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Nanocomposite Hybrid Molecular Materials for Application in
Solid-State Electrochemical Supercapacitors®*

By A. Karina Cuentas-Gallegos, Monica Lira-Cantu, Nieves Casaii-Pastor, and Pedro Gémez-Romero*

Molecular hybrid materials formed from polyoxometalates dispersed in conducting polymers represent an innovative concept in
energy storage. This work reports in detail the first practical realization of electrodes based on these materials for energy storage
in electrochemical supercapacitors. The molecular hybrids PAni/H;SiW 1,049, PAni/H;PW {1,049, and PAni/H;PMo,,04¢ (PAni:
polyaniline) have been prepared electrochemically on platinum or carbon substrates, with PAni/H;PMo;,049 being the proto-
typical example presenting the best energy-storage performance in the series. This hybrid displays the combined activity of its
organic and inorganic components to store and release charge in solid-state electrochemical capacitor cells, leading to a promis-

ing value of 120 F g™ and good cyclability beyond 1000 cycles.

1. Introduction

Energy-conversion devices such as fuel cells and renewable-
energy devices, such as photovoltaic or dye-sensitized solar cells,
will need the support of efficient energy-storage technologies.
Rechargeable lithium batteries and electrochemical superca-
pacitors are two of the most prominent alternatives in this
respect.'?! Batteries are best suited to store relatively large
amounts of charge (high energy densities). However, the ion-dif-
fusion processes are relatively slow, which is the reason why bat-
teries score low in power-density tests, and why complementary
devices related to conventional capacitors are being developed.
Electrochemical supercapacitors fill in the gap between batter-
ies and conventional capacitors, resulting in devices that provide
higher power density than a battery and higher energy density
than a conventional parallel-plate or double-layer capacitor.*#!

Current research in electrochemical capacitors has been car-
ried out with emphasis on the development of new electrode
materials. In this line of work, we can find three kinds of elec-
trode materials, namely, high-surface-area carbons,[S] metal
oxides,* ™!l and conducting polymers.'">">! But in addition to
these conventional types, novel alternative materials such as
hybrid organic-inorganic nanocomposites are being considered
because of their potential for synergic behavior. In this respect
we mention a recent report of supercapacitor electrodes based
on conducting polymers and metal oxides,"®! and the recent
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communication by our group!"”! of preliminary work on super-
capacitors based on hybrid electrodes formed by conducting
polymers and polyoxometalates (POMs), a work which is re-
ported in detail in this article.

POMs resemble clusters of metal oxides, from both structural
and electronic points of view; they are formed by a small num-
ber of metal centers (typically 6-18 tungsten or molybdenum
moieties) coordinated by bridging oxygen atoms; they present
well-known structures;'®! and they undergo reversible multi-
electron reduction processes both electrochemically and pho-
tochemically, similarly to quantum-sized oxide particles.[w’zo]
Nevertheless, their solubility derived from their molecular
nature, has caused them to be ignored as active compounds for
electrodes or for any kind of material where collective proper-
ties were needed. POMs have been extensively studied from
a chemical point of view and have been used in catalysis and
photocatalysis, either as homogeneous catalyst or supported
onto polymers. Some examples of POM-doped conducting or-
ganic polymers (COPs) such as polyaniline (PAni) are known;
these can be applied in catalysis and in energy storage.[m

The similarities between POMs and oxides are not limited to
their composition and topology; their electrochemical and pho-
tochemical behavior are also parallel. Thus, POMs can be elec-
trochemically or photochemically reduced to form blue species.
These reduced species are chemically and spectroscopically
equivalent to tungsten or molybdenum bronzes in the form of
colloidal semiconducting quantum dots, with the added advan-
tage for POMs of a well-known structure that is stable in solu-
tion.””! One such structure is the Keggin structure, common to
many heteropolyacids including all three studied here. In addi-
tion to their reversible redox activity, these species present high
proton conductivities in their solid (acidic) form. Furthermore,
they represent the ultimate limit for the dispersion of oxide
species, since all metal centers can be considered to be “sur-
face” centers, in contact with an electrolyte. All of which
makes them a priori good candidates for electrode materials
for electrochemical supercapacitors.

COPs, on the other hand, have been extensively studied as
promising novel materials for use in rechargeable batteries!*' =)
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and electrochemical supercapacitors.”*?"! Yet, one of the fre-
quent problems related to the application of COPs is a relative-
ly low charge-storage capacity in such devices.

The combination of conducting polymers and electroactive
molecular clusters or extended inorganic species to form nano-
composite hybrid materials represents an opportunity for the
design of novel materials with improved properties and en-
hanced energy-storage capabilities, a line of work that we have
recently developed in our laboratory.[21] In particular, the an-
choring of POMs within the network of COPs such as PAni
leads to the fabrication of molecular hybrid materials in which
the inorganic clusters keep their integrity and activity while
benefiting from the conducting properties and polymeric na-
ture of the hybrid structure.”!! Some of these hybrid materials
have been studied in non-aqueous solvents as lithium-inserting
electrodes for the potential use in lithium batteries. However,
under such conditions, the electroactivity of POMs could not
be harnessed for very many charge—discharge cycles.BO]
Furthermore, the electroactivity of these inorganic clusters in-
tegrated in a hybrid material is heavily dependent on the elec-
trolyte used. Thus, the use of aqueous acidic electrolytes
facilitates the counterion flux and promotes the concomitant
protonation of the cluster upon reduction, leading to quick and
reversible redox chemistry.[”] All of these considerations,
added to the fact mentioned above, that POM clusters offer
the ultimate degree of dispersion for an oxide phase, strongly
suggest that POM species could act as ideal active materials for
electrochemical supercapacitors when combined with acidic
electrolytes.*!*?!

However, POMs have not been widely exploited as electrode
materials for electrochemical supercapacitors. Aside from their
use as electrolyte components reported in several patents[33’34]
and journals[35] to the best of our knowledge, the use of POMs
as active materials for electrochemical supercapacitors has
been limited to a single report describing a device consisting of
pure phosphomolybdic acid in one electrode and the widely
used RuO, in the other.P]

Our preliminary communication' " and the full report of our
work presented here are the first examples of the use of hybrid
molecular nanocomposite materials formed from PAni and
polyoxometalates HySiW 1,049 (SiW12), H3PW1,040 (PW12),
and H3PMo,,040 (PMo012) as electrodes in solid-state electro-
chemical supercapacitors.

[17]

2. Results and Discussion

2.1. PAni/Siw12

For the electrochemical synthesis of PAni/SiW12 hybrids, the
scan rate was varied in order to try to deposit the greatest
amount of hybrid material in a homogeneous layer. The best
results were obtained for a rate of S mVs™ (sample SW2,
40 cycles) and consequently we repeated that experiment with
more cycles (sample SW4, 60 cycles). The cyclic volammogram
of PAni/SiW12 showed a current decrease through cycling, in-
dicating a possible conductivity loss of the working electrode.

www.afm-journal.de

This fact can be attributed to the deposition of SiW12 clusters
on the surface of the electrode, making it less conducting.

We carried out the electrochemical characterization of these
PAni/SiW12-hybrid electrodes by cyclic voltammetry (CV) in
an aqueous HCIO, solution, as described in the Experimental
section. In Figure 1a we show the cyclic voltammogram corre-
sponding to this electrochemical characterization, where we
can detect the redox waves for this material. Most of them be-
long to PAni, except for the oxidation shoulder at —-0.15V,
which can be assigned to the SiW12 polyanion.

We carried out scanning electron microscopy (SEM) investi-
gations as part of the characterization procedure with the cor-
responding microanalyses, and tungsten-composition analysis
for each sample. This analysis was carried out mainly to con-
firm whether more material was deposited when the number of
cycles was increased, but using the scan rate (5 mV s™) that re-
sulted in a more homogeneous deposit. In Figure 2 we show
the corresponding SEM photos at x300 and at x5000 magnifi-
cation, where we observe a compact deposit for sample SW2
(5 mVs™, 40 cycles), on top of which further agglomerates

0.067

I [mA]

0.31 | (a)

0.23 (b)

| | ©
10 0E [X] 0.4 [¥] 0.0 E 0.4
voltage [V] vs. AglAgCl

Figure 1. Characterization by CV of PAni/POM-hybrid samples carried out
ina1 M HClO, solution at a scan rate of 20 mVs™'. The cyclic voltammo-
grams are representative for all corresponding hybrid samples: a) PAni/
SiW12, b) PAni/PW12, and c) PAni/PMo12.
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Figure 2. SEM images of PAni/SiW12 taken at a magnification of x300
(square photos) and x5000 (round photos). The materials were synthe-
sized by CV from —0.25 to 0.9V at a) 5 mVs™, 40 cycles (SW2);
b) 2.5 mVs™, 40 cycles (SW3); and c) 5 mVs™, 60 cycles (SW4).

grow in the case of samples SW3 (2.5 mV s, 40 cycles) and
SW4 (5 mVs™, 60 cycles). As the number of cycles increased
from 40 (SW2) to 60 (SW4) more material was deposited
(Fig. 2¢). Energy-dispersive X-ray (EDX) microanalyses of the
three samples showed the presence of silicon and tungsten,
confirming the presence of the SiW12 polyanion and its inte-
gration within the polymer. Finally, a mapping composition
analysis confirmed a greater concentration of W in the agglom-
erate particles of samples SW3 and SW4.

We assembled the solid-state electrochemical supercapaci-
tors in Swagelok cells, using two PAni/SiW12 electrodes sepa-
rated by an impregnated Nafion membrane. In Table 1 we
show the capacitance obtained for each hybrid sample at differ-
ent current densities, cycling in a voltage range of 0-1 V. For
this particular material and cells, it seems that all hybrid sam-
ples behave similarly at all current densities, resulting in very
low capacitance values between 0.7 and 1.8 mF cm™. Neverthe-
less, as stated above, in a mapping composition analysis from
SEM, we detected more tungsten from the polyanion in the
agglomerate particles, making the electrode less conducting.
Therefore, the supercapacitor cell assembled with electrodes
made of sample SiW4 (60 cycles), which posses a more homo-
geneous deposit of these agglomerate particles, resulted in low-
er capacitance values owing to cell resistance.

2.2. PAni/PW12

For PAni/PW12 hybrids, we carried out different experi-
ments at different scan rates and numbers of cycles in order to
deposit homogeneously the greatest amount of hybrid materi-
al. The optimal scan rate in this respect was 10 mVs™ with
40 cycles (PW1D).

Adv. Funct. Mater. 2005, 15, 1125-1133
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We carried out the electrochemical characterization of the
PAni/PW12-hybrid deposit in a 1 M HCIOy solution. Figure 1b
shows the corresponding cyclic voltammogram, where we can
detect and have labeled the characteristic redox waves. The
couple at 0.5/0.75 V was assigned to polyaniline, whereas the
waves and shoulders around —0.22/-0.1 and -0.31 V were as-
signed to PW12, by comparison with redox waves of pure
PW12. The main features at 0.11/0.23 V could actually corre-
spond to some overlap in the electroactivity of PAni and
PW12. With the exception of sample PW1A (5 mVs™, 5 cycles,
not shown here), the current increased with cycling, which indi-
cates an increase in conductivity. This could be associated with
the progressive impregnation of the hybrid electrodes with
electrolyte, as successive redox cycles lead to the well-known
process of swelling of PAni by impregnation with electrolyte.

We carried out an SEM investigation as part of the routine
characterization procedure with the corresponding EDX mi-
croanalysis and composition analysis for each sample. In Fig-
ure 3 we show the corresponding SEM photos of all synthesized
PAni/PW12 samples taken at a magnification of x318 and
x5000. Looking at the photos in Figures 3a—c of samples PW1A
(5 mVs™, 5 cycles), PWIC (50 mVs™, 5 cycles and 20 mV's™,
3 cycles), and PW1D (10 mVs™, 40 cycles), we can see that
when using a 10 mV s~ scan rate (PW1D), the particles depos-
ited are bigger. Based on the These three samples cannot be
strictly compared on the basis of the electrochemical synthesis
conditions, but as we mentioned above in order to obtain these
hybrid materials we used different scan rates and numbers of
cycles in many preliminary experiments. In sample PW1A
(5 mVs™, 5cycles) we observed a dark-blue iridescent thin
layer, sample PW1C showed a dark-blue thin layer, and sample

Figure 3. SEM images of samples of PAni/PW12 taken at x318 (square
photos) and x5000 (round photos). The materials were synthesized by CV
from 0.9 to —0.35 Vaata) 5 mVs™, 5 cycles (PW1A); b) 50 mVs™, 5 cycles
and 20 mVs™, 3 cycles (PWIC); c) 10 mVs™, 40 cycles (PWI1D);
d) 10 mVs™, 60 cycles (PW1E); e) 10 mVs™, 80 cycles (PW1F); and
f) 10 mVs™, 100 cycles (PW1G).
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PWID (10 mVs™, 40 cycles) a greenish-dark-blue thin layer.
Based on the SEM photographs (Figs. 3a—c) we carried out an
optimization with sample PW1D (greater amount of material
with bigger particles) by increasing the number of cycles.

Comparing samples PW1D (40 cycles), PW1E (60 cycles),
PWIF (80 cycles), and PW1G (100 cycles) synthesized with the
same scan rate (10 mVs™), we observed the formation of some
yellow particles on the electrode surface, which increased in
amount as the number of cycles went from 60 to 100. Only sam-
ple PW1D synthesized with 40 cycles did not present these un-
known particles. In Figures 3c—f we show the SEM photographs
of these samples, where sample PW1E, synthesized with 60 cy-
cles, resulted in a layer with a larger amount of homogeneously
deposited material (Fig. 3d). When we increased the number of
cycles to 80 (PW1F) or 100 (PW1G), the deposit gets more het-
erogeneous. EDX and composition analyses (tungsten, phos-
phorous, and carbon) showed, in general, a homogeneous dis-
tribution of the analyzed elements; nevertheless, slight local
concentrations of tungsten and phosphorous in prismatic crys-
tals (thus from PW12) and carbon (from the polymer) were ob-
served in the rounder particles.

We assembled symmetrical, solid-state electrochemical
supercapacitor cells for PAni/PW12-hybrid samples. The hy-
brid samples that we used were synthesized with a 10 mV s™
scan rate, where the only difference between them was the
number of cycles applied (PW1D 40 cycles, PW1E 60 cycles,
PWIF 80 cycles, and PW1G 100 cycles), and the number of
yellow particles on the electrode surface. In Table 1 we present
the capacitance values obtained under different current densi-
ties for these PAni/PW12-hybrid samples for a voltage range of
0-1 V. Sample PW1D (40 cycles) presents the highest capaci-
tance values for all current densities applied; these values are
larger than for SiW12 cells, but still moderate. Although sam-

Table 1. Capacitance values obtained by active area, for different PAni/
POM-hybrid samples at different current densities.

Hybrid Sample Current density (/) Capacitance (C)
[mA cm™ [mFcm™
PANi/SiW12  SiW2 (5 mV's™, 40 cycles) 0.5 1.65
1 1.6
SiW3 (2.5 mVs™, 40 cycles) 0.5 1.8
1 1.2
SiW4 (5 mV's™, 60 cycles) 0.5 13
1 0.7
PANi/PW12  PWI1D (10 mVs™, 40 cycles) 0.5 15
1 13
2 7
PW1E (10 mVs™, 60 cycles) 0.5 1
1 2
2 1
PW1F (10 mVs™, 80 cycles) 0.5 7
1 6
2 3
PW1G (10 mV's™', 100 cycles) 0.5 5
1 5
2 4
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ple PWI1E (60 cycles) had a larger amount of active material
deposited homogeneously, in sample PW1D no yellow particles
were observed. This fact indicates a detrimental effect of the
yellow particles on the cell performance.

We tested electrodes of sample PW1D (10 mVs™, 40 cycles)
in repeated charge-discharge cycles (up to 1000 cycles, Fig. 4).
These data were obtained by cycling with a wider voltage win-
dow of 0-1.5 V and by applying a current density /=1 mA cm™
The capacitance value decreased, starting from 6.5 mFem™ to a
low equilibrium value around 3 mFcm™. The initial capaci-
tance value turned out to be lower than when charging the cell
to a cutting voltage of 1 V, suggesting that the cutting voltage of
1.5 V is detrimental to the performance of the cell. Further ex-
periments will need to be carried out in order to clarify the
origin of this negative effect.
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Figure 4. Charge—discharge values of a symmetrical supercapacitor, sam-
ple PW1D, in a voltage range of 0-1.5 V for 1000 cycles at /=1 mAcm™,

2.3. PAni/PMol12

Early work on the electrochemical synthesis of PAni/PMo12
hybrids carried out by our group®! showed that, when using
higher scan rates during the electrochemical synthesis, the de-
position of the PMo12 polyanion competes with and hinders
the formation of PAni. Indeed, when high scan rates for the
voltage were used in synthetic CV experiments, the polyanion
was first electrodeposited onto the surface of the working elec-
trode, effectively passivating it and preventing polyaniline de-
position. This is why in the present experiments hybrid elec-
trodes were formed by first using a slower scan rate (0.5 mVs™)
to deposit PAni and then a faster voltage sweep (1.5 mVs™) to
increase the amount of PMo12 clusters on the surface of the
electrode, increasing also the porosity, which plays an important
role in electrochemical supercapacitors, as described in the In-
troduction.

The PAni/PMol12-hybrid electrode thus prepared was char-
acterized via CV in 1 M HCIO, (Fig. 1c). In this cyclic voltam-
mogram we see two well-defined redox waves at 0.25/0.42 V
and at 0.10/0.32 V characteristic of the PMo12 polyanion. Two
additional redox waves corresponding to PAni can be detected
as shoulders at 0.46/0.65 V and -0.08/0.01 V.

Adv. Funct. Mater. 2005, 15, 1125-1133
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We carried out an SEM investigation and EDX microanal-
yses. In Figure 5 we show the corresponding SEM photos at
magnifications of x318 and x5000. Microanalyses confirmed
the presence of phosphorus and molybdenum throughout.
Furthermore, it should be noted that the present electrodes
represent a substantial improvement over those obtained in
our preliminary communication!'”! in that they form a more
complete and homogeneous covering of the carbon substrate
by the hybrid active material.

Figure 5. SEM images of a PAni/PMo12-hybrid electrode sample taken at
a magnification of x318 (square photo) and x5000 (round photo).

We carried out Fourier transform infrared (FTIR) analyses
of the PAni/PMo12 deposits in order to confirm the presence
of PAni and the phosphomolybdate anion in the hybrid elec-
trode. The analyses were carried out on samples obtained by
carefully scraping off the material from the surface of the
graphite working electrode and diluting them in KBr pellets.
Figure 6 shows the FTIR spectrum of the hybrid deposit pre-
pared as described in the Experimental section, where we can
detect the characteristic bands of PAni (marked with arrows),
and bands assigned to the phosphomolybdate anion (marked
with circles). The peak at 1577 cm™ is assigned to a deforma-
tion mode of benzene rings, the one at 1486 cm™! to a defor-
mation of benzene or quinoide rings, the ones at 1248 cm ! and
1147 cm™ to a C=N stretching of a secondary amine, at
1060 cm™ to a P-O bond, at 955 cm™ to a Mo=O terminal
bond, at 876 cm™ to a vertex Mo—-O-Mo bond, and finally at
800 cm™ to an edge Mo—O-Mo bond.

We carried out elemental analyses (% C, % H, and % N) and
inductively coupled plasma (ICP) spectrometry (% Mo) of a
hybrid PAni/PMo12 sample deposited onto a platinum working

4000 3000 2000 1500 1000 .1151]
Wavenumber [cm-!]

Figure 6. FTIR spectrum of a PAni/PMo12-hybrid sample (same for depos-
its from graphite as for Pt working electrodes), where the arrows indicate
the vibrational modes of polyaniline and the circles the ones belonging to
the phosphomolybdic polyanion.

Adv. Funct. Mater. 2005, 15, 1125-1133
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electrode (in order to avoid any possible carbon contamina-
tion). The deposit was scraped off and the resulting powder
analyzed in order to obtain the stoichiometric formula of this
hybrid. The experimental values where C: 23.13 %, N: 4.30 %,
H: 1.74 %, and Mo: 15.1 %. Molar ratios are close to the ex-
pected values (C/N ratio 6.2, C/Mo ratio 12.2 (i.e., 24.5 C6 per
PMo12), H/N ratio 5.66) and indicate a material of formula
C6H5N(PM012040)0_042'H20 (formula weight, FW = 1856)
However, the percentage values calculated for this formula
(C 38.8, N 7.54, H 3.8, Mo 26.0) are all higher than the experi-
mental ones. This indicates the presence of some undetected
impurity (not containing C, N, H, or Mo), most likely metallic
platinum scraped off the electrode. Aside from this impurity,
all the experimental molar ratios between C, H, Mo, and N
confirm the formula of a material containing approximately
24 aniline rings per PMo12 unit.

We carried out different analyses in solid-state electrochemi-
cal supercapacitors cells, set up as described in the Experimen-
tal section, based on PAni/PMo12 electrodes. In Figure 7a we
show how the capacitance (normalized per effective electrode
area) of our symmetrical cell varies as a function of applied
current density, cycling between 0 and 1 V. As expected, the
discharge capacitance values are larger at slow current densi-
ties. However, it should be noted that the decrease in capaci-
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Figure 7. Electrochemical supercapacitor behavior of a PAni/PMo12 hybrid
(normalized with respect to the electroactive area). a) Capacitance values
per square area at different current densities using a voltage window of
AV=1V; and b) successive charge—discharge cycles at /=1 mAcm™,
where the first 2000 cycles are carried out with a voltage window of
AV=1 Vand the following 1000 cycles with a voltage window of AV=1.5 V.
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tance with increasing current density is relatively small,
amounting to a 35 % decrease (from 140 to 90 mF cm™) for a
one order of magnitude increase in current density (from 1 to
10 mA cm™).

In Figure 7b, we show the evolution of capacitance in succes-
sive charge—discharge cycles using a 1 mA cm™ current density.
The first 2000 cycles were carried out between 0 V and 1V,
and the following 1000 cycles between 0 V and 1.5 V. During
the first 2000 cycles, we observe that the capacitance declines
from a starting value of 200 mFcm™ to a value of around
110 mF cm™. We note two instances in which the continuity of
the cycling activity is accidentally disturbed, and the system
was able to relax (around cycles 1200 and 1600). In the follow-
ing 1000 cycles, another jump in the capacitance to higher val-
ues (up to 165 mF cm™) was induced by a controlled change in
the cycling regime involving an increase in the voltage range
(AV=1.5 V). The capacitance then decreases and stabilizes at
values around 120 mF cm™ (30 % loss in 1000 cycles)—remark-
ably, a better stabilization and at a slightly higher capacitance
than that reached after the first 1000 cycles under the one-volt
regime. These recoveries of cell capacitance point out the im-
portance of cell design and routine-discharge features in addi-
tion to the intrinsic energy-storage properties of the materials
themselves, and they remind us of the need to keep working on
factors related to cell optimization and the possibilities to im-
prove performance through the engineering of these systems.

Up to this point, we have discussed performance based on
capacitance values normalized per effective surface area of our
electrodes [mF cm™]. However, from a technological point of
view, materials science studies in this field rely upon measure-
ments in terms of farads per gram, that is, with the capacitance
normalized per unit mass of active material. In order to calcu-
late the capacitance per active mass, we carried out successive
electrochemical syntheses of a PAni/PMol2-hybrid sample
onto a platinum-foil working electrode. After each synthesis,
the material was collected by scraping it off the working elec-
trode. The greenish solid obtained was washed with deionized
water until all blue color disappeared (elimination of excess
phosphomolybdic acid), and was dried under vacuum for three
days. This hybrid material presented the same FTIR spectrum
as the hybrid deposited onto graphite, and its formula is dis-
cussed above. After weighing the active hybrid material, we
proceeded to fabricate a film following the procedure de-
scribed in the Experimental section.

In Figure 8a we show the capacitance per active mass ob-
tained at different current densities, always cycled between 0
and 1 V. Again, at lower current densities the capacitance is
higher, but with a larger mismatch between measured charge
and discharge capacitances. It should be noted that Figure 8a
includes two extra points at /=125 mA cm™ (a charge and a
discharge value), which belong to an average of four cycles, de-
termined after collecting the data for each current density ap-
plied. These extra points were measured to confirm the repro-
ducibility of the values obtained. Figure 8a also presents the
data measured with cells fabricated with electrodes containing
only PMol2 as the active component (i.e., without PAni) in
film electrodes prepared as above. In addition, we have in-
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Figure 8. Electrochemical supercapacitor behavior of a PAni/PMo12 hy-
brid (normalized with respect to the active mass). a) Capacitance values
at different current densities at AV=1V (for comparison, PMo12-poly-
anion film electrodes without polyaniline are shown); b) successive
charge—discharge cycles of new and used electrodes at I=125 mAg™ car-
ried out with a voltage window of AV=1 V.

cluded the performance of a symmetrical cell based on just the
polyoxometalate for comparison. Indeed, the capacitances ob-
tained for the PMo12 cell was smaller than those from cells
making use of the hybrid material, confirming the combined ef-
fect of both the organic polymer and the inorganic cluster in
the performance of the PAni/PMo12-hybrid electrodes.

In addition to the intrinsic properties of our materials, we
have also detected and studied the effect of additional factors
related to kinetics, cell design, and “history” of the electrodes.
For instance, in Figure 8b we compare the successive charge—
discharge cycles of two supercapacitor devices using new and
used electrodes (same capacitor as shown in Fig. 8a), applying
a current density of 125 mA g™\, We can observe how the ca-
pacitance values stabilize for both cells at similar values of 50—
60 Fg’l. However, the initial behavior of each of the cells is
quite different. For the device assembled with used electrodes,
we get a higher initial capacitance value of 75 Fg™'. On the
other hand, when using new electrodes, the supercapacitor per-
formance seems to reach a maximum after a few cycles; that is,
an electrochemical activation of the electrodes seems to be re-
quired, which is achieved through repeated cycling. The start-
ing value of the capacitance for the new electrodes was 40 F g™
(lower than of the used electrodes), increasing during the first

Adv. Funct. Mater. 2005, 15, 1125-1133



FUNCTIONAL

A. K. Cuentas-Gallegos et al./[Hybrid Molecular Materials for Solid-State Supercapacitors

300 cycles through an apparent electroactivation process to
eventually reach the same stabilized value mentioned above.

The fact that this electroactivation process takes place only
for self-standing composite films and not for the electrochemi-
cally prepared deposits indicates a kinetic origin of the phe-
nomenon, probably more related to the microstructural engi-
neering of the films than to intrinsic material properties. In
particular, it could be related to the need to open up the struc-
ture of the polymer in the self-standing samples for proper
electrolyte impregnation at a molecular level, in agreement
with the well-known swelling and solvent impregnation of con-
ducting polymers during electrochemical cycling.l*”

We carried out experiments increasing the voltage window
up to 1.5 V, as we had done for electrochemical deposits, but in
this case during recharge we could not reach the cutting voltage
of 1.5 V. Thus, our final experiments with an increased volt-
age range were limited to a 1.2 V polarization. In Figure 9a we
show the capacitance values obtained at different current
densities. Surprisingly, the capacitance values increase with
increasing current densities. This could be assigned to the in-
crease of the voltage window, or to the electroactivation pro-
cess, but will need more studies to confirm its cause. However,
the higher mismatches of the charge and discharge capacitance
values are also observed for lower intensities. In Figure 9b we
show the variation in capacitance with successive charge—dis-
charge cycles using a current density of 400 mA g™ (best match-
ing of charge and discharge capacitance values) in the device
shown in Figure 9a (used electrodes). We observe an increase
of the capacitance value from 65 F g™ to 110-120 Fg™". In addi-
tion, during the first 300 cycles the capacitance value increases
gradually, indicating an electroactivation process of the elec-
trodes under the given conditions (AV =12 V, =400 mA g™).
Finally, we can observe no mismatch between the charge and
discharge values, indicating excellent reversibility of the overall
polarization process. In Figure 9c we show the charge-dis-
charge profiles measured at 400 mA g™ for the device shown in
Figure 9a.

We carried out more electrochemical studies with new elec-
trodes (not electroactivated) under different current densities
cycling between 0 and 1 V in order to try to understand the fac-
tors that influence the electroactivation process described
above. In Figure 10 we show the results of this study. First, we
used a high current density of /=400 mA g™ for the first
2000 cycles and obtained very low capacitance values between
3 and 10 Fg™'. Then a lower current density of /=125 mA g™
was applied for 300 cycles, to activate the electrode (conditions
extracted from the experiments shown in Fig. 8b), resulting in
a rapid increase of the capacitance up to 100 F g™}, which marks
the electroactivation process. Finally, we carried out 2000 cy-
cles more, again at a higher current density of /=400 mA g™".
We observed a decrease of the capacitance down to 60 Fg™' in
the first cycle, then a continuous increase followed by a jump
in cycle 3300 (cycle 1000 of the 2000 with /=400 mA g™')—an
improvement from 75 Fg™' to 110 Fg™'. This value of 110 Fg™!
decreased slowly to 75 Fg! at the end of the experiment, after
more than 4000 cycles. Furthermore, we carried out experi-
ments with a symmetrical supercapacitor cell with PMo12 in a
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Figure 9. Electrochemical supercapacitor behavior of PAni/PMo12. Capaci-
tances are normalized per mass of active material. a) Capacitance versus
current density with AV=1.2 V; b) evolution of capacitance with successive
charge—discharge cycles at /=400 mAg™' for the same cell (AV=1.2 V);
and c) first four cycles measured at 400 mAg™ (same cell used for the da-
tum at 400 mAg™' in Figure 9a, i.e., after 60 cycles under varying current
densities).

composite film electrode (i.e., instead of the PAni/PMo12 hy-
brid) and show the results in the same figure to determine if an
electroactivation process could also be detected for the purely
inorganic active material. The analysis was carried out by ap-
plying a fast charge—discharge rate (/=400 mA g™) for the first
1000 cycles, and then, in the following 300 cycles, the same
lower current density (/=125 mAg™) to allow for a possible
electroactivation process. During the first 1000 cycles we ob-
served a decrease in capacitance from 38 Fg™ to 6.4 Fg™'. In
the following 300 cycles the capacitance continued to decrease
to a value of 1.9 Fg™'; thus no electroactivation process was de-
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Figure 10. Electrochemical studies of supercapacitors with new electrodes
in the voltage range 0 to 1 V. For the PAni/PMo12 hybrid, the applied cur-
rent density for the first 2000 cycles was 400 mAg™, 125 mAg™' for the
next 300 cycles, and finally 400 mA g™ for the next 2000 cycles. For com-
parison, the performance of electrodes based on PMo12 (M) is shown. In
the first 1000 cycles we applied a current density of 400 mAg™'; the next
300 cycles were measured at 125 mAg™.

tected for the electrodes containing only the inorganic compo-
nents (otherwise fabricated identically to the hybrid-containing
electrodes); in this case the capacity to store charge was de-
creased. These results confirm the conducting polymer to be
at the origin of the electroactivation process, a process which
needs slow current densities and is independent of the voltages
used in our experiments. This is in agreement with the electro-
lyte impregnation through swelling that takes place in this type
of material upon cycling and which was mentioned above.

3. Conclusions

We have carried out the synthesis and have successfully fab-
ricated composite bulk electrodes of molecular hybrid materi-
als based on polyaniline (PAni) and polyoxometalates (POMs)
for possible application in electrochemical supercapacitor de-
vices. Thus, we have successfully prepared, by electrochemical
methods, deposits of the hybrid PAni/PMo12 on graphite and
have used this material to set up symmetrical cells with H,SO,-
impregnated Nafion as the electrolyte. These cells can be re-
peatedly cycled for thousands of cycles (at least 4000) with only
a small loss of capacity. Values of 120 Fg™' can be reached,
which compare very favorably with the more modest values of
7040 Fg™ for the purely inorganic active material (further-
more, cyclability is much better for the hybrid). These results
point out a very encouraging preliminary performance and
open the door for a possible application of this type of hybrid
material in electrochemical supercapacitors. We have detected
a characteristic behavior concerning the activity of these mo-
lecular hybrids, which need an electroactivation process in or-
der to reach their optimal performance. This electroactivation
process in the hybrid is due to kinetic aspects not attributed to
the inorganic component of the molecular hybrid material, but
most likely related to the characteristic swelling of conducting
organic polymersm (as has been previously detected in other
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molecular hybrids), resulting in a progressive impregnation
with electrolyte during the first cycles. In the electrochemical
deposits, this electroactivation seems to be easier (Fig. 7b), as
expected for a thinner film deposit, which has a larger interface
with the electrolyte.

We have also prepared electrodes with PAni/SiW12 and PAni/
PW12 as active materials; however, the cells based on these elec-
trodes led to poorer preliminary results than those based on
PAni/PMo12, both with respect to capacities (1-14 mF cm ™)
and number of cycles.

The molecular hybrid materials described in this paper, and
very particularly the PAni/PMo12, in which the electroactivity
of both components is well-matched, constitute very promising,
novel systems for energy storage as electrochemical superca-
pacitors.

4. Experimental

Phosphomolybdic acid (H;PMo0,,049-nH,O FW =1825.24, PMo12),
silicotungstic acid 99.9 % (HsSiW,049-nH,O FW =2878.29, SiW12),
and phosphotungstic acid (H3PW,040-nH,O FW =2880.17, PW12)
were purchased from Aldrich and used as received. Aniline was ob-
tained from Fluka (distilled under reduced pressure before use), and
HCI from Panreac was used as received.

All electrodes used for the electrochemical synthesis of PAni/POMs,
were purchased from Goodfellow: a rigid graphite plate (99.95 %,
0.25 mm thick, 1.3 cm x 5 cm), and Pt foil (0.01 mm thick, 1.5 cm x5 cm).

To fabricate the film electrodes to be used in supercapacitor cells, we
used Kinar-flex (binder agent, also known as PVDF (poly(vinylidene
fluoride))) provided by Elfatochem, super-P, which is amorphous car-
bon (Brunauer-Emmett-Teller (BET) surface area of 60 m?g™") pro-
vided by MMM Belgium, acetone purchased from Panreac, and finally,
dibutyl phthalate (DBP) provided by Aldrich.

Electrochemical measurements were carried out in a PAR273A po-
tentiostat (Princeton, USA). A standard three-electrode cell was used
for the preparation of film deposits, composite films, and for electro-
chemical measurements. The reference electrode used was Ag/AgCl
(0.197 V vs. NHE (normal hydrogen electrode)). The working elec-
trodes to prepare active materials for electrochemical supercapacitors
were prepared electrochemically, both as thin-film deposits and as
thicker deposits for bulk (mass) characterization. In the first case, the
working electrode used was a rigid graphite plate (0.025 mm thick,
1.3 cm x5 cm), where one of the sides was covered with an insulating
plastic tape and only a surface of 1.3 cm x 2.5 cm was exposed. For bulk
syntheses a Pt sheet (0.01 mm thick, 1.5 cm x5 cm) was used as work-
ing electrode and the materials deposited were scraped off. The coun-
ter electrode used for the experiments dealing with thin-film deposits
consisted of Pt foil (0.01 mm thick, 1.5 cm x 5 cm), whereas for the syn-
thesis of bulk materials a Pt coil was used.

Surface and microstructure analyses of the hybrid deposits were car-
ried out using a Hitachi S-570 SEM, with EDX and composition analy-
ses in some cases. FTIR analyses were carried out in a Nicolet 710
FTIR spectrophotometer in dilute KBr pellets made of the scraped-off
samples. Elemental analyses were carried out in a Carlo Erba CHN
EA 1108 at a maximum combustion temperature of 1800 °C, and ICP
analysis was performed using a Thermo Jarrell-Ash model 61E Poly-
scan multichannel apparatus under standard conditions.

Electrochemical supercapacitor cells were tested in a multichannel
charge—discharge galvanostatic analyzer (Arbin Instruments, College
Station, USA).

The hybrid electrodes of the different materials were prepared as
thin-film deposits on the graphite foil using a CV technique at room
temperature. First, PAni/SiW12 hybrids were electrochemically synthe-
sized using a suspension made by mixing 5.23 g of silicotungstic acid
with 1 mL of aniline and adding 100 mL of water, in a voltage range of
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0.9 to -0.25 V versus Ag/AgCl using different scan rates (2.5, 5, or
10 mV s7!) and different numbers of cycles to obtain four different sam-
ples. Then, PAni/PW12 hybrids were electrochemically synthesized
using a suspension made by mixing 7.89 g of phosphotungstic acid with
1 mL of aniline and adding 100 mL of water, in a voltage range of 9 to
-0.35 V versus Ag/AgCl using different scan rates and number of cy-
cles, leading to six different samples. Finally, PAni/PMo12 hybrids, in
both cases (thin-film deposits and thicker deposits for bulk experi-
ments), were synthesized from a suspension made by mixing 5 g of
phosphomolybdic acid with 1 mL of aniline and then adding 100 mL of
water, in a voltage range of 9 to 0.1 V versus Ag/AgCl and two differ-
ent scan rates (0.5 mVs™ and 1.5 mVs™) to yield only one sample. All
suspensions were prepared using deionized water.

After the PAni/POM syntheses, the coated graphite electrodes were
electrochemically characterized using the same three-electrode cell set-
up (Pt plate was used as counter electrode and Ag/AgCl as the refer-
ence) in a 1 M HClOy(aq) electrolyte solution, the same electrochemi-
cal technique (CV) and with a scan rate of 20 mVs™.

Electrochemical supercapacitor cells were assembled as symmetrical
devices (i.e., with two identical electrodes) in a typical Swagelock cell
[38]. Three voltage ranges were used: 0 to 1V, 0 to 1.2V, and 0 to
1.5V, depending on the experiment. The hybrid thin-film deposits on
graphite were cut into 6 mm x 6 mm electrodes, for their direct use in
the supercapacitor-cell assembly. For quantitative analyses of bulk sam-
ples (capacitance to be normalized per unit of mass in supercapacitor
cells), the hybrid materials deposited on the Pt-plate electrode was
scraped off and used to prepare a composite microporus film as follows.
A suspension of 52 wt.- % of the active hybrid material, 22 wt.-% of
Kinar flex as binder, and 24 wt.-% of carbon super-P, and three drops
of DBP in 2 mL of acetone were thoroughly mixed and stirred for 12 h
to yield a homogeneous paste. The paste was tape-cast onto a glass sur-
face and the acetone allowed to evaporate. After peeling off the result-
ing film it was washed with diethyl ether in order to remove DBP. This
process allows the formation of a porous microstructure in the film.
Discs 1 cm in diameter were cut to assemble the cell. The active hybrid
material used for the fabrication of films was washed with deionized
water until no color was seen in the residual water, and dried under
vacuum for three days.

In the supercapacitor devices, a solid-electrolyte membrane of com-
mercial Nafion 117 (perfluorinated membrane, 12 mm-diameter discs,
0.1778 mm thick) was used as separator and electrolyte after impreg-
nation with sulfuric acid following a standard procedure [39]. In cells
where different current densities were tested, the capacitance value for
each current density was calculated as an average of four successive
charge—discharge cycles. In all experiments the specific capacitance val-
ue was calculated based on the active mass or active area of a single
electrode.
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