T =
293 K (green) and T = 343 K (orange). The dashed lines in a) and b) are fits to 
the extracted experimental data using Eq. (15). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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averaging over the slopes in the charging/discharging curves. As was 
pointed out in Section 2, taking into account nonlinearities is required, 
and this leads to the corrected relative capacitance in Fig. 14 d). 

7.3. Impact of aging 

Other factors influencing the performance of supercapacitors can 
also be investigated using nonlinear galvanostatic charging curves. 
While it is not rare for supercapacitors to last more than a million cycles, 
aging still remains an important issue for these energy storage devices. A 
comprehensive analysis of different aging mechanisms and super
capacitor service life was reported in Ref. [66]. Impedance spectroscopy 
has been used to extract circuit parameters [78] or a distribution of 
relaxation times [79] as a function of aging time. The capacitance can be 
used to determine the state of health of supercapacitors [80]. Here we 
point out that also the nonlinearities of the galvanostatic charging curve 
should be accounted for in order to extract a value for the capacitance. 

In ref. [59] a commercial supercapacitor (BCAP0350 from Maxwell 
Technologies) was placed at constant temperature 65 ◦C and 2.9 V for a 
given time interval to age the supercapacitor, and then discharged and 
charged at constant current I0 = 10 A. The resistance Rs can be read 
directly from Figs. 3 b) and 5 in ref. [59], and is seen to increase 
monotonously with aging time. In Fig. 15 a), data points are extracted 
from Fig. 3 a) in ref. [59] for initial charging (circles) and after 1751 h of 
aging (squares). The dashed lines in Fig. 15 a) show fits of Eq. (15) to the 
experimental data. The fit to the non-aged experimental data is with C1 
= 296 F, R1 = 0.69 Ω, V0 = 6.9 V, Rs = 0.0027 Ω and τ = 203 s. The fit to 
the experimental data for supercapacitors aged for 1751 h could be 
obtained used C1 = 208 F, R1 = 0.59 Ω, V0 = 5.9 V, Rs = 0.0059 Ω and τ 
= 122 s. Similar fits were made for all the voltage-time curves reported 
in Fig. 3a) of ref. [59], and the resulting values for R1 and C1 are shown 
in Fig. 15 b) and c), respectively. 

The data in Fig. 15 demonstrate that the capacitance C1 clearly de
creases with aging as also discussed in ref. [59]. However, from Fig. 15 
b) one can also extract the new information that the parallel resistance 
R1 remains relatively unchanged to within the uncertainty of the data 

extraction procedure. The data may suggest that since R1 remains rela
tively unchanged, the faradaic currents do not increase with aging. 
Instead, it is possible that a blocking layer forms which contribute to 
reduce the capacitance while not influencing the parallel resistance. If 
this is the case, the increase in serial resistance R1 with aging is then 
related to degrading contacts with the metal current collectors or the 
bulk of the electrolytes, and not the porous carbon surfaces. Blocking 
layers are also known to reduce self-discharge, and should be further 
investigated [81–83]. 

In ref. [76], the influence of moisture and cycle number on super
capacitor performance was investigated. Three types of samples, which 
initially contained water vapor were investigated. Samples denoted E-6 
and E-12 were dried at 100 ◦C in vacuum for 6 h and 12 h, respectively, 
and were reported to contain 1.5 mg and 1.0 mg water per gram carbon. 
The sample denoted E-s was dried for 24 h at 200 ◦C, and contained only 
0.6 mg water per gram carbon. 

Fig. 16 a), shows data points extracted from Fig. 4 in Ref. [75]. In 
Fig. 16 a), the red circles correspond to the initial cycle, whereas the 
blue circles are data from the 30th cycle for sample E-s from Fig. 4 a) in 
ref. [76]. The dashed red and blue lines are fits of Eq. (15) to the 
extracted data using V0 = 4.5 V (red dashed line), τ = 487 s (red dashed 
line), V0 = 3.5 V (blue dashed line) and τ = 310 s (blue dashed line). In 
Fig. 16 b), the orange squares correspond to the initial cycle, whereas 
the green squares are data from the 30th cycle for sample E-12 from 
Fig. 4 b) in ref. [76]. The dashed orange and green lines are fits of Eq. 
(15) to the extracted data using V0 = 4.0 V (orange dashed line), τ = 411 
s (orange dashed line), V0 = 2.1 V (green dashed line) and τ = 103 s 
(green dashed line). 

In Fig. 16 c) and d), the blue circles correspond to the relative 
resistance and capacitance of sample E-s, the black triangles to sample E- 
6, and the green boxes to sample E-12. The resistance and capacitance 
are normalized against the maximum value for sample E-6, which 
occurred when the cycle number is small. The capacitance reported in 
Fig. 16 d) shows a similar decrease with cycle number as that reported in 
Fig. 5 a) in ref. [76]. In ref. [76] this decrease in capacitance was 

Fig. 15. In a), data points are extracted from Fig. 3a) in ref. [59] for initial 
charging (circles) and after 1751 h of aging (squares). The charging current is 
10 A. The dashed lines show a fit of Eq. (15) to the experimental data. In b) and 
c), the parallel resistance R1 and the capacitance C1 have been extracted as a 
function of aging, respectively. 

Fig. 16. In a), data points are extracted from Fig. 4 a) in Ref. [76], where the 
red circles correspond to the initial cycle and the blue circles are data from the 
30th cycle for sample E-s. The dashed red and blue lines are fits of Eq. (15) to 
the extracted data using. In c) extracted data from Fig. 4 b) in Ref. [76] are 
plotted, the orange squares correspond to the initial cycle, whereas the green 
squares are data from the 30th cycle for sample E-12. The dashed lines in a) and 
c) are fits of Eq. (15) to the experimental data. In b) and d), the relative parallel 
resistance R1/R01 and capacitance C1/C01 are plotted for samples Es (blue cir
cles), E-12 (green squares) and E-6 (black boxes). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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explained to be due to residual insoluble products or other blocking 
structures, which could be compared to the situation of Fig. 15 c). Fig. 16 
c) appears to suggest that the parallel resistance R1 decreases with cycle 
number and water content of the sample, which might be explained by 
increased redox-activity or gradual increase of surface access for water- 
dissolved ions as the cycling proceeds. This latter hypothesis is further 
supported by the reported increase in serial resistance Rs as reported in 
Fig. 5 b) of ref. [76]. Contradicting this hypothesis and apparently also 
the values for R1 extracted in Fig. 16 b) is the statement in ref. [76] that 
the impedance spectrogram of Fig. 6 suggests a larger ‘interfacial 
resistance’ with aging. For several different reasons one should be 
careful when comparing the resistance R1 extracted during galvanostatic 
charging with that qualitatively observed from an impedance spectro
gram. First, care must be taken when extracting dissipative and capac
itive elements from a complex impedance spectrogram, as one otherwise 
may end up with noncomparable electrical equivalent circuits. Second, 
charging with a specific large current is usually favoring a specific or a 
very limited range of kinetic processes, while in an impedance spec
trogram a whole range of frequencies are investigated. Thus, forcing 
charge back and forth at the same rate many times may result in a 
gateway of reduced resistance during galvanostatic charging, an effect 
not seen in impedance spectroscopy where many frequencies are applied 
in sequence. This is indeed what the extracted data in Fig. 16 b) suggest, 
if the interpretation of using Eq. (15) to extract R1 and C1 is correct. It 
could also be that such a decrease in resistance is also presented in the 
supercapacitor analyzed in ref. [59] and Fig. 15 b), but that it is smaller 
than the uncertainty due to the data extraction procedure. The obser
vation in Fig. 16 b) of a significantly reduced resistance with aging could 
then be interpreted as due to water. 

These findings reported here should also be put in context with the 
observed self-discharge of supercapacitors, which could occur due to 
leakage currents in the electrolyte or electrodes, redox-reactions at the 
electrode surface or redistribution of charge on the porous electrode 
surface [84–94]. During self-discharge, the surface chemistry plays an 
important role [95,96], and aging may influence the self-discharge 
considerably. In ref. [97], a similar electrical equivalent model as in 
Fig. 2 a) was proposed to describe self-discharge, exhibiting a current- 
dependent parallel resistance. Further correlation of the behavior be
tween charging/discharging and self-discharging behavior during aging, 
and might bring additional insight into the mechanisms for parallel 
resistance, but this outside the scope of this work. 

8. Classification of galvanostatic charging curves 

In the previous sections, we have only considered one type of gal
vanostatic charging curves, which can be described by Eq. (15). Such 
curves will in the following be denoted type-i curves exhibiting a convex 
shape. These are perhaps the most often observed curves in the literature 
[26–28,54,59,62,64–66,72–77]. The origin of the resistance R1 of type-i 
curves is either due to charge transfer or surface reorganization resis
tance, a combination thereof, or due to surface active species, as dis
cussed extensively in the previous sections. However, this type of 
galvanostatic voltage-time curve is not the only one observed in the 
literature. 

One possible method to classify the galvanostatic charging curves 
observed in the literature is according to schematics proposed in Fig. 17. 
Type-ii curves have a concave shape as shown in Fig. 16 b), and are 
occasionally reported in the literature, see for example Fig. 5 c) of ref. 
[98–100]. Such curves are often associated with battery-like behavior 
[30–34]. For an entirely reversible reduction-oxidation reaction, such as 
seen in rechargeable batteries, the time-dependent concentration ob
tained by solving the diffusion equation is inserted in the Nernst equa
tion to obtain VC = V1 + (RT / nF)ln[(γ1/2 − t1/2) / t1/2], where V1 is a 
constant, R is the universal gas constant, F is the Faraday constant, n is 
the number of moles of electrons participating in the charge transfer 
reaction, and γ is a transition time given by the Sand equation [101]. 

This equation is useful to explain the behavior of rechargeable batteries, 
which rely on reversible charge transfer reactions, wherein a charac
teristic is that the voltage nearly saturates before it eventually starts to 
increase significantly as t → γ. However, there is no indication of such 
reversible charge transfer reactions occur in supercapacitors such as 
those studied here. 

However, the occurrence of type-ii curves shown in Fig. 17 b) does 
not require reversible charge-transfer reactions and may also occur as a 
result of low electrolyte concentration. For example, initial type-ii 
behavior was reported in ref. [99] as possibly due to insufficient elec
trolyte concentration resulting in electrolyte starvation. Electrolyte 
starvation gives rise to gradual ion depletion from the porous carbon 
surface. This could be described by a diffusion current Id = -eADdn/dx in 
Eq. (1), where D is the diffusion coefficient. If the diffusion is governed 
by activation by energy barriers, it will exhibit a similar form as in Eq. 
(7). The minus sign shows that the ions move away from the surface 
from high to low ion concentration. The diffusion current is therefore 
negative, and would contribute to the sign of the current in the same 
manner as a decreasing area rate (dA/dt < 0). Following this line of 
interpretation, one could claim that the apparent parallel resistance R1 
becomes negative such that R1C1 < 0. Defining t = |R1C1| as a constant 
and solving Eq. (13) gives rise to the following voltage across the 
supercapacitor: 

Vc(t) = V0
(
et/τ − 1

)
+RsI0. (23) 

The voltage represented by Eq. (23) gives rise to a convex curve of 
the type shown in Fig. 17 b). It is obvious that type-ii behavior can only 
be possible within a limited voltage window, and that the exponential 
function cannot grow indefinitely, as Eq. (23) only remains valid within 
the stability window of the electrolyte. That is, one expects that Eq. (23) 
loses validity when t approaches τ, and that under such conditions the 
full Eq. (13) must be solved with an unknown time-dependent τ(t). This 
is a rather difficult task. 

It is also possible to have a combination of different types of be
haviors. For example, it is sometimes observed that the voltage-curve is 
first convex (type-i) before it becomes concave (type-ii), as reported in 
Fig. 7 in ref. [98], Fig. 7 of ref. [99] or Fig. 5 of ref. [100]. It could be 
related to a gradual change in properties, for example from faradaic 
processes to electrolyte depletion. Finally, one may also encounter type- 
ii followed by type-i processes. 

In ref. [99] it was demonstrated that using a sub-optimal electrolyte 
concentration result in galvanostatic charging curves which first exhibit 

Fig. 17. The different types of galvanostatic charging curves. In a) convex type- 
I curves are shown, whereas in b) concave type-ii) curves are shown. In b) and 
d) combinations of type-I and type-ii curves are shown. 
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type-i and subsequently type-ii behavior. This was in ref. [99] inter
preted as ‘electrolyte starvation’ due to depletion of ions. Here, this is 
interpreted as the parallel resistance R1 changes from positive to nega
tive. A transition to negative R1 does not happen abruptly, and it should 
be noted that R1 is time-dependent R1(t). Since the time-dependence of 
R1 is not known, one could extract it from the voltage-time data. 
Alternatively, one could also make the ad-hoc assumption that the 
voltage curve is a sum of two time-scales, wherein one with R1 > 0 sets in 
at t = 0 and is represented by the time constant τ, while the other with 
R1 < 0 sets in when ion depletion becomes important after a time t1 and 
is represented by the time constant τ1. The resulting function can be 
approximated by 

Vc(t) = V0
(
1 − e− t/τ)+V1

(
e(t− t1)/τ1 − 1

)
+RsI0. (24) 

The dashed blue line in Fig. 18 corresponds to a fit of Eq. (24) to the 
experimental data with C1 = 118 F, R1 = 7.0 Ω, τ = 823 s, Rs = 0.25 Ω, 
the green dashed line to and C1 = 170 F, R1 = 3.5 Ω, τ =590 s, Rs = 0.30 
Ω, V1 = 0.1 V, τ1 = 50 s and t1 = 500 s and the red dashed line C1 = 194 
F, R1 = 66 Ω, τ =1288 s, Rs = 0.35 Ω, V1 = 0.1 V, τ1 = 10 s and t1 = 215 s. 

The extracted values for R1 corresponding to the red dashed line is 
too large (giving a too large V0), and it is not possible to justify it as a 
traditional resistance as defined in Section 2. However, the excellent fits 
of Eq. (24) to the experimental data extracted from ref. [98] suggest that 
the approach given here is feasible and worth investigating further also 
for other experimental data on an empirical basis. It would be of interest 
to further investigate the relationship between the model of Eq. (11) and 
the molecular origin of the galvanostatic voltage-time curves given in 
Fig. 17. However, such studies are outside the scope of the current work. 

9. Conclusion 

This work investigates the origin and consequences of the non
linearities of the voltage-time curves measured during galvanostatic 
charging of supercapacitors. Such voltage-time curves are often used to 
determine the capacitance of supercapacitors, under the assumption of 
linearity. However, here it is pointed out that the nonlinearity should be 
taken into account when analyzing the galvanostatic charging curves, 
and that the nonlinearity contains additional information that has not 
been analyzed in a systematic manner in the literature. It is found that 
the parallel resistance due to either charge transfer or surface 

reorganization is governing the nonlinearity in commercial super
capacitors based on porous carbon structures in organic electrolyte, and 
that this resistance decreases inversely with the applied current. The 
temperature-dependence appears to suggest activation over an energy 
barrier at lower currents, which becomes unimportant at higher 
currents. 

The findings are compared with experimental data found in the 
literature. It is demonstrated that the method presented here can be used 
to analyze aging of supercapacitors, where it is found that the parallel 
resistance remains either relatively constant or decreases with aging 
time. 

Finally, a classification of nonlinear charging curves is proposed, 
together with semi-empirical formulas for the voltage which can be used 
to distinguish different types of behaviors. These may also turn out to be 
useful when comparing the behavior of supercapacitors based on porous 
carbon structures with pseudocapacitors utilizing faradaic reactions. 
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