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bstract

An all solid double layer capacitor was assembled by using poly(ethylene oxide)/poly(propylene glycol)-b-poly(ethylene glycol)-b-
oly(propylene glycol)-bis(2-aminopropyl ether) blend (PEO-NPPP) and LiClO4 as polymer electrolyte layer and PEO-NPPP–carbon black
CB) as electrode film. High molecular weight PEO and the block copolymer NPPP with molecular mass of 2000 Da were employed, which means
hat the design is safe from the point of view of solvent or plasticizer leakage and thus, a separator is not necessary. Highly conductive with large
urface area nanostructured carbon black was dispersed in the polymer blend to produce the electrode composite. The electrolyte and electrode
ultilayers prepared by spray were studied by differential scanning calorimetry, atomic force microscopy (AFM) and impedance spectroscopy. The

onic conductivity as a function of temperature was fitted with the Williams–Landel–Ferry equation, which indicates a conductivity mechanism
ypical of solid polymer electrolyte. AFM images of the nanocomposite electrode showed carbon black particles of approximately 60 nm in size

ell distributed in a semicrystalline and porous polymer blend coating. The solid double layer capacitor with 10 wt.% CB was designed with final

hickness of approximately 130 �m and delivered a capacitance of 17 F g−1 with a cyclability of more than 1000 cycles. These characteristics make
ossible the construction of a miniature device in complete solid state which will avoid electrolyte leakage and present a performance superior to
ther similar electric double layer capacitors (EDLCs) presented in literature, as assessed in specific capacitance by total carbon mass.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The increased use of portable electronic equipments such
s mobile telephones, laptops, etc. as well as power supply

emands for electric vehicles have been generating a great effort
n the investigation of new alternatives for performance improve-

ent of batteries, fuel cells and capacitors [1–5]. Additionally,
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rode; Nanostructured carbon black

he design of miniaturized and safe components continues to be
challenge in the area [6]. Electrochemical capacitors using the
harge of the electric double layer at the electrode/electrolyte
nterface of a highly porous electrode coupled with polymer
lectrolyte films can have an important role in new technologies.

Carbon-based materials have been widely used in electrodes
or electric double layer capacitor (EDLC), where the rela-
ionships between the surface area, total pore volume, average
ore size and the pore size distribution have strong influence in
he electrochemical characteristics of the capacitor [7]. In such
evices, activated carbon, carbon black (CB) or carbon nan-

tube composites have been applied as electrodes [4,8,9] mainly
y using liquid electrolytes [10]. The use of solid polymer elec-
rolytes (SPE) has been much more restricted [5,11–18]. Usually,
he electrolytes employed in the electrochemical capacitors are
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cids, bases or salts dissolved in aqueous or organic solvents.
he utilization of corrosive liquid electrolytes may be the cause
f dangerous leakage that decreases the safety and the lifetime of
he capacitors [6,16]. A way to reduce these problems associated
ith the management of corrosive ionic conductors, as well to

he preparation of thin film cells with high reliability, is the use
f solid polymer electrolyte [14,16]. The most promising mate-
ials for solid polymer electrolytes are based on poly(ethylene
xide) (PEO), but the high crystallinity of PEO has been a draw-
ack for its use as SPE [19]. Blending two polymers is one of
he procedures that may contribute to overcome these problems
20].

The low conductivity of SPEs is the main limitation for their
se as electrolyte in power devices. However, the improved
roperties of new carbon materials and a careful design of the
olymer electrolyte can produce enhancement in the character-
stics of a solid polymer EDLC in such a way that it becomes
ompetitive in some practical aspects. For example, safety con-
erns are driving high interest to the research and development
f solid polymer-based EDLC and the processing of thin plastic
lms can produce an increase in the power by volume of the
evice.

In order to take into account the problem of low con-
uctivity in polymer electrolyte samples, it is necessary to
ersist in the investigation of the conductivity behavior as a
unction of composition and temperature. The aim here is to
ook for insights that may introduce gains of conductivity in
pecific experimental conditions. The conductivity changes of
olid polymer electrolytes with temperature have been stud-
ed for almost three decades with different formalisms such as
he Vogel–Tamman–Fulcher (VTF) and Williams–Landel–Ferry
WLF) [21–28]. WLF is more universal for glasses and polymers
nd, moreover, good linear correlations between conductiv-
ty and viscosity [21] and 7Li NMR line width [25] have
een obtained and successfully described by WLF for poly-
er metal–ion complexes. Experimental data indicate that other

omplex patterns can be obtained for SPEs, such as Arrhenius
ehavior at low temperature and WLF at high temperatures, or
rrhenius with two different activation energies [26,27]. One of

he problems of these approaches is the temperature dependence
f their parameters, in particular on the temperature interval used
29], as well as its interpretation [30].

Carbon black is a particulate form of carbon produced by pro-
esses that involve thermal decomposition or partial oxidation of
ydrocarbon materials [31]. In these processes, layer structures
omposed of hexagonal carbon rings are formed. These struc-
ures tend to stack in three to four layers forming crystallites
hose specific organization leads to the formation of primary
articles, which further fuse into nanosized primary aggregates
9,32]. These aggregates, due to van der Waals forces, join
ogether in more loosely assembled agglomerates. The aggre-
ate size and shape and the number of particles per aggregate
etermines the structure of carbon black. Depending on the

reparation procedure, carbon black has the advantage that it
an be obtained in a range of diameter from 10 nm to 100 nm,
orming extremely porous materials with large surface areas
100–2000 m2 g−1) [9,31,32]. CB has been chosen as filler for
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onducting rubbers and conducting plastics because of their low
ost, low density, high electrical conductivity and specific struc-
ures that enable a formation of conductive network inside a
olymer matrix at relatively low filler concentration [33]. How-
ver, only carbon blacks with small diameter and large surface
rea are suitable as the filler to improve electric conductivity
32]. Black Pearls 2000 (Cabot) fulfills these requirements: it
ossess a BET surface area of 1500 m2 g−1, a particle size of
2 nm and a highly aggregated structure, which leads to the
ormation of conductive pathway, allowing to achieve a con-
inuous electron flow through polymeric composites (lowering
he resistivity) [31], at relatively low concentration of the filler
low percolation threshold).

Our group has previously reported the study of materials for
lectrochemical capacitors using CB and PEO mixed with PEG
molecular weight 400) as plasticizer [5] or an aliphatic ther-
oplastic polyurethane with a polyether segment of molecular
eight 800 [11], both materials were prepared by conventional

asting technique. Further improvement is presented here by
eveloping electrolyte and electrode films prepared by spray
oating and the assembly of a capacitor built on the basis of
he nanostructured carbon black composite electrode (CE) with

solid polymer electrolyte blend (SPEB)—using polyethers
s matrix and LiClO4 as the ion source. The low molecular
eight triblock polyether was blended with PEO in order to

mprove both electrolyte and electrode performances, leading
o (i) increased ionic conductivity of the SPE, (ii) increased
ettability of CB in the electrode, (iii) maintenance of dimen-

ional and electrochemical stability of SPE and CE, and (iv)
nhancement of ion access to CB pores.

. Experimental

Materials used to prepare polymer electrolytes SPE and
omposite electrodes by spray casting were the following:
oly(ethylene oxide) (Aldrich Mw 100,000 g mol−1, sup-
lier data), LiClO4 (Aldrich), poly(propylene glycol)-b-poly
ethylene glycol)-b-poly(propylene glycol)-bis(2-aminopropyl
ther) (NPPP) (Aldrich, Mn = 2000 g mol−1, supplier data), car-
on black (Cabot, Black Pearls 2000, 1500 m2 g−1, supplier
ata) and tetrahydrofuran (THF) (Synth). All reagents were used
s received.

The electrolyte blends were prepared with 20 wt.% of the
lock copolymer with respect to the PEO and 18 wt.% LiClO4
34] in two different ways: (i) PEO and NPPP were dissolved
ogether with THF under magnetic agitation. After solubilization
f polymers, the salt was mixed under agitation to produce the
lectrolyte PE1, and (ii) each polymer was solubilized separately
n THF and the salt was added to the flask with NPPP under
gitation. After the complete solubilization, the two solutions
ere mixed to produce the electrolyte PE2. For comparison, a
lend (BLD) with 20 wt.% of the block copolymer with respect
o the PEO was prepared (in the same way of PE1) without salt

ddition.

The specific superficial area of the carbon black was inves-
igated by using the Brunauer-Emmett-Teller (BET) method,
ith the data of N2 adsorption/desorption with Quantachrome
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Fig. 1 shows the DSC second heating scan curves obtained for
the two electrolytes and two electrodes films. The main thermal
properties are summarized in Table 1, which includes thermal
data for the pure polymers and the blend between them. Table 1
54 R.L. Lavall et al. / Journal of P

utosorb Automated Gas Sorption System NOVA 1200. The
pecific superficial area for CB was determined as 1680 m2 g−1.
his value is in agreement with the supplier data and very close

o the values obtained by other groups for the same commercial
ample from Cabot [35]. The isotherm (not shown) indicated
he presence of micropores (<2 nm) and mesopores (2–50 nm).
he X-ray diffraction measurements of the CB, obtained with
Rigaku diffractometer model Geigenflex, with a cobalt K�

λ = 1.790 Å) source with angular diffraction 2θ scanning in the
nterval between 4◦ and 70◦, showed broad signals close to 2θ

7.2◦ and 50.3◦, which indicate the presence of small graphite
rystals [36].

The composite electrodes were prepared using a blend of
EO and 20 wt.% of NPPP as polymeric matrix. In the composite
lectrodes, named CE5 and CE10, 5 wt.% and 10 wt.% of carbon
lack were used as filler. No salt was used in the electrodes
n order to prepare coatings with good dimensional stability.
fter preparation, the suspensions for electrode samples were

onicated (in a low power ultrasonic bath) for 5 h to produce a
igh dispersion of CB in the polymer.

The solutions/suspensions were sprayed on stainless steel
ubstrates. The solvent evaporation was carried out in an oven
nder vacuum at 90 ◦C during 24 h. After that, the temperature
ontrol was turned off and the films were kept in the oven to
each the ambient temperature and then rapidly transferred to a
esiccator and maintained under vacuum.

Modulated DSC was carried out with a TA Instruments 2920
SC, in six scanning experiments, three heating stages and three

ooling stages, between −120 ◦C and 120 ◦C at heating rate of
0 ◦C min−1, under He atmosphere (50 mL min−1) in order to
valuate the influence of possible residual solvent or adsorbed
umidity in the thermal properties of the materials and to assess
ifferences between fast and slow crystallization/melting behav-
ors. The second DSC heat scanning was used to determine
hase transitions, and the third DSC heat scanning confirmed
he results obtained on the second one.

Electrical measurements were performed with an Eco
hemie potentiostat/impedance frequency analyzer Autolab
GSTAT 30. An experimental cell including two stainless steel
isk electrodes (collectors) was used for the measurements of
he conductivity of electrolytes and composite electrodes in the
ange of temperature from 25 ◦C to 95 ◦C. The measurements
ere accomplished at least in triplicate in the frequency range

rom 0.5 Hz to 5 × 105 Hz with 50 mV amplitude.
For the capacitor analysis, complete cells were made by

reparing two elements consisting of C:CE configuration
C = collector) and then set up to sandwich a SPE film under a
ow pressure. The electrochemical and AC electrical properties
ere characterized at room temperature also at least in tripli-

ate. The frequency ranged from 1 × 10−3 Hz to 1 × 106 Hz at
V with 50 mV amplitude for the impedance measurements.
he electrical parameters were deduced using an equivalent
ircuit program, EQUIVCRT (B.A. Boukamp) or free Zview

ersion 2.8d (demonstration mode) from Scribner Associates
nc. written by Derek Johnson.

Cyclic voltammetry (CV) for the EDLC was carried out in
he voltage range from −1.0 V to +1.4 V at 5 mV s−1. The CV

F
p
p
b

Sources 177 (2008) 652–659

urves were fitted with equation corresponding to the current
esponse to a linear potential scanning:

(t) = +vC(1 − e−(t−τ)/RC) + i(τ) e−(t−τ)/RC + V

R + r
(1)

here i is the current (A), v the scan rate (V s−1), C the capaci-
ance (F), R the resistance (�), t the time (s), τ the time of the scan
ate inversion (s), V is potential at each point and r is an ohmic
esistance as shown in Figure 3 of Ref. [7]. The fitting procedure
rovided values of resistance and capacitance. Chronocoulom-
try measurements were carried out with the complete cell
harged/discharged by applying, respectively, 1 V for 5 min and
1 V for 5 min. Capacitance determination was accomplished

hrough the use of C = dQ/dV, with the charge value after 5 min
nd potential of 2 V (the difference between +1 V and −1 V).

The thickness of the layers was determined by using a Mitu-
oyo digital micrometer with 1 �m of precision under a table
f measurement of high accuracy. The electrolyte and electrode
hicknesses were characterized between 10 �m and 30 �m.

The surface of the samples was observed in an Olympus
X 50 optical microscope, which allowed a first evaluation
f the coating quality and selection of samples. A Jeol JSM
40A electron microprobe (EDS = energy dispersive X-ray and
DS = wavelength dispersive spectrometer) was used to assess

he degree of dispersion of carbon black on the film. Atomic
orce microscopy images were obtained with a Veeco Instru-
ents MultiMode SPM with a Nanoscope IV controller. For

uch images, sample films were prepared in a Si substrate.

. Results and discussion

.1. The solid polymer electrolyte blend
ig. 1. DSC curves for the electrolytes and electrodes. PE1 and PE2 were pre-
ared with a PEO/NPPP blend and 18 wt.% of LiClO4 by two slightly different
rocedures. CE5 and CE10 are based on carbon black added to the polymer
lend (5 wt.% and 10 wt.%) without salt.
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Table 1
Main thermal data (from DSC curves) for the two polymeric matrices, the blend without salt (BLD), the electrolytes (PE1 and PE2) and the carbon black-based
composites (CE5 and CE10)

Sample Tg (mid point) (◦C) Tc (peak) (◦C) �Hc (J g−1) Tm (peak) (◦C) �Hm (J g−1)

PEO −57 – – 62 122
NPPP −53 – – 37/46a 127
BLD −52 – – 61 125
PE1 −35 21 10 44 21
PE2 −35 17 11 44 23
CE5 −53 – – 61 119
C

s
p
a
p
t
t
s
e
n
w
I
t
a
t
s
u
t
f
r
T
t
w

p
p
o
p
i
r
i
w
d
c
t

c
c
v
t
a
t
r
a
t

t
W
a
s
c
d

o

s
(
e

C

a

C2 2 ref g

Values of C1 equal to 23.6 and C2 of 45.7 were obtained for
the electrolyte PE1. These values are different from the val-
ues originally reported in the paper of WLF (C1 = 17.4 and
E10 −53 –

a Main peak with a shoulder.

hows that both PE1 and PE2 electrolytes are quite similar. The
reparation procedure is different in the sense that the salt was
dded first on the triblock when preparing PE2. This was accom-
lished to test the possibility of preferential solvation by one of
he polymers of the blend. Therefore, from the point of view of
heir thermal properties, both polymer electrolyte samples have
imilar polymer-salt structure. The single Tg found for these two
lectrolytes confirm the miscibility of PEO and NPPP compo-
ents. Actually, this compatibility is already verified in the blend
ere no salt is present and a single Tg is observed at −52 ◦C.

n both electrolytes, the addition of salt to the blend produced
he decrease of the main melting transition to 44 ◦C, with an
brupt decrease in heat of fusion, and an increase of the glass
ransition to −35 ◦C. This is a typical result for an electrolyte
ystem where lithium cations coordinate with ethylene oxide
nits leading to the formation of a more rigid amorphous struc-
ure with concurrent strong decrease in crystallinity [19,28]. A
ast ionic transport is reported to take place in the amorphous
egions of the electrolyte when it is semicrystalline [37,38].
hus, the observed decrease of crystallinity is an important fac-

or to improve conductivity in the class of SPE employed in this
ork.
The study of conductivity as a function of temperature was

erformed on cooling after a first heating to 100 ◦C to minimize
ossible deviations in the conductivity due to solvent residues
r defective electrolyte/electrode contact. The Arrhenius plot
resented in Fig. 2 shows that for both electrolytes the conductiv-
ty varied from 10−5 S cm−1 to 10−3 S cm−1 in the temperature
ange between 25 ◦C and 100 ◦C. The differences in conductiv-
ty between PE1 and PE2 observed in Fig. 2 can be considered
ithin the intrinsic error of the measurement. Therefore, the
ifferent preparation procedures did not induce any significant
hanges in the conductivity behavior, which is in agreement with
he thermal results.

The temperature dependence of ionic conductivity for the
ompletely amorphous PEO–lithium salt complexes shows a
ontinuously curved profile that can be described by the free
olume-based equations such as WLF [24,39,40]. The conduc-
ivity trend of the solid polymer electrolyte blends has been
nalyzed by using the WLF equation choosing Tg as Tref in

he logarithmic plot of log σ versus (T − Tref)−1. The loga-
ithmic plots for the electrolytes in the present work did not
llow good adjustments in both cases, which can be considered
o be associated to the semicrystalline nature of the SPE and

F
s

– 62 116

he limited range of temperature in the measurement. However,
atanabe et al. [24] previously calculated the values of the C1

nd C2 constants with the WLF equation for semicrystalline
ystems. Therefore, further attempts to obtain those values were
onducted by using the linear form of WLF equation for con-
uctivity [24,25]:

1

ln (σ/σg)
= 1

C1
+ C2

C1(T − Tg)
, at Tg (2)

r

1

ln (σ/σref)
= 1

C′
1

+ C′
2

C′
1(T − Tref)

, at Tref �= Tg (3)

Because the conductivity data close to Tg could not be mea-
ured in this work, another reference temperature was selected
Tref = 25 ◦C). Then, the original constants C1 and C2 can be
stimated using the following relations, as already reported [24]:

1 = C′
1C

′
2

C′
2 − (Tref − Tg)

(4)

nd

= C′ − (T − T ) (5)
ig. 2. Arrhenius plot for the electrolytes based on PEO-NPPP/LiClO4. Two
amples PE1 and PE2 prepared with different procedures.
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2 = 51.6) [41], which can be related to the fact that the sys-
ems are semicrystalline, as previously discussed by Watanabe
t al. [24]. The C2 value obtained in the present work is in the
ange observed for partially crystalline PEO-based network with
iBr salt electrolyte [24].

The previous discussion is important because the con-
uctivity mechanism is typical of a solid homogeneous
olyether-based SPE, even considering the content of a low
olecular weight component in the blend. The values of con-

uctivity were on the range of amorphous SPE, but there is room
or further enhancement by adding a higher amount of NPPP.

.2. The composite electrodes

The blend PEO-NPPP was used to prepare the composite
lectrodes with carbon black nanoparticles. The electrodes were
repared with CB concentration of 5 wt.% and 10 wt.%. The
onductive theoretical percolation threshold for spherical par-
icles is 16 vol%. However, CB can be considered as particles
f aspect ratio close to 10 because the primary agglomerates,
hich are present in the composites, are extended in one direc-

ion [42]. In the case of randomly dispersed cylinders with aspect
atio equal to 10, the theoretical percolation threshold is 12 vol%
43]. Therefore, the carbon black fluffy aggregates used in this

ork were added in concentrations of 5 wt.% and 10 wt.% in the
E based on these previous assumptions. It is noticeable that
higher concentration could provide higher conductivity and
ainly, an enhanced capacitance for the device. However, the

s
C
v
t

ig. 3. AFM phase contrast image for polymer blend composite with 5 wt.% CB at ma
B at magnifications of total width: (d) 8 �m, (e) 3 �m and (f) 2 �m.
Sources 177 (2008) 652–659

ispersability is compromised and the aggregate size increases.
oreover, the wettability of CB surface may be severely com-

romised in a totally solid system if the particles are not well
ispersed. Thus, a balance between these factors should be pur-
ued.

WDS carbon maps and EDS analysis in at least three different
oints of the surface (not shown) indicated that the CB is dis-
ributed quite homogeneously in a micrometric scale throughout
he whole film surface. Details of the surface can be observed
n the AFM phase contrast images presented in Fig. 3. The car-
on black particles are incrusted in the polymer lamellae. DSC
xperiments reveal no significant differences between heat of
elting for PEO, NPPP, blend and the composites as shown

n Table 1. The data from DSC curves shows that the carbon
lack presence does not cause pronounced change in the phase
rrangement of the matrix, which is in agreement with the AFM
mages.

The size distribution of CB aggregates was assessed from
0 different particles in two different regions observed in AFM
mages with higher magnification for each composition. The
btained average diameter was 60–70 nm for both the 5 wt.% and
0 wt.% CB nanocomposites, without significant differences
etween them.

The conductive behavior was investigated by impedance

pectroscopy in the temperature range between 25 ◦C and 95 ◦C.
onductivity data for the two composite samples show constant
alues with temperature in the order of 10−6 S cm−1 for elec-
rodes with 10 wt.% of CB and 10−5 S cm−1 for electrodes with

gnifications of total width: (a) 10 �m, (b) 3 �m and (c) 1.2 �m, and for 10 wt.%
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ig. 4. Impedance spectra for the EDLC with 5 wt.% CB in the 1 × 10−3 Hz to
× 106 Hz frequency range with 50 mV amplitude.

wt.% of CB, which could be related to inter-particle separa-
ion by insulating polymer and the highly porous and crystalline
tructure of the matrix, as can be observed in Fig. 3 and Table 1.
he isolated composite electrode conductivity is certainly quite
mall. However, taken into account that these composite films are
icrometric and highly porous, the spray of the polymer elec-

rolyte solution over the CE will impregnate the coating with the
lectrolyte and will allow the ionic species to diffuse to regions
nside the composite film, reaching the CB aggregates. This pos-
ibility leads to interesting results, on the complete device, which
ill be presented in the next section.

.3. The device

Double layer capacitors with 5 wt.% and 10 wt.% CB were
et up by sandwiching a micrometric coating of SPEB between
lso micrometric coatings of the nanocomposite electrodes.
ypically, the device was designed with two electrodes of
30 �m thickness, electrolyte of ∼70 �m thickness and area

f 1.26 cm2. The solid electrolyte film guarantees the separation
etween the electrodes. The complete impedance response of

he capacitor CB(PEO-NPPP)/(PEO-NPPP–LiClO4)/CB(PEO-
PPP) with 5 wt.% CB content electrodes is shown in Fig. 4.
s discussed previously [11], the high frequency pseudo semi-

ircle, characterized in the range of frequency shown in Fig. 4

T

1
F

able 2
ain EDLC results for devices with 5 wt.% and 10 wt.% of nanostructured CB

5 wt.% CB

Impedance
spectroscopy

Voltametrya Chrono

apacitance (mF) 1.29 2.98 2.16
pecific capacitancec (F g−1) 2.38 5.52 4.00
pecific capacitance (F cm−3)d 0.081 0.187 0.153
nergy density (Wh kg−1) – – 2.22
ower density (W kg−1) – – 26.7

a VC between −1 V and 1.4 V.
b Under 2 V.
c Taken into account the CB black mass on the two nanocomposite electrodes.
d Average volume of EDLCs = 1.6 × 10−2 cm3.
ig. 5. Cyclic voltammograms after 20 cycles at 5 mV s−1 for the EDLCs with
a) 5 wt.% and (b) 10 wt.% of CB.

nset, is associated to the resistive and capacitive behavior of
E bulk. The second semi-circle at intermediate frequencies
nd fully observed in Fig. 4 is assigned to the inter-aggregate
mpedance within CE. At low frequency, the quasi 90◦ phase
hift response is assigned to the double layer capacitance of
arbon/electrolyte interface. The data of capacitance obtained
or the devices with 5 wt.% and 10 wt.% CB are summarized in

able 2.

Cyclic voltammograms for the capacitors with 5 wt.% and
0 wt.% CB, at 5 mV s−1 and room temperature, presented in
ig. 5, show a deviation of the box-like shape typical of an ideal

10 wt.% CB

coulometryb Impedance
spectroscopy

Voltametrya Chronocoulometryb

5.88 9.22 7.63
11.1 17.4 14.3
0.368 0.572 0.477
– – 8.0
– – 96.0
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Table 3
Results of the EDLC capacitors based on polymer films

Authors Active material Electrolyte Specific
capacitancea (F g−1)

Areal capacitance
(mF cm−2)

Furtado et al. [11]a Carbon black Black Pearls 2000
(10 wt.% in polymer electrolyte film)

Polyurethane8/LiClO4 8.4 4

Gu et al. [14] Activated carbon (1200 m2 g−1) and
5 wt.% Lonza carbon (KS-6)

PVDF-HFP (25%) + PC10-EC10/LiClO4 4.3 100

Staiti et al. [16] 65 wt.% Black Pearls 2000/5 wt.%
graphite fibers + 30 wt.% Nafion

Nafion 1100 ionomer swelled membranes 13.2 175

Hashmi et al. [17] Activated carbon fabric
(2000 m2 g−1)

PEO9/LiCF3SO3 plasticized with 50 wt.%
PEG200

4 20

This work Carbon black Black Pearls 2000 (PEO-NPPP)11/LiClO4 17 6

pare w

d
o
n
f
c
t
c

i
d
s
F
s
t
r
o
e
i
c
F
s

w
v

F
c

e
s
w
c
i
o
5
t
c
a
t
i
t
i
c
d
l

w
b
t

(10 wt.% in polymer electrolyte film)

a A better result was obtained with 20 wt.% CB in Ref. [11], however, to com

ouble layer capacitor [7] and redox peaks were not clearly
bserved. The potential scanning was repeated 20 times and
o significant change was verified. The CV curves discrepancy
rom a box-like shape is assigned to the internal resistance and
arbon porosity, which produces a current dependence of poten-
ial [7,10]. The fitting of CV curves with Eq. (1) yields the
apacitances presented in Table 2.

Chronocoulometric dynamical method was also employed to
nvestigate the capacitors behavior. The charge/discharge curves
id not show significant loss of charge, even after a 1000 cycles,
uggesting a good electrochemical stability of the material (see
ig. 6), which can be attributed to the high mechanical cohe-
ion of the interfaces and good electrochemical stability of
he electrolyte [11]. Moreover, the devices present a symmet-
ical behavior in relation to the charge/discharge process. Tens
f thousands cycle measurements would be recommended for
lectrochemical capacitors, however, the experiment, in its lim-
tations, allows a first evaluation of the device’s behavior. The
apacitances determined by this method are presented in Table 2.
rom these values, the EDLC with 5 wt.% and 10 wt.% CB could
tore 2.2 Wh kg−1 and 8.0 Wh kg−1 of energy, respectively.
Table 2 allows us to compare both devices investigated in this
ork, i.e., with 5 wt.% and 10 wt.% of nanostructured CB. The
oltametric results are considered the most reliable method to

ig. 6. Chronocoulometric curves of an EDLC with 5 wt.% of CB after 1000
ycles of charge–discharge—three last curves.
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ith the present work, the EDLC with 10 wt.% CB is reported.

valuate capacitance [10]. The capacitor with 10 wt.% CB pre-
ented high values of specific capacitance and energy density,
hich is most interesting taken into account that the electrical

onductivity is quite small for both types of electrode compos-
tes. Table 1 shows that there is no increase in glass transition
r decrease in crystallinity when the CB content changes from
wt.% to 10 wt.%. Furthermore, the AFM analysis showed that

he particles have similar size distribution. Several parameters
an interfere in the capacitance values such as carbon surface
rea, number and pore size, pore cavity to pore throat ratios and
ortuosity. Therefore, was observed that despite twofold increase
n the carbon content (from 5 wt.% to 10 wt.%) there was close
o fourfold increase in capacitance. Larger dispersibility of CB
n the 10 wt.% CB device could explain this result. However, to
onfirm this, further AFM images are required. Tortuosity, or the
egree to which the CB particles or pores depart from a straight
ine, may also interfere in capacitance [44].

Finally, it is worthwhile to compare the results in this study
ith other reported studies. The context of comparison should
e the EDLC prepared from solid polymer coatings or, at least,
hose using a polymer gel electrolyte, even considering that the
lasticizer present in these systems are the main responsible
or the ionic conductivity of the electrolytes and the wettability
f carbon electrodes. Table 3 shows the areal capacitance of the
evice, which is largely influenced by the content of active mate-
ial (carbon) in the electrode and the ionic access to the carbon
urface, i.e., the porous properties and electrolyte characteris-
ics. As the devices designed with disperse nanostructured CB
n solid PE (this work and Ref. [11]) were studied with low con-
ent of CB, the value of capacitance by device area is low as
xpected. On the other hand, when the capacitance by weight is
aken into account, the results for the totally solid EDLCs can be
onsidered quite interesting. The value of 17 F g−1 is stimulat-
ng taken into account all factors, which can be further exploited
o enhance performance of this kind of capacitor.

. Conclusion
An all solid polymeric capacitor was assembled using PEO-
PPP–LiClO4 as solid polymer electrolyte and PEO-NPPP–CB

s electrode material. NPPP is a triblock polyether of molar
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ass PEO. The spray coating technique allowed reproducible
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