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Abstract The factors influencing the electrochemical
behaviour of a supercapacitor have been partly examined
in this work. The effects of so-called intrinsic parameters,
i.e. exchange current density, unit cell length and double
layer (DL) capacitance; as well as the so-called applica-
tion parameters, i.e. cell current, on the cell potential
discharge time have been considered. The contributions
of each type of capacitors, DL capacitor and faradaic
supercapacitor under various states of operation and
material have been analyzed, and the competing (com-
pensating) effects of the two types of capacitors as
regards to the discharge and power characteristics
manifested by current—potential and energy—power
(Ragone plots) are elucidated.

Keywords Supercapacitor- Ragone plot - Discharge curve -
Double layer current - Faradaic current -
Metal oxide nano-particles

Introduction

Electrochemical capacitors are of considerable demand,
where high power and energy density as well as
reliabilities [1-4] are requested, and can be divided in
two categories, those based on the energy stored in double
layer (DL) structure and those that rely on the faradaic
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reactions at the interfaces. The latter often involves not only
charge transfer but also surface reactions and mass transfer
processes.

Activated carbon having specific surface area in the order
of 10> m?g™" form typical DL capacitors [5], whereas high
surface area amorphous hydrated oxide of RuO, [6, 7], NiO
[8, 9], CoOy [9, 10], MnO, [11], etc. are of potential use in
faradaic and mixed capacitors. Many models have been
developed to account for the effects of various variables
on the performance of both types of capacitors where both
charge and discharge cycles have been considered. The
studies encompass a broad range of variables, modes of
operation, materials, etc. Chuan Lin et al. [I12] have
developed an elaborate model to simulate the behaviour of
a Ru0,.xH,0 based capacitor under galvanostatic regime,
whereas both DL and faradaic processes have been taken
into account. The favourable effect of decreasing the
particle size on the performance, as well as that of the
faradaic process, in enhancing the power and energy
density has been reported. On the other hand, Changqing
Lin et al. [13] have used a model in the context of the
dilute solution theory to investigate the effect of carbon
content and discharge current density on the performance
of capacitors developed by dispersing RuO, within the
pores of active carbon. They concluded that large current
densities hamper the utilization of stored charge, and large
pore samples are, thus, favoured. Also, they report that
increasing carbon content deteriorates the delivered charge
and energy density, but the reductions were not severe. In
most studies relevant to the performance of energy storage
devices, Ragone plots that relate the energies accessible at
various power output of the device have been employed
[4]. The theory and usefulness of Ragone plots have been
recently reviewed by Christen et al. [14, 15]. We have
employed the method of artificial neural network to
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predict the electrical output of a supercapacitor on the
basis of the electrochemical and geometrical characteristics
of its constituent electroactive materials [16]. We have had
some success with both the predictions and rationalization
of the behaviour in limited domains of studies. This type
of study, although of excellent predictive power, does not
reveal how any one of the input parameters (say the
exchange current density of the electrode process) affects
any one of the outputs (say power output) under other
specified conditions.

The purpose of the present work is to investigate the
effects of the exchange current density, lengths of unit cells
and discharge current on the discharge characterizations of
a model supercapacitor (DL+faradaic capacitor) as exem-
plified by the galvanostatic discharge curves and also the
Ragone plots.

Materials and methods

We have basically employed the model proposed by Lin et
al. [12] where two identical RuO,.xH,O electrodes sepa-
rated by an ionic conducting separator are considered. The
electrolyte, H,SOy, is assumed to completely fill the pore
structure of the electrodes. The details of the model can be
found in the original literature [12], and in this study, only
the equations dominating our calculations are reproduced.
The faradaic current, j; is given by the Butler—Volmer
equation:

Jr = iolexp (aof (E = U1)) —exp (—aof (E - U1))l, (1)

where i, is the exchange current density, f = % with the
symbols have their usual meaning, «, and o are the anodic
and cathodic transfer coefficients that, in this work, are
taken as 0.5. E is the local electrode potential, and Uj is the
equilibrium potential both in units of volts. U; depends on
the fraction of the amount of electrocative material in its
oxidized state, #, that in turn, is linearly related to the state
of charge, 4, (of the capacitor’s electrode) through §=0.56
[7, 12]. On the other hand, 6 is related to more easily
measurable quantities through
de Syjr
E - (Qf.ox - Qf.red) ’ (2)
with Sy being the specific area (area per unit volume of
material) with its magnitude given by
6(1 —¢)

Sy = 7 (3)

It has been assumed that the electrode is composed of
spherical nano-particles of active ingredient of dimension d,
and the porosity of the electrode € is assumed to be 0.25. In
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Eq. (3), Ofoxr and Qy,eq are the faradaic charges per unit
volume of the electrode in the fully oxidized and reduced
states with

SyoF

4
o 4)

Qf ox —
where L, is the Avogadro’s number, % is the length of unit
cell on the surface (taken 0.4 nm for RuO, [17]) and ¢ is
the state of charge equal to 0.5 for the fully charged
electrode. The faradaic charge per unit volume of fully
reduced electrode, Or.q, is taken as zero. Finally, the local
potential, £, at various points along the depth of the
electrode is given through

O*E OE s

el St I 5

o7 Tat—i-rcdl (5)
with Cgy =2 x 107°Fem™2, ¢ =+ (fractional distance
through the electrode), and 7 DL time constant is

7= SyCylL? (é + é) (6)
with o and K, being the electrode (active ingredient) and
the electrolyte conductivities with the values of 1x10° S
em ' [18] and 0.1 S ecm ' [12], respectively.

We have employed backward finite difference method
through Band(J) algorithm [19] in Matlab environment and
linearized the exponential term basically similar to the
method used by Lin et al. [12]. One hundred and three
space and 4,001 time slots have been used, and it was
observed that no further improvements (smoothness) were
observed upon any increase in the number of space and
time slots. Following the calculations of £ and 6, the values
of DL as well as the faradaic current have been calculated
through

OE
ic = —SyCq (E) (7)

Iy = =Syjr (8)

The dimensionless cell potential, ®..;, has also been
calculated through [13]

Deenl = 2[E|5:0 - Vo} -2 {¢2|g:1_¢2\g:0
Icel[Ls (9)
EOkS ’

where ¢, is the dimensionless potential in the electrolyte
phase; Ej is the local potential at t=0 and is set at 2v, volt
with v, initial potential, equal to 0.5 for the case of RuO,
[7]; Vo is the dimensionless initial equilibrium potential
prior to charging and is taken 0.5; E' is the dimensionless
localized potential; L; and kg are the thickness of the
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separator and the conductivity of the solution inside of the
separator pores. All dimensionless potential terms are
calculated by dividing the potential terms by E,, and all
the cell characteristics are calculated at £=1 (on the
electrode surface) and at 74 (discharge time).

Results and discussions
The effect of unit cell length

Under galvanostatic discharge regime and for the electrode
comprising of 5-nm-sized nano-particles having iy = 1 X
1073A cm™2 (this value has been considered for RuO, by
Lin et al.), the discharge characteristic of the capacitor, as
influenced by various unit cell length (including 0.4 nm for
RuO,) of the electroactive material at cell current in the

(a) Discharge Curve for 2x10"%<h<6x10"® at icell-0.1A
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range of 0.1 to 5.0 A, have been studied. The results are
presented in Fig. 1. The appearance of the slope change in
the cell potential vs. discharge time (¢,) is interesting, and it
is more pronounced at smaller unit cell lengths, and under a
higher discharge rate. To rationalize the findings, it seems
that, in a sense, the smallest /# values reflects the highest
amount of change available per unit area of the surface, as
the amount of the active material will be the highest. In this
work, we have employed #4 as the capacity criteria and not
the relative utilization [20], #*i*..; to be able to make real
time judgment concerning the effect of iy and 4. In fact,
keeping the nano-particle size, d, constant (as done in this
work) makes the two criteria equivalent. As for the slope
change, in the early stages of discharge and especially
under high currents, electrochemistry cannot provide the
energy drawn from the cell and an energy (potential)
barrier; its height is proportional both to the cell current and

(b) Discharge Curve for 2x10"<n<6x10® at icell=1A
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(d) Discharge Curve for 2x10"%<h<6x10® at icell-54
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Fig. 1 Galvanostatic discharge curve for simulated electrodes with 5 nm nano-particles having and different unit cell length in i..;=0.1 A (a),

1.0 A (b), 3.0 A (c) and 5.0 A (d)
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10001 S~y 10~® cm discharged at two cell currents of 1 and 0.1 A, the
—m h=4.0E8 energy drops at 21 and 16%, respectively, pointing to the
. —&— h=6.0E-8 ease of discharge as / is decreased. This point will be
E further addressed using Ragone plots.
3 Figure 2 presents the Ragone plots for capacitors with
£ 100 different /4 values. The Ragone plots reflect the energy
; and power density relations as defined through Egs. (10)
g and (11):
w .
Energy density = foctiPaveld (10)
Vcell
10 . . ,
1 10 100 1000
Power Density / KWL Power density = fectPave (11)
Fig. 2 Ragone plot for simulated supercapacitors with 5-nm nano- Veen

articles having with three values of / presented at the legend . .
P & P ¢ with @,,. as the average cell potential along 7; and V.., as

the cell (here capacitor) volume. In this pattern, the slowly
the number of electrochemically active sites (inverse of  decreasing energy density is terminated to a significantly
h must be overcome). This gives rise to a sharp drop of cell ~ sharper decreasing dependency. The interpretation of the
potential at the early stages of discharge. From another  findings basically follows the preceding discussion and is
point of view, electrochemistry lags behind, and DL  based on the contributors of faradaic processes, which are
capacitor somewhat takes control in this region. Comparing  slow and encounter kinetic barrier and the DL discharge
the utility of two cells with / values of 2x10°° and 6x that is fast. Systems having small ~ values provide higher
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Fig. 3 Dependency of 0, E, faradaic and DL current to the i ., and the length of unit cell for simulated electrodes with 50-nm nano-particles
having ip = 1 x 1075 Acm™2
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Fig. 4 Galvanostatic discharge curve for simulated electrodes with 5-nm nano-particles having and different surface exchange current density in

icen=0.05 A (a), 0.1 A (b), 0.5 A (c), 1.0 A (d), 3.0 A (e) and 5.0 A (f)
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energy densities that are, in turn, more susceptible to
discharge at higher power densities that are a consequence
of the fast discharge of large amounts of charge. The high
energy densities accessible at low powers are provided by
the faradaic process with kinetic barriers, whereas at higher
powers, energy density drops sharply, and the drop is more
pronounced with more facile systems, high i, and low
h values. This is in accord with the simulation findings.
Figure 3a presents the variation of 6 with i, and / in a
three-dimensional representation. Although at low cell
current and low /4 values 6 is not significantly influenced
by either (plenty of oxidized sites with a small rate of
discharge), the dependency is more pronounced at a high
value of both. Large i.;; and /4 values correspond to the fast
removal of low levels of charge that signifies low 6 values.
Figure 3b presents the changes of dimensionless potential at
the surface of the active material against i..;; and 4, where
dramatic changes at high values of both quantities have
been observed. Although this, in principle, follows 6
behaviour, the attenuation is much smaller, and we attribute
it to both faradaic and DL contributors. Figure 3c,d
presents the faradaic and DL contribution of the discharge
current, varied according to the selection of cell current and
h. The planes run in principle in opposite directions due to
the compensating nature of the two processes in providing
the cell current. Interestingly, at low /4 values, the drawn
high cell current mostly comes from the faradaic process,
whereas DL discharge take over at higher / values in
excellent agreement with expectations. In fact, the summa-
tion of i, and ir allocates a portion of i that increases with
the increase in i.j. The effects of 4, as reflected in the

Fig. 5 Utilization vs. exchange 11 -
current density for simulated
supercapacitors having 5-nm 10 4

nano-particles and unit cell
length equal to 0.4 nm. Note
that ¢4 is a criterion of utilization 8

utilization

number of active sites per unit area of the electroactive
materials, have been experimentally addressed by Doubova
et al. [21], where the electrochemical activities of various
crystallographic planes of RuO, having different # values
have been studied. Our results are in qualitative agreement
with the experimental findings.

The effect of exchange current density

Figure 4 presents the discharge characteristic of a simulated
supercapacitor signified as cell potential drop with respect
to the time (discharge time) measured at different i.
values in the range of 0.05 to 5.0 A for various values of i.
No monotonic behaviour has been observed. Whereas at
discharge current density of 0.1 A, the highest available
capacity occurs at ip = 1.58 x 107°Acm™2; at 3 A dis-
charge current, it corresponds to 1.58x107° A cm -
Apparently the point (in fact region) of slope change shifts
as the value of i, is scanned at different discharge currents.
The behaviour has its roots in how the kinetics of the
discharge process copes with the imposed cell current. To
clarify the situation, plots of ¢4 (at @..;;=0) vs. iy have been
constructed at various i. values, Fig. 5. A sharp rise
followed by a slow decline has been witnessed. Passing
through a point of maximum is the result of competition of
two processes, one that consumes electron, i.y;, and the one
that is responsible for providing electrons, iy. If the rate of
supply is fast, large iy, the discharge time is small. Similarly
when i is too small, the system does not respond to cell
current and is in the state of “virtual discharge” (minute
amount of charge quickly disappears). Obviously, the
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Fig. 6 Ragone plot for simulated supercapacitors having 5-nm nano-
particles and #=0.4 nm with three different values of i, presented at
the legend

system should go through a maximum as i is raised. Our
predictions are in qualitative agreement with the existing
literature [22, 23].

Figure 6 presents the Ragone plot at different i, values.
Dramatic early drop in the energy density accompanied by
small i, values indicate that the electrochemical supply of
electrons encounter a faradaic barrier and is slowed down
quickly and the DL takes charge of the supply of energy at
the specified power. The crossing of the Ragone plots at the
low energy (high power density) region is in accord with
the data presented in Figs. 4 and 5. The dependencies of
dimensionless faradaic and DL discharge currents on the
cell current and the exchange current density have been
presented in Fig. 7a,b in three-dimensional plots. The
behaviour in the region of low iy and low i is interesting,
where the two currents run in clear opposite directions.
Although the low intrinsic rate of the supply of electron
simply disables the faradaic contribution, the DL capacitor

(a
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Dimensionless DL Current

08
0.2 0.4 05 4
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icelllA

ity/ Acm

08
® 06
04
3
1.2
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Exchange Current D ",'.M:m'2

Fig. 8 Dependency of 6 to i,y and exchange current density for
simulated electrodes having 5-nm nano-particles and 2=0.4 nm

contribution takes charge pointing to the principal correct
predictive capability of the model. The slowly rising DL
contribution of current with the iy and i. is interesting.
With increasing i.; and at high i, values, the porous high
area fails to deliver the current as the materials in the pores
are depleted, and thus, the contribution of the DL discharge
increases. This effect is certainly much smaller than the
faradic part as what comparing Fig. 7a,b signifies. Figure 8
is a three-dimensional representative of the variation of 6
with respect to i. and iy. For small i, values, the cell
remains in a charged state, and there is virtually no
dependency of 6 and i, as expected. Also, the changes of
0 with i at very low values of iy is marginal, as virtually
no faradaic discharge takes place at the extreme lower end
of i.o; and all the current is supplied by DL discharge. The
steepest charge occurs along the bisectional plane of i..;;—ig
angle where intrinsically fast kinetic capability accompa-
nied by large drawn current tends to diminish 6 to low
values.

Dimensionless Faradaic Current

1 1.2
08
icell/A 0 02 04 08

x10”
Exchange Current Density/ Ac m?

Fig. 7 Dependency of DL and faradaic currents to i..; and exchange current density for simulated electrodes having 5-nm nano-particles

and 4=0.4 nm
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