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Abstract The effectiveness of phosphoric acid doped
polybenzimidazole as a polymer electrolyte membrane to
fabricate an all solid-state super capacitor has been
explored using hydrous RuO,/carbon composite electrodes
(20 wt.%) of surface area 250 m” g~ with many intrinsic
advantages. The electrochemical evaluation of these super
capacitors through cyclic voltammetry, charge/discharge
and impedance measurements demonstrate the utility of
this type of thin, compact and flexible supercapacitor
capable of functioning at 150 °C to yield a maximum
capacitance of about 290 F g~ along with a life of more
than 1,000 cycles. A power density of 300 W kg™' and
energy density of 10 Wh kg™~' have been accomplished
although the equivalent series resistance (ESR) of about
3.7Q needs to be reduced further for high rated
applications.
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1 Introduction

Recently, a new class of electrochemical power sources
called ultracapacitors (also known as supercapacitors) has
received considerable attention due to its high power den-
sity along with unique features like flexibility in charge-
discharge rate modulation [1] and long cycle life [2]. These
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systems are useful for a variety of applications such as
hybrid electric vehicles, uninterruptible power supplies,
power sources for camera flash equipment, lasers and
backup power sources for computer memory [3-5] due to its
flexibility for varying loads. Supercapacitors are generally
categorized into two classes, based on the type of electrode
materials used and also the associated charge storage
mechanism, as electrical double layer capacitors (EDLCs)
and pseudo capacitors [6, 7]. Hybrids of electrical double
layer capacitors and faradaic pseudo capacitors have also
been reported as good candidates for certain applications
[8-10]. The higher capacitance provided by these electro-
chemical capacitors (ECs) is mainly due to the enhanced
surface area and adsorption features of the electroactive
materials selected from many types of conducting materials
such as activated carbon, carbon nanotubes, nanocomposite
papers, carbon aerogels, conducting polymers and certain
selected transition metal oxides [11, 12]. Among transition
metal oxides, hydrous ruthenium oxide is considered as one
of the best candidates for ECs, owing to its unique features,
like high charge storage capacity, superior energy/ power
density, excellent stability and very high conductivity [13—
15]. The charge storage capacity of hydrous ruthenium
oxide is through a reversible proton-electron exchange
mechanism irrespective of the nature of the electrolyte as
expressed by Eq. 1 [16, 17].

RuO,(OH), 4 0H"* 4 de~ — RuO, ;(OH)

1)
E° =0.937V(vs. NHE)

The capacitive behaviour of hydrous RuO; is attributable
to several parameters such as surface area, water content,
electronic conductivity and nanocrystalline nature [18, 19].
However, hydrous ruthenium oxide is an expensive material
and hence much effort has been expended to replace
ruthenium oxide by suitable cheaper nanostructured
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transition metal oxides such as MnQO,, Fe;0, and V,Os
for aqueous electrochemical supercapacitors. Recently,
conducting polymers also have gained attention as
potential materials for supercapacitors due to advantages
like fast doping-undoping during charge-discharge, higher
charge density, easy chemical/electrochemical synthesis
and low cost as compared to that of noble metal oxides,
carbon nanotubes, and other electrode materials. Similarly,
many new classes of promising nanostructured hybrid
electrodes for supercapacitors have been developed by the
unique combination of organic compounds with various
inorganic materials, although their cycle life and device
characteristics are yet to be evaluated completely [20].

In comparison to electrode materials, polymer electro-
lyte membranes for supercapacitors have not received
much attention despite their extensive use with distinct
advantages in various applications such as fuel cells, chlor-
alkali cells, solid-state sensors and catalysis [21]. The use
of such a polymer membrane in electrochemical superca-
pacitors, instead of liquid electrolytes, ensures significant
advantages like lower internal corrosion, increased device
flexibility through thinner configuration, higher charging
rate, higher operating potential range and easier packaging,
facilitating enhanced performance for ultracapacitor stacks
[22]. Hence, the replacement of liquid electrolyte (aqueous
as well as organic) by a polymer electrolyte has become
one of the emerging themes especially since hybrid electric
vehicle applications critically depend on the performance
of high rate supercapacitor banks. Consequently, many
such polymer/gel composite electrolytes have been
recently investigated for supercapacitor applications which
include phosphoric acid or perchloric acid doped silica gel
containing polymers, hybrid organic-inorganic nano com-
posites like sulphonated poly ether-ether ketone (SPEEK),
sulphonated yttria stabilized zirconia and Nafion based
systems. Although, Nafion based supercapacitors have
been widely studied [23-26], there are many inherent
limitations such as humidity dependant proton conductiv-
ity, higher cost, moderate chemical stability and limited
operating temperature (less than 80 °C). To overcome
these problems, design of alternate polymer electrolytes
with better mechanical, chemical and thermal stability at
elevated temperatures along with higher proton conduc-
tivity under non-humidifying conditions is an urgent
priority. Among various types of alternative membranes,
phosphoric acid doped polybenzimidazole (PBI) is an
emerging candidate primarily due to its low cost and
humidity independent performance, especially after the
successful demonstration as polymer electrolyte in fuel cell
applications [27, 28]. However, their application for sup-
ercapacitor has not been studied to date, despite these
attractive features. In this work we explore the use of
phosphoric acid doped PBI as a solid polymer electrolyte
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for supercapacitor applications using a standard electrode
composition of 20% RuO,/carbon composite. Various
techniques like thermogravimetric analysis (TGA), X-ray
diffraction (XRD), cyclic voltammetry (CV), galvanostatic
charge/discharge and impedance measurements have been
used to correlate the performance of these supercapacitors.

2 Experimental
2.1 Sample preparation

The electroactive material (20 wt% hydrous RuO,/C) was
prepared by mixing appropriate amounts of hydrous RuO,
(Aldrich) in Vulcan XC-72 (Cabot Corporation) followed
by wet grinding and subsequent ultrasonication in isopro-
pyl alcohol for 1 h. This was then mechanically stirred for
5 h and dried in air for 2 h at 100 °C.

2.2 Polymer electrolyte membrane

PBI membrane was synthesized from diaminobenzidene
(DAB) and isophthalic acid using polyphosphoric acid
(PPA) as the solvent at 200 °C for 20 h as per Scheme 1
[29].

A PBI solution with an inherent viscosity of 1.2 dl g~
in conc. H,SOy is used to prepare the membranes through
solution casting. In brief, a 3% PBI solution in N, N-
dimethylacetamide (DMAc) was cast in a vacuum oven at
80-90 °C and kept for 24 h under dry conditions. The film
formed was subsequently peeled off and treated with water
at 60 °C for a week to completely remove residual DMAc.
The film was then dried at 100 °C under vacuum for 2 days
prior to H3PO, doping. Doping was carried out by
immersing the membranes in 88% H;PO, solution for 72 h
followed again by vacuum drying at 100 °C for 2 days.
The amount of phosphoric acid uptake by this procedure
was about 13 moles per repetitive unit. As an amorphous
thermoplastic polymer; PBI has good chemical resistance,

H
oo
+ in PPA
I, NH, I K
N AN
RIT Oy, + o
N N/
H n

Scheme 1 Synthesis of PBI from the monomers diaminobenzidene
(DAB) and Isophthalic acid using polyphosphoric acid (PPA) as the
solvent
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higher thermal stability (Tg ~ 437 °C) and excellent
textile fiber properties.

2.3 Preparation of membrane electrode assembly

A slurry of Vulcan XC-72 (3 mg cm %) and PTFE
(0.5 mg cm™?) in cyclohexane, prepared by ultrasonica-
tion, was brushed on a piece of carbon cloth as a backing
layer and then this electrode was cold pressed at room
temperature using 0.05 tones cm ™~ of compaction load for
3 min to make the electrode surface smooth and uniform.
The carbon cloth in the electrode acts as support and an
electrical current collector. Subsequently, the carbon/PTFE
electrode was heat treated for 1 h at 350 °C to provide the
required mechanical strength. The catalyst slurry was
prepared by ultrasonicating 20% hydrous RuO,/C com-
posite with 1% PBI solution in DMAc. A thin layer of this
slurry was applied on one side of the processed carbon
cloth followed by drying. Finally, to fabricate the mem-
brane electrode assembly (MEA) the carbon cloth was cut
into two pieces of equal size (1 x 1 cm?) and these elec-
trodes and membranes were hot pressed uni axially at
130 °C at a compaction load of 0.05 tones cm ™2 for 4 min
to form a good ohmic contact between the electrodes and
the membrane. A schematic view of this type of a single
supercapacitor module fabricated using PBI electrolyte and
symmetric composite electrodes along with other sub-
components is shown in Fig. 1.

3 Characterization

Thermogravimetric analysis was carried out in the range of
50-800 °C under N, flow at a heating rate of 5 °C min~'
on a Perkin-Elmer thermal analyzer to determine the
thermal stability of both the electrode and electrolyte
materials. A NOVA-1200 gas sorption analyzer was used
to obtain the N, adsorption-desorption isotherm and the
data were used to measure the total surface area of the
composite sample by the BET method. The powder X-ray

—*End plate

Carbon cloth <+——

RuO,/C + PBI

PBI Membrane
electrode

Heater:

Fig. 1 Schematic representation of single cell supercapacitor with all
components such as carbon cloth, electrode material, PBI membrane,
and end plate with heater to reveal the stacking sequence, electrode
material is made using RuO,/carbon composite as described in the
text

diffraction (XRD) pattern was obtained using a Rigaku
Miniflex model diffractometer, equipped with a mono-
chromatic Cu-Ko radiation (1 = 0.15406 nm, 30 kVA,
15 mA). Samples were scanned in the range 10-80° at a
rate of 1°min~'. Cyclic voltammetry, galvanostatic
charge/discharge and impedance measurements were car-
ried out on a single cell supercapacitor to evaluate its
electrochemical performance. Cyclic voltammetry experi-
ments were performed on a computer-controlled
potentiostat (Autolab PGSTAT 30 with GPES software)
using a three-electrode assembly where a Pt wire was used
as the quasi-reference electrode, which was insulated
through two Teflon sheets to avoid electrical shorting.
RuO,/C was employed both as the counter and working
electrodes and cyclic voltammetry was carried out on this
“all solid-state electrochemical system” in the potential
range —0.8 to 0.7 V at different scan rates [30]. Impedance
measurements were performed on a frequency response
analyzer (Autolab PGSTAT 30 with FRA software) in the
frequency range 100 kHz to 100 mHz with an AC signal of
10 mV amplitude. Galvanostatic charge-discharge mea-
surements were carried out using a Solatron SI1287
electrochemical interface equipped with Corrware soft-
ware. All the electrochemical measurements were
performed with MEAs of PBI membrane at 150 °C.

4 Results and discussion
4.1 Thermogravimetric analysis (TGA)

Figure 2 shows a comparison of the TGA curves obtained
for both pristine and phosphoric acid doped PBI membrane
electrolyte under nitrogen atmosphere. Interestingly, the
phosphoric acid doped membrane shows thermal stability
up to 600 °C [31]. This is in excellent agreement with the
available reports on the thermal stability of PBI membranes
where, the formation of strong hydrogen bonds between
imidazole rings and acid molecules improves the thermal
stability of the membrane after doping.

TGA curve of doped PBI membrane shows two con-
secutive weight loss steps; the first ~5% loss up to 200 °C
is due to the loss of both free and bound water molecules in
the membrane, whereas the second ~25% loss up to
750 °C is due to the dehydration of phosphoric acid.

Since the PBI membrane shows good thermal stability
and the hydrous RuO,/C mixture is used for fabricating
electrodes of the MEAs made with PBI membrane, it is
also important to evaluate the thermal stability of the latter
for their mutual compatibility. Accordingly, Fig. 3 shows
the thermal profile of RuO,/C mixture where the first
weight loss (5%) up to 273 °C is attributed to the loss of
water molecules from the composite. Further degradation
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Fig. 2 Comparison of TGA curves of a phosphoric acid doped
polybenzimidazole (PBI) membrane and b pristine (undoped) PBI in
the range 50-800 °C. This confirms the high thermal stability of
doped PBI membrane compared to that of the undoped one

of ~10% from 273 to 600 °C may be accounted for the
loss of surface functional groups on the carbon support.
However, complete disintegration of carbon happens at
600 °C, as can be seen from the sharp decrease in weight
and, interestingly, the composite retains a residual weight
of 20%, which is in accordance with the amount of RuO,
present [32].

4.2 X-Ray diffraction (XRD)

A comparison of XRD patterns of Vulcan XC 72 carbon
and a typical composite containing 20-wt. % RuO, is
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Fig. 3 TGA curve of RuO,/carbon composite (20 wt.%Ru0O,) in the
range 50-800 °C which clearly shows that maximum weight loss
occurs due to the desorption of water molecules
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Fig. 4 Comparison of X-ray diffraction pattern for a Vulcan XC 72
carbon and b RuO,/carbon composite in the range 10-80 °C,
confirming the amorphous nature of RuO,

presented in Fig. 4. The characteristic peaks appearing at
26 values of 25° and 43° may be ascribed to Vulcan XC-72
carbon corresponding to (002) and (100) planes respec-
tively, although no discernible peak is detected separately
for the composite. A decrease in peak intensity of carbon
with RuO, confirms the disordered structure of RuO,. On
the basis of such a difference in the diffraction pattern, it
may be assumed that the high concentration of water in the
oxide leads to a collapse of crystallinity facilitating the
formation of amorphous material [32]. Hence, it may be
that a part of the RuO, helps the electronic conduction
while the structural water at the boundaries helps in proton
transport [33].

These results are in excellent agreement with the data
reported by Kim and Popov [34], showing that RuO, loa-
ded on Vulcan XC-72 substrate displays no characteristic
peaks when the composite is annealed below 150 °C. In
sharp contrast, annealing RuO, above 200 °C generates
sharp diffraction peaks due to a change in crystallinity [10].
Since PBI based supercapacitors work at 150 °C, where
amorphous to crystalline phase transitions can occur in
RuO,, annealing has been carried out only at 100 °C and
did not go beyond that. However, it is very important to
investigate the crystallinity and structure of the composite
in relation to its temperature of operation.

4.3 Cyclic voltammetry (CV)

Figure 5 shows a typical cyclic voltammogram of a PBI
based supercapacitor at 5 mV s~ scan rate using a plati-
num wire as quasi reference electrode.

A near rectangular shape suggests the good capacitative
behaviour although characteristic peaks of RuO, do appear
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Fig. 5 Cyclic voltammogram of solid-state supercapacitor with
composite electrodes taken at a scan rate of 5 mV s~ illustrating
the pseudo redox behaviour of RuO,

at —0.3 and +0.1 V for reduction and oxidation, respec-
tively. This may be attributed to the redox transition of the
Ru™/Ru™ couple at the electrode/PBI electrolyte inter-
face in conjunction with Eq. 1. An approximate Ej,
(formal potential) value of 0.2 V has been calculated for
this redox couple on the basis of these broad peaks,
although an unknown amount of ohmic drop might have
contributed to this value.

In order to understand the variation of capacitance with
scan rate, cyclic voltammograms of this supercapacitor
module have been measured at different scan rates namely
5, 10, 50 and 100 mV s~!. The superimposed voltammo-
grams at these scan rates in Fig. 6 reveals that the non-
faradaic current (charging current) increases with increase
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Fig. 6 Cyclic voltammograms of solid-state supercapacitor with
composite electrodes and PBI electrolyte at various scan rates a 100,
b 50, ¢ 10, and d 5 mV s~'; inset shows the variation of specific
capacitance with scan rate

Cycle Number

Fig. 7 Variation of the capacitance of solid-state supercapacitor
fabricated with composite electrode and PBI electrolyte at 5 mV s~
during 1,000 cycles

in scan rate, which clearly highlights the dependence of
capacitance on scan rate (inset). However, this observed
behavior could have different explanations. The first may
be that the internal resistance of the device is somewhat
higher, and at higher scan rate (current delivered by the
capacitor is greater) a more undesirable voltage loss occurs
which reduces the capacitance of the device [35, 36].
Another possible explanation is on the basis of the longer
time scale required to acquire or release charge from the
porous carbon electrode, leading to a higher capacitance,
since the charge storage capacity increases at lower scan
rates due to the influence of porosity on the RC time
constant [37].

Since supercapacitors are known to have very high cycle
life, it is critical to evaluate the cycling behavior of this PBI
based super capacitor MEA module. Figure 7 shows the
variation of specific capacitance with number of cycles
evaluated for the first 1,000 cycles at 5 mV s Compared
with an initial capacitance of 290 F g™', the capacitance
after 1,000 cycles is 230 F g~' (i.e., about 80% of the
original capacitance) implying that an all solid-state sup-
ercapacitor with phosphoric acid doped PBI electrolyte can
be operated with acceptable stability at 150 °C. This value
of specific capacitance obtained from CV curves for PBI
based electrolyte is superior to similar values (on the basis
of weight of electroactive material for single capacitor
electrode) available using other polymer electrolyte mem-
branes [38].

4.4 Impedance techniques

Electrochemical impedance measurements were carried out
in the range 100 kHz to 100 mHz in order to investigate
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Fig. 8 Nyquist plot for solid-state supercapacitor with composite
electrode and PBI electrolyte a before discharge b after discharge
(200 cycles)

the change in membrane and electrode characteristics in
detail. A comparison of the impedance Nyquist plots before
and after cycling is shown in Fig. 8.

By comparing Fig. 8a, b, it is clearly seen that, after
cycling 1,000 times, both the electrolyte resistance and the
charge transfer resistance of the supercapacitor show an
interesting increase from the original values. The presence
of a high frequency semicircular region with a very small
radius of curvature means lower resistance to charge
transfer, indicating excellent performance of this kind of a
solid polymer electrolyte-electrode interface for superca-
pacitor applications [39]. From the point of intersecting
with the real axis of the high frequency limit, the internal
resistance (ESR, equivalent series resistance) of the
capacitor before and after discharge was estimated as 0.85
and 1.45 Q cm™', respectively. The values of charge
transfer resistance R, of the capacitor before and after
discharge is estimated to be 0.325 and 1.0 Q cm™'
respectively using a simple semicircle fit. However,
equivalent circuit analysis using a transmission line model
might be more suitable to extract better parameters in a
rigorous manner.

It is obvious that, with the number of cycles, the values
of both internal and charge transfer resistance of the
capacitor increases leading to the deterioration in sup-
ercapacitor performance which may be attributed to a
change in the properties of both electrolyte and electroac-
tive material. These results are in excellent agreement with
cyclic voltammetric results. For example, in the low fre-
quency region, the slope of the impedance plot after
discharge decreases, suggesting important changes in the
mass transfer properties of the membrane after discharging.
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Fig. 9 Typical charge discharge curves obtained at constant current
density of 2.5 mA ¢cm™2 in the potential range of 0—1.2 V

From the equivalent series resistance (R) and the capaci-
tance (C) of the device, it is possible to calculate the time
constant (t), which gives invaluable information on the
device performance under rapid cycling conditions [32].
For instance, an RC time constant of 0.27 s calculated for
this device suggests a strong need for further improvement
for high rated applications.

4.5 Galvanostatic charge/discharge

Figure 9 shows a typical galvanostatic charge/discharge
curve for this supercapacitor at a typical current density of
+2.5 mA cm ™2 in the potential range 0 to +1.2 V as a
function of time. The symmetry of charge discharge
characteristics shows good capacitive behavior and the
ohmic drop from this is in good agreement with the value
obtained from impedance measurements.

A similar response at various current densities is rep-
resented in Fig. 10, in order to indicate a direct
proportionality between the current density and discharge
time since higher capacitance is always obtained at a lower
discharge current density. Specific energy density and
power density calculated from this data are about
10 Wh kg™" and 300 W kg™ !, respectively.

Although the performance of this type of “all solid-
state” device is lower than that achieved for normal liquid
electrolyte based supercapacitors, there are many advan-
tages in terms of thinner/lighter configurations. Thus this
design may have significant applications in microelectro-
mechanical systems (MEMS). The possibility of
applications at higher temperatures is also of critical
importance for many Si chip based devices, despite the
lower reversible voltage at higher temperatures. Never-
theless, the cycle life is insufficient for practical
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Fig. 10 Typical discharge curves from O to 1.2 V at various current
densities: a 0.5, b 2.5, ¢ 5, d 10 and e 25 mA cm™2

applications and hence one of the major challenges is to
develop thinner polymer membranes with higher proton
conductivity.

5 Conclusions

A single cell supercapacitor device operating in the range
0-1.2 V based on hydrous RuO,/carbon composite elec-
trode material (220 m? g~') and phosphoric acid doped
PBI membrane electrolyte has been successfully fabricated.
This shows a capacitance of ~290 F g~' as demonstrated
by cyclic voltammetry with no major change up to about
1,000 cycles. Electrochemical impedance analysis suggests
a lower resistance for charge transfer, suggesting that this
type of all solid-state supercapacitor with PBI electrolyte is
promising for several applications. This is further sup-
ported by the magnitude of the energy and power density
(10 Wh kg™" and 300 W kg™', respectively) obtained
under normal charge-discharge conditions at 150 °C.
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