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Received 9 August 2011 trifluoromethanesulfonate (LiTFS) membrane as the separator and poly(ethylene oxide) (PEO)/lithium
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perchlorate (LiClO4) as the polymer electrolyte in the porous carbon electrodes. Two types of mediators,
Nal/I, and KsFe(CN)g/K4Fe(CN)g, were added into the PEO/LiClO4 polymer electrolyte that was used to
fabricate the electrodes. The voltage window in which the SCs operated was 2.5-3 V. The results of electro-
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g\e}l’)";"r“: chemical measurements, including cyclic voltammetry and galvanostatic charge/discharge, indicated that
Solid-state Nal/I,-containing and K;Fe(CN)g/K4Fe(CN)g-containing SCs yielded high specific capacitances of 209.0
Supercapacitor and 138.8 Fg~!, respectively. In addition to high specific capacitances for the two mediator-containing
Mediator SCs, both SCs delivered high specific energies (49.1 Whkg~! at 1.6 kW kg~ for the Nal/I,-containing SC

and 33.6Whkg ! at 1.3kWkg~! for the K3Fe(CN)g/K4Fe(CN)s-containing SC) due to the wide voltage
window and fast redox reactions between mediators.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With higher specific power than batteries and higher specific
energy than dielectric capacitors, supercapacitors (SCs) are able to
fill the gap between these two devices. Recent attention directed at
SCs has been stimulated by their potential applications in energy
storage devices, power electronics, and hybrid electric vehicles.

Traditionally, SCs are categorized into three groups depending
on the active materials in their electrodes: carbon or electrochem-
ical double layer (EDL) [1,2], metal oxide [3,4], and conducting
polymer SCs [5,6]. The capacitance of carbon-based SCs is realized
through the separation of electrons and ionic charges at the inter-
face between carbon with a large surface-area and electrolytes [7].
In the metal oxide and conducting polymer-based SCs, fast Faradaic
reactions, which are also known as a redox or pseudocapacitive
process, take place between active electrode materials [8]. In addi-
tion, hybrid SCs based on a combination of carbon and conducting
polymers, and a combination of carbon and metal oxides have been
recently developed [9,10]. Generally speaking, SCs based on redox
reactions or pseudocapacitance have greater specific energies than
EDL SCs. The high specific power of an SC relies on the high ionic
conductivity of the electrolytes, particularly aqueous electrolytes
[11,12]. However, the voltage window of aqueous or water-related

* Corresponding author. Tel.: +1 305 284 2579; fax: +1 305 284 2580.
E-mail address: j.zhou9@umiami.edu (J. Zhou).

0378-7753/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2011.08.051

electrolytes is limited to 0.0-1.0V because of the electrolysis of
water. As a result, higher valences of the active materials can-
not be utilized, and the energy density is limited. To address this
issue, researchers have used organic electrolytes or ionic liquids
to replace aqueous electrolytes to obtain a greater voltage win-
dow [13]. However, SCs based on liquid electrolytes suffer from
the following problems: inherent leakage, corrosion or combustion,
narrow temperature range, inflexible geometry, and poor safety.
Although all-solid-state SCs are free of these problems, they are
generally not as good as the liquid electrolyte SCs in terms of spe-
cific capacitance, specific energy, and specific power, even though
the same active materials are used [14-17]. The major reasons
for this may be the relatively low ionic conductivity and insuf-
ficient viscosity or fluidity of solid electrolytes. For example, at
room temperature, commonly used 1moldm~—3 H,S0,4 solution
has an ionic conductivity of 0.8 Scm~!, whereas the fully hydrated
Nafion membrane has an ionic conductivity of only 0.2Scm~! and
the conductivity of lithium-ion-conducting polymer electrolytes is
even lower, at 1073 to 10~3 Scm~' [18,19]. Insufficient fluidity may
result in inadequate contact between the active materials and solid
electrolyte, thereby making it difficult for ions to access the active
materials in the small pores of a porous electrode. The accessibility
of the ions to the active materials is important because the for-
mation of a layer with an opposite charge is required to maintain
electroneutrality in charged electrodes.

In dye-sensitized solar cells, mediators, including I-/I3~,
Co(III)/Co(Il) complexes and ferrocene/ferrocenium among others,
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Table 1
Contents of the three types of electrode suspensions.
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Suspension name Composition (Wt%)

PEO LiClO4 CB Nal I K4Fe(CN)s K3Fe(CN)s
Carbon black 61.4 18.6 20.0 0 0 0 0
Nal/I,/CB 61.4 18.6 2.0 6.7 113 0 0
K4Fe(CN)g/K3Fe(CN)s/CB 61.4 18.6 2.0 0 0 9.5 8.5

have been used to enable both electron transport in the electrolyte
and electron transfer at the electrode/electrolyte interface [20-23].
Mediators that can undergo redox reactions can be uniformly dis-
tributed in the electrolytes in the form of discrete molecules or
molecular clusters. Thus, all mediator molecules are theoretically
accessible to the ions contained in the solid electrolyte. Other ben-
efits of using mediators as the active materials instead of metal
oxides or electronically conducting polymers are as follows. First,
pseudocapacitance is provided via the redox reactions of the medi-
ators. Second, the conductivity of the electrolyte in the porous
electrodes can be increased via fast electron transfer between
mediators. Third, mediators such as Nal and I, can be acquired at a
much lower cost than noble metal oxides.

In previous studies on all-solid-state mediator SCs by the
presentauthors, Nafion membranes were used as the separator, and
a PEO polymer electrolyte doped with Nal/l, mediators was used to
fabricate the electrodes [24,25]. Previous results have shown that
SCs prepared using this novel method can achieve high specific
capacitance, high specific power, high specific energy, long cycle
life, and low self-discharge. This demonstrates that in addition to
carbon materials, metal oxides, and electronically conducting poly-
mers, mediator-doped polymer electrolytes are a fourth type of
material that can be utilized to fabricate all-solid-state SCs. The rea-
sons that a Nafion membrane was chosen to be the separator are
its low resistance, good mechanical strength, thermal stability, and
chemical stability. However, the voltage window for Nafion-based
SCs is between 0.0 and 1.0V or between —1.0 and 0.0V, which lim-
its full utilization of the high valence states of the active materials.
Thus, in the present work, a PVDF/LITFS membrane was made to
replace the Nafion membrane as the separator. Because the mem-
brane and the mediator-doped PEO electrolytes did not contain
water, it was envisioned that the voltage window could be greater
than 1.0V. The performance of the SC was evaluated using cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD) meth-
ods. The main objective was to demonstrate that with a PVDF/LITFS
membrane as the separator, a high performance all-solid-state SC
could be realized.

2. Experimental
2.1. Preparation

2.1.1. Preparation of PVYDF/LiTFS membrane

PVDF powder (M.W. =534,000, Sigma-Aldrich) was mixed with
LiTFS powder (~99.995%, Sigma-Aldrich). The mixture was dis-
solved in acetone (99.9%, Sigma-Aldrich) and then stirred at 60°C
for approximately 4 h until the suspension became a homogeneous
translucent gel. The mass ratio of PVDF to LiITFS was 1:1. The gel was
cast into evaporation dishes and allowed to dry for 12 h to obtain a
thin, transparent PVDF/LiTFS membrane.

2.1.2. Preparation of PEO-based suspensions for electrode
loadings

A mixture of PEO (M.W.=400,000, Sigma-Aldrich) and LiClO4
(>98%, Fluka) was dissolved in acetonitrile (Sigma-Aldrich) and
then stirred at 60°C for approximately 4h until the suspension
became a homogeneous translucent gel. The molar ratio of PEO

monomer to LiClO4 in the gel was 8:1. Sodium iodide (Nal, 99.55%,
Alfa Aesar), iodine (I, 99.8%, Alfa Aesar), potassium hexacyano-
ferrate (K4Fe(CN)g-H,0, 98.5-102.0%, Sigma-Aldrich), potassium
ferricyanide (K3Fe(CN)g, 99%, Sigma-Aldrich), and carbon black
(VULCAN XC72R) were added into the PEO/LiClO,4 gel separately
to form the electrode suspensions. Three types of electrode sus-
pensions were prepared, namely, the carbon black (CB) suspension,
the Nal/I, /CB suspension, and the K3Fe(CN)g/K4Fe(CN)g/CB suspen-
sion. The contents of the three kinds of suspensions are listed in
Table 1.

2.1.3. Preparation of supercapacitor assemblies

A nanofoam carbon paper was acquired from Marketech Inter-
national Inc. The specification of the carbon paper is as follows:
density, 0.25-1.0gcm™3; BET surface area, 400m2g-!; average
pore size, 0.7 nm; electrical resistivity, 0.010-0.040 €2 cm. The pre-
pared PEO-based suspension was dropped on a piece of nanofoam
carbon paper. After loading with suspensions, the electrodes were
dried naturally in air for approximately 12 h and then kept in a
plastic bag.

To make an SC assembly, the PVDF membrane prepared in
Section 2.1.1 was used as the separator. Two carbon electrodes
(1.0cm?) loaded with active materials and polymer electrolytes,
and a PVDF membrane were pressed at approximately 1000 psi for
1 min to obtain a sandwich structured SC, as shown in Fig. 1.

2.2. Characterization

Electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV), and galvanostatic charge/discharge (GCD) measure-
ments were conducted at ambient temperature using solid-state
electrochemical cells or SC assemblies in the form shown in Fig. 1.
The SC was connected to a potentiostat (Gamry) with a frequency
response analyzer module interfaced to a personal computer. For
the EIS measurements, the applied frequency range was between
1Hz and 100 kHz, and the amplitude of the sinusoidal voltage was
10mV. The performance of the SCs was studied using CV (volt-
age range of 0.0-3.0V, scanning rate of 10-200mVs~!) and GCD
(charge/discharge current density of 10-25 mAcm™2).

In addition to the EIS measurements on the SC assembly, the
lateral or in-plane conductivities of the PVDF/LITFS and Nafion
films were evaluated using a four-electrode AC impedance method
described in detail in a previous publication [26].

3. Results and discussion
3.1.1. Conductivity analysis of the PVDF/LiTFS membrane

The conductivity of the membrane separator in a solid-state
SC is crucial to its performance. Therefore, the conductivity of the
PVDF/LiTFS membrane was tested using the four-electrode method
[26]. In addition, for comparison, the conductivity of a commercial
Nafion® 117 membrane was also evaluated with the same method,
and the data are given in Table 2. Before conducting the conductiv-
ity measurement with the Nafion membrane, it was fully hydrated
and activated in 1 moldm~3 sulfuric acid for 12 h.
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Fig. 1. Schematic of an all-solid-state supercapacitor assembly.

Table 2
Conductivity of PVDF/LiTFS and Nafion 117 membranes under ambient conditions.

Membrane Conductivity, Scm~! Average conductivity, Scm~!
PVDF/LIiTFS 1.730 x 102 1.74 x 1072
1.747 x 102
1.745 x 1072
Nafion 2.715x 102 2.83x 1072
117 2.734x 102
3.041 x 102

As shown in Table 2, the average conductivity values for
the PVDF/LITFS and Nafion membranes are 1.74x10~2 and
2.83 x10~2Scm~! at 25°C, respectively. The conductivity of the
PVDF/LiTFS membrane is lower than that of a fully hydrated Nafion
membrane. However, the relatively high conductivity and stability
of the PVDF/LiTFS membrane have made them outstanding among
the currently studied lithium-ion-conducting polymer membranes
[27,28]. On the other hand, the ionic conduction in Nafion mem-
branes depends on the hydration level, which means that if it
is dehydrated under ambient conditions, the conductivity will
decrease [29]. The ionic conduction in polymers containing lithium
ions is believed to rely on the diffusion of lithium ions, which have a
smallionic radius, through the free volume in the polymer [30]. This
implies that with a PVDF/LiTFS membrane, a high ionic conductivity
can be obtained without the presence of water in the polymer.

3.2. Cyclic voltammetry

3.2.1. Supercapacitors with carbon black

To establish a reference for evaluating the effects of the two
kinds of mediators, an all-solid-state SC that contained only carbon
black as the active material was assembled, and its performance
was evaluated using cyclic voltammetry. Fig. 2 illustrates the cyclic
voltammograms of a carbon black SC at different scanning rates. No
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Fig. 2. Cyclic voltammetry curves as a function of potential scanning rate for a
supercapacitor with carbon black as the active material.

redox peaks were observed in the CVs of the carbon SC, indicating
that this kind of SC is a typical EDL SC. Fig. 2 also shows that the cur-
rent density increased as the scanning rate decreased. It is widely
accepted that the CV of anideal EDL SCis rectangular-shaped. How-
ever, for the carbon black SC in the present configuration, the CVs
at different scanning rates were not rectangular-shaped, showing
poor reversibility [31]. This poor reversibility may result from a
high series resistance (10.9 2) of the carbon black SC.

According to the CV results, the specific capacitance with respect
to the active material is calculated using the following equation
[31]:

Min(qq, qc)
AV Mgctive

Cactive = (1)
where q, and g, are the sums of charge calculated for the anodic
and cathodic polarization half cycles, respectively, AVis the voltage
window of the CV test (3V), and mgye is the total mass of active
materials (carbon black for the activated carbon SC and carbon
black plus mediators for the mediator enhanced SCs). The spe-
cific capacitance values are listed in Table 3. According to Table 3,
the specific capacitance of the carbon black SC was 40.7Fg~1 at
a scanning rate of 10mVs~1, and the capacitance decreased upon
increasing the scanning rate.

3.2.2. Supercapacitors with sodium iodide/iodine (Nal/I,)
mediators

Fig. 3 shows CV curves for a Nal/l,-containing SC at scanning
rates from 10 to 200mVs~!. All of the CVs showed a slightly dis-
torted rectangular shape without distinct, sharp redox peaks [32].
In addition, both the absence of sharp redox peaks and the presence
of high current density compared to that of the carbon black SC are
characteristic features of electrochemical materials with pseudo-
capacitance [33,34]. The specific capacitance was 209.0Fg~! at a
scanning rate of 10mV s~!. The specific capacitances of the Nal/I,-
containing SC were 5-10 times greater than those of the carbon
black SC depending on the scanning rate, showing an enhancement
effect of the Nal/I; mediators due to the pseudocapacitance. More-
over, with the Nal/l;-containing SC, the changes of current polarity
when the voltage scan was reversed were much faster than those
of the carbon black SCs, indicating a lower internal resistance and
good reversibility [35]. This was confirmed by the EIS results (data
not shown), which showed that the internal resistance was only

Table 3
Summary of the specific capacitance of the carbon black SC, the Nal/I,/CB SC, and
the K4Fe(CN)g/K3Fe(CN)g/CB SCs.

Scanning Specific capacitance, Fg!
rate, mVs-!
Carbon black Nal/I,/CB K4Fe(CN)g/KsFe(CN)g/CB
10 40.7 209.0 138.8
25 20.4 145.4 99.8
50 10.2 107.5 82.5
100 7.9 89.0 50.4
200 5.8 529 36.5
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Fig. 3. Cyclic voltammetry curves as a function of potential scanning rate for a
supercapacitor with Nal/I,/CB as the active material.

3.6 Q2. In this system, the mediators behave as both conducting
charge carriers and charge storage materials. In fact, in contribut-
ing to those properties, two elemental processes are involved in
the mediator-related conduction process of an electrode containing
both a polymer electrolyte and mediators: (1) physical migration
of the ionic species (Na* and I7), and (2) electron transfer reac-
tions that cause a net charge displacement. The latter exists only
in the presence of the mediators, where fast electron exchange
occurs between mediators. A detailed description of the enhance-
ment effect on the conductivity with the addition of mediators can
be found in a previous publication [24]. According to the discus-
sion in Ref. [24], the pseudocapacitance of the Nal/l,-containing
SC originates from the following redox reactions: I(s)+2e~ =21~
and I3~ +2e~ =3I~. However, for the SC with Nal/l, mediators, no
sharp redox peaks were observed in the CV results, revealing a typ-
ical capacitive behavior that can be found in other systems with
pseudocapacitance [3-6]. The addition of mediators increases the
capacitance by contributing pseudocapacitance, which is a domi-
nant component in the overall capacitance. Moreover, it can also
be concluded from Fig. 3 that the current density increased pro-
portionally with the scanning rate, which is also considered as a
typical characteristic of an EDL SC [36].

3.2.3. Supercapacitor with K3Fe(CN )g/K4Fe(CN)g mediators
K3Fe(CN)g and K4Fe(CN)g are known to engage in fast elec-
tron transfer between themselves [33]. The carbon nanofoam
electrodes employed contained PEO/LiClO4, K3Fe(CN)g/K4Fe(CN)g,
and carbon black. Fig. 4 shows CV curves at scanning rates
from 10 to 200mVs~!. The shapes of the CV curves for the
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Fig. 4. Cyclic voltammetry curves as a function of potential scanning rate for a
supercapacitor with K3Fe(CN)g/K4Fe(CN)g/CB as the active material.

K3Fe(CN)g/K4Fe(CN)g-containing SC were similar to those observed
for the Nal/I,-containing SC and other systems with pure capaci-
tive behavior. However, a pair of broad redox peaks appeared at
approximately 0.5 V. The redox peaks are believed to be related to
the redox reaction K3Fe(CN)g + e~ +K* =K4Fe(CN)g [37].

The specific capacitance of the K3Fe(CN)g/K4Fe(CN)g-containing
SC as a function of the scanning rate is also listed in Table 3. The
specific capacitance was 138.8 Fg~! ata scanning rate of 10mVs~!,
which is much less than 209.0 Fg~1, the specific capacitance of the
Nal/I;-containing SC at the same scanning rate. It is worth not-
ing that the theoretical specific charge of the K3Fe(CN)g/K4Fe(CN)g
mediators (in a molar ratio of 1:1) is 138.3Cg~!, which is smaller
than the theoretical specific charge of 239.1Cg-! for the Nal/l,
mediators (in a molar ratio of 1:1). The specific capacitance
increased as the scanning rate decreased, which is a behavior simi-
lar to both the carbon black SC and Nal/l,-containing SC. However,
for this K3Fe(CN)g/K4Fe(CN)g-containing SC, the specific capaci-
tance was 3-6 fold that of the carbon black SC, depending on the
scanning rate. Thus, the enhancement effect was not as pronounced
as with Nal/I; mediators.

3.3. Galvanostatic charge/discharge

Galvanostatic charge/discharge tests were also conducted to
evaluate the performance, specifically the specific energy and spe-
cific power of SCs with Nal/I, and K3Fe(CN)g/K4Fe(CN)g mediators,
and the results are shown in Fig. 5(A) and (B). The tests were con-
ducted in a voltage range between 0.0 and 2.5 V at charge/discharge
current densities of 10, 15, 20, and 25 mA cm2. Fig. 5 shows that
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Fig. 5. Representative cell voltage versus time curves for (A) Nal/I;/CB SC and (B) K3Fe(CN)s/K4Fe(CN)g/CB SC, with constant charge/discharge current densities of (a) 25, (b)

20, (c) 15, and (d) 10mAcm—2.
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Fig. 6. Ragone plots for a Nal/I,/CB SC (a) and a K3Fe(CN)g/K4Fe(CN)s/CB SC (®).

for both SCs, regardless of the value of the charge/discharge current
density, the discharge curves were essentially linear over the entire
discharge period except for a small sharp drop in the very initial
stage, which corresponds to the ohmic loss due to series resis-
tance [38]. The linearity of the discharge curves indicated that the
mediator-containing SCs described in this work have typical capac-
itive characteristics and resemble an EDL SC [39]. Specific energy
(SE) and specific power (SP) were also evaluated from the galvano-
static charge/discharge results using the following equations:

1A v

SE = Mactive X 3600 (2)
SE
SP= 2 (3)

where I is the discharge current density, V(t) is the voltage as a func-
tion of time, At is the discharge time, and mg;y. is the mass of the
active material. The specific energy values as a function of specific
power for both mediator-containing SCs are shown in Fig. 6 in the
form of a Ragone plot. In addition to maintaining a greater charge
capacity, both mediator SCs could simultaneously deliver a high
specific energy and power. The Nal/l,-containing SC exhibited a
better performance in terms of specific energy and specific power
than the K3Fe(CN)g/K4Fe(CN)g-containing SC. This is in line with
results of the CV tests. The maximum specific energy of the Nal/l,-
containing SC with a PVDF separator was 49.1 Wh kg~ with respect
to the mass of active material, which is about 2 times the max-
imum specific energy of an SC with a Nafion separator and Nal/l,
mediator [24]. The higher specific energy for SCs with a Nafion sep-
arator is mainly due to the greater voltage window for the SC with
a PVDF/LiTFS separator compared to SCs with a Nafion separator.

4. Conclusion

1. Membranes composed of PVDF and LiTFS in a weight ratio of 1:1
were prepared, and their conductivity was 1.74 x 10-2Scm™1.
This kind of membrane was then used as the separator in a solid-
state mediator SC.

2. With the use of water-free PVDF/LITFS polymer membranes and
PEO/LiCIO4 polymer electrolytes, the operating voltage window
of mediator SCs can reach 2.5-3V, resulting in a significant
increase of the specific energy compared with mediator SCs with
a Nafion separator, for which the operating voltage window is
only 1.0V.
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3. Two types of mediators containing Nal/l; and
K;Fe(CN)g/K4Fe(CN)g were added into the PEO/LiClO4 polymer
electrolyte to improve the performance of the solid-state SC.
Compared to 40.7Fg~!, which is the specific capacitance of a
carbon black SC at a scanning rate of 10mVs~!, the specific
capacitances of the Nal/I,-containing and K3 Fe(CN)g/K4Fe(CN)g-
containing SCs at a scanning rate of 10mVs~! were 209.0 and
138.8Fg~!, respectively. The enhancement of the performance
of the mediator SCs with respect to the carbon black SC is mainly
due to an enhancement of the conductivity of the electrolyte in
the porous electrodes and the pseudocapacitance provided by
the mediators.
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