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Equations routinely used to describe the properties of conventional symmetric electrochemical double-
layer capacitors (EDLCs) are expanded to develop straightforward mathematical functions that can
effectively describe the performance characteristics of asymmetric supercapacitors based on electrically
conducting polymer and activated carbon (ECP–AC) electrodes. Formulae are developed to describe cell
parameters (based on total active material mass) such as maximum specific capacitance (F g−1), max-
imum specific energy (Wh kg−1), and optimum electrode mass ratios that can be used for maximising
lectrochemical double-layer capacitor
ltracapacitor
symmetric supercapacitor
ybrid supercapacitor
lectrically conducting polymer

the specific energy of asymmetric cells. The electrode mass ratios are found to have a significant impact
on the swing voltages across the positive and negative electrodes. Illustrative EDLC and ECP–AC devices
are explored and employed to verify the derived equations that serve to predict essential parameters of
both symmetric and asymmetric systems, irrespective of electrolyte ion concentration, solvent or species
and independent of voltage. The utility of the equations is demonstrated by predicting cell parameters
for a number of theoretical asymmetric ECP–AC systems and used to correlate experimentally obtained
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parameters.

. Introduction

Ultracapacitor, or supercapacitor, is a generic term given to a
ersatile class of energy storage devices that rely on the physical
dsorption of ions at an electrode|electrolyte interface to form an
lectric double-layer; hence the more specific term of electrochem-
cal double-layer capacitor (EDLC) [1]. The most highly developed
ommercial form of a supercapacitor is the symmetric carbon EDLC,
hich consists of two identical porous electrodes separated by an

on-permeable separator and electrolyte. These devices are char-
cterised by rapid charge and discharge capabilities, high specific
ower, good stability, and a lifetime of greater than 500 000 deep
harge–discharge cycles.

Traditionally, porous activated carbon (AC) is utilised as the
ctive electrode material in these devices due to its high porosity
electrolyte accessibility), good conductivity, low cost, and high sur-
ace area. A wide range of activated carbons, with BET surface areas

f up to ∼3000 m2 g−1, has been evaluated in supercapacitors [2–4],
nd whilst higher capacitances are theoretically achievable for this
aterial [1,5], in practice, the upper limit for the measured capac-

tance of activated carbon (on a single electrode basis) is generally
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round ∼130 F g−1 in non-aqueous electrolytes, and ∼200 F g−1 in
queous electrolytes [6,7].

The energy stored by a supercapacitor is given by

= 1
2

CV2 (1)

here C is the capacitance and V is the voltage. Therefore, to
mprove the amount of energy stored in a supercapacitor that is
lready operating at Vmax, an increase in the gravimetric capaci-
ance of the electrodes and/or a decrease in volume is necessary.
he total (cell) capacitance, CT, of a symmetric EDLC, with two
orous electrodes in series, is given by

1
CT

= 1
C1

+ 1
C2

(2)

here C1 and C2 refer to the double-layer capacitance at each
ndividual electrode. For identical capacitance electrodes, there-
ore, the total cell capacitance equals half the individual electrode
apacitance, i.e., CT = ½C1. One method to overcome the limitation
dentified by the above relationship, and also to increase the energy
f the cell, is to substitute one of the porous electrodes with a very

igh capacitance material to form an ‘asymmetric cell’. Thus, for
xample, if C2 � C1, then 1/CT ≈ 1/C1 and so CT ≈ C1. That is, the
symmetric cell now has almost twice the capacitance of a compa-
able symmetric cell in which both the electrodes utilise the same
orous carbon.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Greg.Wilson@csiro.au
dx.doi.org/10.1016/j.jpowsour.2008.09.085
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Fig. 1. Schematic of potential changes, and origin of parameters used in derived
equations, for a hybrid EDLC with a non-Faradaic porous AC electrode and a Faradic
ECP electrode. Where, ET is the total energy of the cell dependant on the upper limit
of the charging voltage (VU) and the lower limit of the discharge voltage (VL). The
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Asymmetric supercapacitors (also sometimes referred to as
ybrid supercapacitors), which incorporate dissimilar electrode
aterials within a single cell, have gained considerable attention

ver the past few years. The most common form consist of a porous
DLC electrode in series with a ‘battery-like’ electrode [8–12]. In
uch a device, the latter electrode contains an active material that
ndergoes a reversible redox process as the primary mode of energy
torage and shows only a relatively small voltage variation during
ischarge (which effectively has a very high capacitance), so that
he cell capacitance approaches that of the porous (capacitive) elec-
rode. The challenge in this device is to optimise both the type and
he ratio of the electrode materials so that the asymmetric device
chieves an increased specific energy whilst still maintaining the
avourable attributes of symmetric devices such as rapid charge
apability and very long cycle-life.

Electrically conducting polymers (ECPs) are a class of redox
aterials often utilised as alternative, high capacitance, elec-

rode materials in supercapacitors due to their inherently fast
seudo-capacitive properties [13–15] and versatile methods of pro-
uction [16,17]. The rapid, reversible Faradaic processes that occur
ithin ECPs arise from oxidation and reduction (redox processes)

f the polymeric material. Hence, the resultant doping and de-
oping of the polymeric backbone by ions in the electrolyte, which
imic electrostatic capacitance, can provide enhanced capacitive

ehaviour when cycled within the stable electrochemical window
f the material [18–22]. Polypyrrole (PPy) and polyaniline (PAni)
re examples of two ECPs that have been extensively evaluated as
ctive materials in capacitors with reported specific capacitances of
250 and 500 F g−1, respectively [23]. A typical asymmetric ECP–AC

apacitor involves the substitution of one porous activated carbon
lectrode with an electrode containing ECP as the main active mate-
ial.

In order to understand the operational characteristics of asym-
etric supercapacitors, several groups have made significant

ontributions concerning the configuration and optimisation of
hese energy storage devices. Pell and Conway [24] described and
ompared hybrid systems with that of a symmetric EDLC and
elated the device functions to a series of defining equations, by
he examination of the conditions required for maximum energy
nd power, at a maximum voltage. Over the past decade, a series
f papers have been published by Zheng and co-workers [25–29],
here a theoretical model has been developed for the descrip-

ion of asymmetric capacitors that have a battery-type electrode
n series with an AC electrode. These reports, and the model devel-
ped, have emphasised a maximum theoretical specific energy, and
ncorporate important cell parameters such as the respective spe-
ific electrode capacities, ionic strength, and the swing potential of
he AC electrode. In a similar study on aqueous asymmetric cells,
azaryan et al. [30] have undertaken a detailed mathematical study

o develop a model for heterogeneous supercapacitors that allows
alculation of many cell parameters including energy, capacity and
ower density.

A limitation of the asymmetric model proposed by Zheng [28]
nd others is that only the swing of the negative (or capacitive)
lectrode potential is factored into the model and, consequently,
he potential of the positive electrode is assumed to be fixed
hilst cycling within a defined window. However, as established

n the present study for asymmetric cells made up of an AC nega-
ive electrode and an ECP positive electrode, the potential of both
lectrodes swings during cycling. This view is supported by the

symmetric ECP–AC capacitor introduced by Laforgue et al. [31]
ho reported that the potential swing of the ECP positive elec-

rode can be as much as 38% of that of the negative electrode. The
bserved behaviour arises from the pseudo-capacitive nature of
he ECP and, as such, the model proposed by Zheng cannot ade-

m
t

ariables VC and VP are the swing potentials of the negative and positive electrodes, cC

s the specific capacitance of the negative electrode and cP is the specific capacitance
f the positive electrode and mC and mP are the mass of the active materials in the
egative and positive electrodes, respectively.

uately describe such a system. Although more complex models
xist [24,28], hybrid supercapacitors with pseudo-capacitive elec-
rodes can also be readily described through the formulation of
quations based on capacitance.

In this paper, we derive a series of mathematical formulae as a
implified representation to describe the capacitance observed in
edox polymeric materials. The derived equations also predict the
aximum specific capacitance for the combination of two dissim-

lar electrodes assembled in series and the electrode mass ratios
equired for optimum performance. Through an understanding of
he relationship between cell capacitance and electrode (active

aterials) mass ratios, maximum specific energy and electrode
otential swing can also be derived to understand further the func-
ion of asymmetric ECP supercapacitors.

. Results

.1. Maximum gravimetric capacitance

A representation of the changes (upon charging) of cell voltage
nd individual electrode potentials for an asymmetric supercapac-
tor is depicted in Fig. 1. In this cell, the negative electrode consists
f porous activated carbon and the active material of the posi-
ive electrode is an ECP that is capable of undergoing positive ion
oping. If the cell is cycled within a stable potential window for
he reversible doping and de-doping of ECP in the positive elec-
rode, then the rapid redox process essentially parallels the physical
dsorption/desorption of ions occurring at the opposite carbon
lectrode. Consequently the ECP electrode behaves in a pseudo-
apacitive manner.

As a first approximation, this class of cell assembly can simplis-
ically be treated as two (dissimilar) capacitors in series. Assuming
wo capacitors in series, where the capacitance of the negative (car-
on) electrode is CC (F) and that of the positive (polymer) electrode

s CP (F), the total capacitance, CT (F), is given by

1 1 1

CT

=
CC

+
CP

(3)

Note that this approach can equally be applied to an ‘asym-
etric’ activated carbon EDLC where the specific capacitances of

he positive and negative electrodes are dissimilar due to the qual-
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ty/quantity of carbon at each electrode, or in an electrolyte system
here the dissimilar size of the positive and negative ions results

n disproportionate capacitances at each electrode [32].
Substituting mC and mP as the mass of the active materials in

he negative and positive electrodes, respectively, into Eq. (3), and
sing the electrode specific capacitances (F g−1), then solving for
otal cell capacitance, CT (F), with respect to the active mass of the
olymer, mP, yields:

CT

mP
= cPcC

cC + (mP/mC )cP
(4)

here cC is the specific capacitance of the negative electrode and
P is the specific capacitance of the positive electrode. Performing
his substitution and subsequent rearrangement allows us to obtain
xpressions that include the mass ratio, � , where � = mP/mC (vide
nfra).

The expression from Eq. (4) relates the total cell capacitance (CT)

er mass of positive electrode (mP) in terms of the specific capac-

tance of the active material of the positive electrode (cP) and the
egative electrode (cC) and hence the mass ratio of these electrodes,
. This is an important derivation that can be used to project the
xpected total specific capacitance relative to a given mass ratio.

ig. 2. (a) Maximum electrode mass ratio, � , as function of capacitance of positive
lectrode, cP , for two negative electrode capacitances, cC = 130 and 200 F g−1. (b)
aximum electrode mass ratio, � , as function of capacitance of negative electrode,

C , for two positive electrode capacitances, cP = 250 and 500 F g−1.
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imilarly, the expression can be solved for capacitance per mass of
egative electrode, yielding:

CT

mC
= cPcC

cP + (cC/�)
(5)

Inclusion of the total active material mass where mT = mP + mC,
hich can also be expressed by expansion and reorganisation

s mP = mT/(1 + (1/�)) and subsequent substitution into Eq. (4)
ives the total cell gravimetric capacitance, cT, where cT = CT/mT,
xpressed as

T = cPcC/(cC + (� cP))
1 + (1/�)

(6)

.2. Optimisation of gravimetric mass ratio for electrode
tilisation

Differentiating Eq. (6) with respect to mass ratio, � , and equating
o zero yields the electrode mass ratio that achieves the maximum
alue of cT:

max =
√

cC

cP
(7)

The above relationship is useful for obtaining an estimate of the
ptimum gravimetric electrode mass ratios over a range of possi-
le ECP electrode specific capacitances (cP) using a fixed specific
apacitance for the negative AC electrode (cC). The maximum mass
atio, as a function of cP, for the examples where cC = 130 F g−1 (for
C in a non-aqueous electrolyte) or 200 F g−1 (aqueous electrolyte)

s depicted in Fig. 2(a). It is quite apparent that this relationship is
on-linear, thus the choice of the optimum mass ratio required to
aximise the total specific cell capacitance is more complex than

imply balancing electrode capacitances. Unsurprisingly, the plot
ndicates that the greater the specific capacitance of the positive
ctive material, the lower the mass ratio and hence the required
ass of positive active material is greatly reduced. Similarly, for a

arbon electrode with increased capacitance, for example 200 F g−1,
he mass ratio increases and correspondingly, the required mass of
ositive active material also increases.

In a similar manner, this calculation can be performed for a
xed value of cP, say 250 and 500 F g−1, as depicted in Fig. 2(b).
s discussed above, the increase is non-linear with an inverse
elationship and the gravimetric requirement for positive active
aterial is significantly less, especially when the ECP has a dispro-

ortionally large capacitance, for example polyaniline. Intuitively,
ue consideration must be taken when using this relationship as
he capacitance of AC is generally limited [5].

Substituting the maximum gravimetric ratio from Eq. (7) into
q. (6), the maximum capacitance (cT) can be obtained for the pos-
tive electrode over a range of cP. This relationship for an example

here cC = 130 and 200 F g−1 is shown in Fig. 3. In this asymmetric
onfiguration, the relationship approaches a limit as cP becomes
ncreasingly larger than cC and thus further increases become less
mportant.

In a similar manner, examining the rate of change of maximum
T with respect to cP will give maximum utilisation of the positive

lectrode. As a further example, the maximum specific capacitance
cT) obtainable for the positive electrode over a range of cC when
P = 250 and 500 F g−1 is shown in Fig. 4. Variation in cC has a less
vident (yet still significant) effect on maximum cT at high values of
C; the implication is that to achieve maximum cell specific capaci-
ance, it is of critical importance to maximise the carbon electrode
pecific capacitance.



G.A. Snook et al. / Journal of Power Sources 186 (2009) 216–223 219

F
t

2

e

E

w
c
(
v

(
v
o
s

E

F
t

F
V

s
t
o
o
a
(
F
t
a
V
a
m
(
u
c
w
a

ig. 3. Maximum total capacitance, cT , as function of capacitance of positive elec-
rode, cP , for two negative electrode capacitances, cC = 130 and 200 F g−1.

.3. Specific energy

Under galvanostatic charge and discharge of a capacitor, the
nergy of the cell can be calculated according to Eq. (8) [33,34]:

= i

∫
Vdt (8)

here i is the current density, and V is the cell voltage during dis-
harge. The latter can be represented by the shaded region of Fig. 1
ET) and will be dependant on both the upper limit of the charging
oltage (VU) and the lower limit of the discharge voltage (VL).

Considering the maximum total capacitance cT obtained in Eq.
6) and if the upper voltage limit corresponds to the maximum
oltage VM, (i.e., VU = VM), then the maximum stored energy based
n active material weight (Wh kg−1) of a symmetric or asymmetric

upercapacitor, is given by

max = 1/2 cT V2
M

3.6
(9)

ig. 4. Maximum total capacitance, cT , as function of capacitance of negative elec-
rode, cC , for two positive electrode capacitances, cP = 250 and 500 F g−1.
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ig. 5. Maximum specific energy, Emax, as function of maximum operational voltage,
M , for a series of indicated symmetric and asymmetric EDLC systems.

The relationship between VM and Emax for two representative
ymmetric EDLCs (each based on 130 or 200 F g−1 carbon elec-
rodes) and two asymmetric ECP–AC supercapacitors, where one
f the carbon electrodes is replaced with an ECP electrode (PPy
r PAni) is depicted in Fig. 5. This highlights the impact of the
symmetric configuration on calculated Emax, at representative VM

obtained from typical literature values) for the different systems.
or a given carbon electrode, the asymmetric ECP–AC combina-
ion enables greater energy storage capacities to be achieved and,
s expected, in all cases Emax increases rapidly with increasing
M. Clearly even symmetric EDLC’s are substantially enhanced by
modest increase in VM, however the most significant improve-
ents in Emax are obtained when both an increased capacitance

from an asymmetric configuration) and increased cell voltage are
tilised. An asymmetric PPy–AC supercapacitor, operating a 3.5 V,
ould store ∼74 Wh kg−1 (based on the active material weight only)
hich is ∼35% higher than the equivalent symmetric carbon system

s shown in Fig. 5.
The advantage of a high operating VM, indicated by the data

resented in Fig. 5, would allow increased utilisation in such
pplications as portable devices and hybrid electric vehicles. It
s not a trivial matter, however, to identify a supercapacitor
lectrolyte–electrode system, capable of operating at high voltages
>3 V) whilst still maintaining performance (over a wide tempera-
ure range) and long-term stability. There is currently much interest
n the application of room temperature ionic liquids (RTILs) as alter-
ative electrolytes in supercapacitors, with many exhibiting a wide
otential window; some in excess of 5 V [35].

.4. Electrode swing potential in asymmetric hybrid cells

The charge on the negative and positive electrodes, respectfully,
s given by

C = mCcCVC (10)

P = mPcPVP (11)

here VC and VP are the swing potentials of the negative and pos-
tive electrodes, respectively, and VS can be defined as the swing
oltage of the cell during charging, namely: VS = VC + VP (see Fig. 1).

onsidering the charge–balance relationship, QP = QC, the percent-
ge of VS contributed by the negative electrode is given by

C = CP

CP + CC
100 (12)
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Fig. 6. For a symmetric EDLC where cC = cP = 130 F g−1 maximum total capacitance,
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The plot of specific energy, E (Wh kg−1), as a function of � , for
the two symmetric carbon EDLC systems is shown in Fig. 7(a).
Using nominal values of VM (for non-aqueous = 3.0 V, and for aque-
ous = 1.5 V), Fig. 7(a) indicates an optimum electrode mass ratio of
T , as function of electrode mass ratio, � , with respect to positive, mP , negative, mC ,
nd total, mT , electrode masses as indicated in the figure. The dotted vertical line
ndicates optimum value of � , �max.

Substituting active material masses, specific capacitances and
implifying yields:

C = cP

cP + (cC/�)
100 (13)

Similarly, the percentage of VS contributed by the positive elec-
rode is given by

P = cC

(cP �) + cC
100 (14)

Equating (13) with (14) gives the electrode mass ratio for when
oth electrodes swing symmetrically, i.e., VC = VP = 50% VS:

cP

cP + (cC/�)
= cC

(cP �) + cC
(15)

Rearranging Eq. (15) with respect to mass ratio yields:

PcC + (c2
P · �) = cCcP + (c2

C/�) (16)

nd further simplification gives

= cC

cP
(17)

A plot (not shown here) of Eq. (17) for equal capacitance elec-

rodes (cC = cP) gives the expected results for symmetric EDLC
lectrodes where the swing voltage is equally distributed across
ach electrode and, therefore, is consistent for describing these
ystems.
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i
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. Discussion

.1. Symmetric activated carbon EDLC cell

Symmetric cells can be formed with two identical porous carbon
lectrode in either: non-aqueous electrolyte (e.g., 1 M tetraethy-
ammonium tetrafluoroborate (NEt4BF4) in propylene carbonate
PC)); or in aqueous electrolyte (e.g., 1 M H2SO4). As an example,
sing a capacitance value of 130 F g−1 for a carbon electrode in
n non-aqueous electrode, the theoretical capacitance of a sym-
etric AC system, as a function of mass ratio (�), were calculated

sing Eqs. (4)–(6) and a representative plot for the non-aqueous
ystem is displayed in Fig. 6. The results confirm that, irrespec-
ive of the electrolyte system used, and independent of voltage,
he derived equations replicate the predictable properties that
ould be expected for these two recognised AC systems. First,

he optimum mass ratio (�) is obtained at 1.0. Second, the opti-
um gravimetric capacitance, cT, is one-quarter the capacitance of
single electrode, i.e., 32.5 F g−1, for the non-aqueous system and
0 F g−1 (not shown) for the aqueous system (assuming 200 F g−1).
ence, the case when C1 = C2, gives the expected relationship,

T = ½C1 irrespective of electrode mass.
ig. 7. (a) Specific energy (Wh kg−1) as function of electrode mass ratio, � , for sym-
etric EDLCs for (i) cC = cP = 130 F g−1, VM = 3.0 V; (ii) cC = cP = 200 F g−1, VM = 1.5 V, as

ndicated in the figure. (b) Proportion of cell swing voltage (%) on negative, VC , and
ositive, VP , electrodes as function of electrode mass ratio, � , as indicated in the
gure.



ower Sources 186 (2009) 216–223 221

1
f
t
e
g

3

3

p
i
c
f
i
d
a
E
t
g
i
F
i

o
a
t
a
(
s
m

3

f
c
c
d
p
F
i
i
u
w
w
d
c
e
s
i
a
i

m
i
F
f
t
e
7
t
c
t
m

Fig. 8. (a) Asymmetric PAni–AC EDLC where cC = 200 F g−1, cP = 500 F g−1. (b) Asym-
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.0 and a corresponding maximum specific energy of 40.6 Wh kg−1

or a non-aqueous cell and 15.6 Wh kg−1 for an aqueous cell. In addi-
ion, the swing potential for the respective positive and negative
lectrodes, as a function of � , also correlates with these predictions
iving a swing of 50% on each electrode (Fig. 7(b)).

.2. Asymmetric ECP–AC cells

.2.1. Aqueous carbon–polyaniline cell
For an asymmetric supercapacitor cell constructed from a

orous activated carbon negative electrode with a specific capac-
tance of 200 F g−1, a PAni positive electrode with a specific
apacitance of 500 F g−1 in 1 M H2SO4, the theoretical capacitance
rom Eqs. (4) to (6) for these cell parameters, as a function of � ,
s presented in Fig. 8(a). Whilst the curves from Eqs. (4) and (5)
escribe the capacitance limits for gravimetric oversized positive
nd negative electrodes, respectively, the resultant function from
q. (6), i.e., the capacitance plotted with respect to the total elec-
rode mass cT, is most informative. The curve depicts the optimum
ravimetric mass ratio to obtain the maximum total specific capac-
tance per total mass (cT, F g−1). Further detailed examination of
ig. 8(a) indicates that the predicted maximum specific capacitance
s 75 F g−1 and occurs at � = 0.65.

Confirmation of the validity of this approach can be found by
bserving the limits of Eqs. (4) and (5) for the respective positive
nd negative electrodes at the derived mass ratios. At low � , where
he negative electrode is oversized, the capacitance per positive
ctive material mass (cP) approaches that of the positive electrode
500 F g−1). Conversely, at high � where the positive electrode is
ufficiently oversized, the capacitance per negative active material
ass (cC) approaches that of the negative electrode (200 F g−1).

.2.2. Non-aqueous carbon–polypyrrole cell
A second illustrative asymmetric hybrid EDLC cell can be formed

rom a porous activated carbon negative electrode with a specific
apacitance of 130 F g−1, a PPy positive electrode with a specific
apacitance of 250 F g−1 in 1 M NEt4BF4 in PC. Similarly to that
escribed above, the functions from Eqs. (4) to (6) for these cell
arameters with respect to � gives the data displayed in Fig. 8(b).
rom this set of data, the predicted maximum gravimetric capac-
tance is ∼43.5 F g−1, where � = 0.72. This indicates that a 70%
mprovement in total specific capacitance for a cell is gained when
sing PAni with cP = 500 F g−1 (see Fig. 8(a)) as opposed to PPy
here cP of the positive electrode = 250 F g−1. Superficially this
ould appear to be a significant enhancement to the resultant
evice; however, there are several other factors that should also be
onsidered. These include the cell operating voltage (non-aqueous
lectrolytes allow >2.5 V operating voltages and hence a higher
tored energy) and the comparable � . An optimum mass ratio will
mpact the end device’s energy density as well as associated power
nd cycle-life performance due to the different proportion of ECP
n the matched cell.

It is also apparent from Fig. 8(a) that achieving an optimum
ass ratio for a PAni–AC cell is more critical due to the capacitance

mbalance of cP � cC. (cf. PPy and AC in non-aqueous electrolyte,
ig. 8(b)). Conversely, if a poor quality activated carbon was chosen
or the negative electrode with cC = 130 F g−1, the improvement in
otal capacitance for PAni as a positive active material is more mod-
st as cT changes from 75 to 57 F g−1 (only a 30% improvement cf.

0% above) and a corresponding change in � from 0.65 to 0.49. Thus
o achieve optimum performance from PAni, with its much higher
P, requires a porous activated carbon �200 F g−1 which is toward
he upper limit of the experimentally attainable capacitance for this

aterial [5]. An alternative consequence may mean that, although

a
c
t
a

etric PPY–AC EDLC where cC = 130 F g , cP = 250 F g . Showing maximum total
apacitance, cT , as function of electrode mass ratio, � , with respect to positive,

P , negative, mC , and total, mT , electrode masses as indicated in the figure. Dotted
ertical line indicates optimum value of � , �max.

lower overall cell cT is achieved with PPy, a more optimised cell
an be formed due to the closer matching of the two capacitive
aterials.

.3. Specific energy
Relative improvements in the stored specific energy (on an
ctive materials basis) for the PAni–AC and PPy–AC asymmetric
ells are depicted as the dashed and solid lines in Fig. 9(a), respec-
ively. A specific energy of 54.8 Wh kg−1 is predicted for the PPy–AC
symmetric cell, which is a 35% improvement over the comparable
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poly-4-fluorophenylthiophene positive electrode with a specific
capacitance of 245 F g−1 in 1 M NEt4BF4 in PC. From the data sup-
plied, mP = 37.6 g, CT = 2600 F and the gravimetric ratio � = 1.58;
hence the remaining experimentally derived parameters can be

−1 −1
ig. 9. (a) Specific energy (Wh kg ) as function of electrode mass ratio, � , for asym-
etric EDLCs where (i) cC = 130 F g−1, cP = 250 F g−1, and VM = 3.0 V; (ii) cC = 200 F g−1,

P = 500 F g−1, and VM = 1.5 V. (b) Proportion of cell swing voltage (%) on negative, VC ,
nd positive, VP , electrodes as function of electrode mass ratio, � . Solid lines are for
ystem (i) and dotted lines are for system (ii) and are indicated in the figure.

on-aqueous (3 V) symmetric EDLC, and would predictably have
n improvement of >130% over the aqueous AC–PAni (1.5 V) cell. At
he optimum mass ratio, the respective electrode swing potentials,
lotted in Fig. 9(b), are also predicted to have deviated from the
ymmetric cell with VC = 58% and VP = 42% (of the total cell swing
oltage respectively) which is a shift in the +/− swing ratio due to
he reduced capacitance ECP cf. PAni, yet still shows a significant
mprovement over symmetric EDLCs.

A specific energy of 23.4 Wh kg−1 is predicted for the PAni–AC
ystem (dashed line in Fig. 9(a)), which is a 50% improvement over
he comparable aqueous (1.5 V) symmetric EDLC. Additionally, the
lectrode swing potentials (Fig. 9(b)), are also predicted to have
eviated from the symmetric cell with VC = 62% and VP = 38% indi-
ating that the increased capacitance from the positive electrode is
irecting the improvement in specific energy.

Wang et al. [36] have constructed an asymmetric supercapaci-
or based on the PAni–AC system, where cC = 160 F g−1, cP = 420 F g−1

nd VM = 1.4 V. Using these reported parameters, a cT of 61.1 F g−1

t � = 0.62, is predicted which corresponds to a maximum spe-
−1
ific energy of 16.6 Wh kg . Our predicted value correlates well to

he experimentally measured value of 15.5 Wh kg−1 and also sug-
ests that the experimental mass ratio was slightly less than the
redicted optimised ratio; indicating that the cell had an slightly
versized AC electrode.
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.4. Non-aqueous carbon–poly-4-fluorophenylthiophene
P-4-FT) asymmetric cell

An illustrative experimental asymmetric supercapacitor is that
ntroduced by Laforgue et al. [31] where they report on a 2600 F
rismatic prototype (SC-03) with a specific energy of 7.49 Wh kg−1

for the sealed prototype) at a maximum operational voltage
f 3.0 V. The cell consisted of a porous activated carbon neg-
tive electrode with a specific capacitance of 130 F g−1 and a
ig. 10. For a asymmetric EDLC where cC = 130 F g , cP = 245 F g , and VM = 3.0 V
howing (a) maximum total capacitance, cT , as function of electrode mass ratio, � ,
ith respect to positive, mP , negative, mC , and total, mT , electrode masses as indicated

n the figure. The dotted vertical line indicates �max. (b) (i) Specific energy (Wh kg−1)
right axis); (ii) proportion of cell swing voltage (%) on negative, VC , and positive, VP ,
lectrodes (left axis) as function of electrode mass ratio, � .
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alculated as: mC = 23.8 g, cT = 42.3 F g−1 and Emax = 52.9 Wh kg−1

active materials only).
Using these published electrode and cell parameters in the

erived functions, Eqs. (4)–(6), yield the data plotted in Fig. 10(a)
nd (b). The optimum electrode mass ratio for this system is calcu-
ated to be 0.73 and corresponds to cT = 43.5 F g−1 (Fig. 10(a)). Such a
ell would be expected to have an Emax of 54.4 Wh kg−1 (Fig. 10(b))
nd therefore, it would appear that the cell reported by Laforgue
t al. was not optimised for maximum specific energy. Their high
ass ratio (� = 1.58) indicates that the cell employs a gravimet-

ically oversized positive electrode; possibly to extend the cell
ycle-life by reducing the swing potential across the positive elec-
rode. This is supported by the high number of galvanostatic cycles
eported (>7500 cycles) and also by investigating the relative swing
f the positive and negative electrodes (Fig. 10(b)). Our derived
xpressions suggests that for optimum specific energy, VC = 58%
nd VP = 42%, which for the voltage range utilised by Laforgue et
l. (1.2–3.0 V) gives VS = 1.8 V and corresponds to VC = 1.044 V and
P = 0.756 V. Laforgue et al. report electrode swings of a swing
f VC = 1.3 V and VP = 0.5 V, these swings correspond to 72.2% and
7.8%, respectively, of VS which is a more modest utilisation of the
ositive electrode; a technique commonly employed to extend cell

ifetime [37,38]. In addition, from our derivations, this swing voltage
plit suggests that � for the hybrid cell reported by Laforgue et al.
as greater than the optimised value, but less than that reported

1.58), indicating that the capacitance of ECP is not fully utilised
i.e., the effective cP < 245 F g−1) under the repeated galvanostatic
harging conditions reported.

. Conclusions

Starting from the equations routinely used to describe con-
entional symmetric EDLCs, mathematical functions have been
erived that can effectively describe the operational and perfor-
ance characteristics of asymmetric ECP–AC supercapacitors. The

erived mathematical formulae are demonstrated to predict cell
arameters for a number of theoretical hybrid ECP–AC systems
nd correlated with experimentally obtained parameters of similar
CP–AC cells. Our mathematical approach incorporated the poten-
ial swing across the positive (or redox) electrode and indeed has
onfirmed that the potential swing across such electrodes, in an
symmetric cell configuration, is significant and needs to be taken
nto account.

The predictive capability of the derived expressions allows the
ncorporation of experimentally or empirically obtained starting
arameters (e.g., specific material capacitances) and to use these as
means for guiding the optimisation of electrode mass ratio, posi-

ive and negative electrode swing voltages, which, in turn, permits
he maximum specific energy of a cell to be reliably determined. The
road utility of these series of derived functions allows the predic-
ion of essential cell parameters irrespective of the electrolyte ion
oncentration, solvent or species and independent of voltage.

In our experience there are two approaches to device optimi-
ation, namely: (i) attaining maximum specific energy; and (ii)
tabilisation for extended cycle-life. Operating a cell at �max will
eliver the maximum specific energy but involves a trade-off in

ycle-life. Under these conditions to attain maximum cell capac-
tance, often the positive ECP electrode may swing significantly
nd this leads to limited cycle-life. Oversizing the negative carbon
lectrode increases the proportion of voltage swing experienced at
his electrode and will lead to a less-than-optimum specific energy

[
[

[
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f the cell, but this electrode is well suited to long-term cycling.
y limiting the swing on the positive ECP electrode cycle-life is
xtended as the active material associated with this electrode is
rone to early failure due to volume expansion and/or degradation
uring the redox process. The formulations outlined here seek to
ssist those interested in cell optimisation on how best to obtain
hese goals, and act as a guideline to determine electrode and cell
erformance.
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