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bstract

We explored a new approach within the field of hybrid materials, namely, an integration of an electroactive inorganic molecule into a conducting
olymer that in turn is intercalated into an extended inorganic oxide. In particular we present the specific material formed by hexacyanoferrate-doped
olypyrrole or polyaniline inserted in turn into layered V2O5. This novel kind of hybrid with three components interacting at a molecular level is
hat we have called, triple hybrid materials (THM). The synthetic approach was based on our earlier work on PAni/V2O5, PAni/HCF and PPy/HCF

ystems. The materials obtained were characterized by FTIR, XRD, TGA, elemental analyses, and ICP. The electrochemical properties of THMs as
nsertion cathodes in rechargeable Li cells were also explored. The initial specific charge was high for PPy/HCF/V2O5 system (160 Ah kg−1), giving
greater value than for their corresponding simple hybrids: PPy/HCF (69 Ah kg−1) and PPy/V O (120 Ah kg−1). Repeated charge–discharge cycles
2 5

howed a poor cyclability, which could be related to the voltage limit values during recharge, overoxidation of the polymer, or to the detrimental
ffect of structural water from THMs. Nevertheless, the present work showed a novel route towards a more complex and versatile electroactive
ybrid design.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, hybrid materials based on organic and inorganic
omponents represent a wide field of innovation within mate-
ial science [1a]. Research on the topic of hybrid materials
nvolves challenges and opportunities. The most important chal-
enge is managing to synthesize hybrid combinations that keep
r enhance the best properties of each of the components while
liminating or reducing their particular limitations. This chal-
enge opens the opportunity to develop new materials with
inergistic behavior. Also, the hybrid approach is especially
seful for combining organic and inorganic species with com-
lementary properties and reactivities. This behavior can lead

o improved performances or to the finding of new and useful
roperties [1].
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The work in our group has been centered on a particularly
ruitful and wide group of functional hybrid materials based
n conducting organic polymers (COPs) as components. This
ategory alone accounts for a large number of materials and
pplications [1b]. Their functionality, based on the electroactiv-
ty of their components, allows them to be used as electrodes for
nergy storage devices. These types of hybrid material have been
lassified into three groups depending on the type of matrix and
uest phase: “OI” (organic–inorganic, molecular hybrids), “IO”
inorganic–organic, intercalation compounds), and “nanocom-
osite” materials [1b].

In this context we considered the possibility of triple
ybrids with “nested” species inorganic (molecular)–organic
polymer)–inorganic (extended oxide) in which all the com-
onents would be electroactive, thus, aiming at higher energy
torage capacities over wider potential ranges. In this paper
e present the development of this idea in the form of a

exacyanoferrate (HCF)–COP–V2O5 combination. This triple
ybrid material was constructed through the doping of a con-
ucting polymer with [Fe(CN)6]3− hexacyanoferrate (HCF),
ollowed in some cases by the intercalation of the resulting O–I

mailto:pedro@icmab.es
mailto:pedro.gomez@icmab.es
dx.doi.org/10.1016/j.jpowsour.2006.04.138
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ig. 1. Schematic diagram of the desired triple hybrid formed by a hexacyanof

2O5.

ybrid in between the layers of solid V2O5. Leading to what we
all a I–O–I hybrid. Fig. 1 shows a schematic view of the desired
tructure for this triple hybrid.

It should be noted that this idea was also conceived and
ollowed by other groups in quite different ways. Thus, simul-
aneously with our work, described below, the synthesis of
imilar triple hybrids was attempted through different proce-
ures. Da Silva et al. [2] used a surfactant that was inserted
etween the layers of V2O5, then, according to the authors,
CF was immobilized on the surface of the hybrid instead
f being intercalated. This work was essentially synthetic and
nly cyclic voltammetry was reported. On the other hand, the
ork carried out by Pokhodenko et al. [3] a double doping
f polyaniline with phosphomolybdic acid, and m-cresol was
eported. In contrast, our triple hybrid approach aimed from the
eginning at the integration of all three electroactive species
nto a single bulk material in order to be used as Li insertion
lectrodes.

Earlier work carried out in our group concerning the
Ani/HCF (OI) hybrid system showed that a stable good specific
harge value was obtained for this molecular hybrid when used
s a cathode material in lithium rechargeable cells (137 Ah kg−1

t C/15, 110 Ah kg−1 at C/5 charge–discharge rates) [4]. In
ontrast, the PPy/HCF hybrid system was also studied, but
esulted only in moderated specific charge values, due to the
ormation of oxygenated groups (carbonyl, hydroxyl) on the
olypyrrole chain [5,6]. With the triple hybrid approach we are
rying to improve upon the performance of those binary hybrids
PAni/HCF, PPy/HCF).

We will describe here our syntheses of novel triple hybrid
aterials with polyaniline (PAni) or polypyrrole (PPy), doped
ith HCF and presumably its intercalation between the layers

f V2O5. These syntheses were generally carried out in one-
ot reactions and the resulting materials characterized by FTIR,
RD, TGA, elemental analyses, ICP, and finally tested in com-
act rechargeable lithium cells.

P
o
w
t

-doped conducting polymer (polypyrrole in this case) intercalated into layered

. Experimental

.1. Reagents

Pyrrole and aniline were purchased from Aldrich, dis-
illed under reduced pressure, and kept under nitrogen at
◦C. HClO4 (70%) from Panreac and potassium ferricyanide
3Fe(CN)6·3H2O 99% from Aldrich were used according to
roduct specifications. For the synthesis of vanadium pentoxide
el we used a Dowex 50wx2-100 resin and sodium metavanadate
0% from Aldrich without further purification.

For the assembly of rechargeable lithium cells, metallic
ithium ribbon (99.9%, 0.38 mm thick) from Aldrich was used as
node, a commercial product from Merck (Selectipur) composed
f 1 M LiPF6 in EC:DMC = 1:1 as electrolyte, and fiberglass
embranes from Whatman GF/D dried at 100 ◦C for 48 h as

lectrode separators. All these components were kept in a dry
ox under argon for the assembly of the cells.

.2. Characterization

Elemental analyses were systematically carried out to deter-
ine the percentages of C, N, and H in the hybrids (organic

art), using an elemental analyzer Carlo Erba CHN EA 1108 at
aximum combustion temperature of 1800 ◦C. ICP (inductively

oupled plasma) analyses of vanadium and iron were carried out
sing a Thermo Jarrell-Ash model 61E Polyscan multichannel
pparatus. TGA analyses were carried out under argon with a
eating rate of 2 ◦C min−1 up to 360 ◦C and keeping this tem-
erature for 6 h on a Perkin Elmer ATG-7 thermobalance. FTIR
pectroscopy was carried out on pellets of the samples dispersed
n dry KBr, using a Nicolet 710 FTIR spectrophotometer or a

erkin Elmer Spectrum one. Powder XRD analyses were carried
ut in a Rigaku with rotating anode, model “Rotaflex” Ru-200B
ith a secondary graphite monochromator with a Cu K� radia-

ion (λ = 1.5418 Å).
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The electrochemical studies in lithium rechargeable cells
ere carried out in swagelok cells using an ARBIN
otenciostat–galvanostat model BT2042. The triple hybrid
aterials were used as cathodes in composite powder form ver-

us metallic lithium anodes, by thoroughly mixing with 30%
eight of super-P carbon. The charge–discharge of the cells
as performed between a voltage range of 3.8 and 2.1 V with a

low rate of C/40.

. Results and discussion

.1. Synthesis

The synthesis of PPy/HCF/V2O5 and PAni/HCF/V2O5 triple
ybrids were carried out by means of an oxidative polymer-
zation of the monomer (aniline or pyrrole), in the presence of

3Fe(CN)6 and V2O5 gel solutions. The two inorganic reagents
xidize aniline or pyrrole to get incorporated to the hybrid
ompensating at the same time the positive charge of the con-
ucting polymer. Table 1 shows the molar ratio used for the
ynthesis of each polypyrrole (PPy) and polyaniline (PAni) triple
ybrid syntheses. The ferricyanide acid derivative H3Fe(CN)6
as freshly prepared by a metathesis reaction between potas-

ium ferricyanide (K3Fe(CN)6) solution (40 ml) and HClO4 (see
able 1 for the used amounts), with precipitation of KClO4,
hich was filtered off resulting in the acidic H3[Fe(CN)6] solu-

ion that was risen to a volume of 50 ml. On the other hand,
2O5 gel was prepared as described by Livage [7], aged for 3
onths previously to their use, titrated to determine the pre-

ise amount of V(V) [8], and then the desired amounts of
2O5 were diluted with deionized water to complete a 50 ml

olution.
For the case of PPy/HCF/V2O5 hybrids the syntheses were

arried out as follows: the acidic HCF solution was placed in
n ice bath with magnetic stirring (500 rpm), V2O5 solution
V2O5 gel diluted in deionized water) was added in 3 min,
hen 50 ml of a 0.072 M pyrrole solution was added in another
min, and after 30 min of reaction the solid formed was fil-

ered off, washed with deionized water until no coloration
ame through, and finally collected and dried under vacuum for

days.
The synthesis of the triple hybrid with PAni was carried out

imilarly but using a 0.22 M aniline solution (50 ml) with an
xtended reaction time of 120 h.

able 1
olar ratio used in the synthesis of each polypyrrole triple hybrid samples

ample Molar ratio
(monomer:V:Fe)

K3[Fe(CN)6] + HClO4 Excess reagent

yVFe1 (0.5:1:1) 2.37 g + 1 ml Double amount of
inorganics

yVFe2 (0.5:0.5:0.5) 1.18 g + 0.5 ml Normal
yVFe3 (0.5:0.5:1) 2.37 g + 1 ml HCF excess
yVFe4 (0.5:1:0.5) 1.18 g + 0.5 ml V2O5 excess
aVFe1 (3:0.5:0.5) 0.602 g + 0.2 ml Normal
aVFe2 (3:1:0.5) 0.602 g + 0.2 ml V2O5 excess
aVFe3 (3:0.5:1) 1.205 g + 0.4 ml HCF excess
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f V2O5 are marked with circles, the most characteristic peak of HCF marked
ith a diamond (2079 cm−1, C N stretching), and the ones assigned to PPy or

Ani (see text) with arrows.

.2. Basic characterization

In this section, we describe the different analyses used to
etermine the presence of the three components in the triple
ybrid, the stoichiometry, and the calculation of the formula
eight.
In Fig. 2 we show the FTIR spectra of all our PPy and

Ani triple hybrids, where we have detected the three compo-
ents in every sample. We detected the vibrational modes of
2O5 marked with circles (515 and 757–760 cm−1 for V–O–V
ibrational modes, and at 973–981 cm−1 for V O stretch-
ngs), the most characteristic mode of HCF marked with a
iamond (2079 cm−1, C N stretching), and the ones belonging
o the formation of PPy (1053 cm−1 inner C–H plane and C–N,
179 cm−1 ring vibration, 1382 cm−1 ring vibration C C/C–C
nd C–N contributions, and 1555 cm−1 C C/C–C modes) or
Ani (1147 cm−1 C–H ring vibrations, 1310 cm−1 C–N of arylic
econdary amine, 1486 and 1580 cm−1 to benzenic/quinone ring
eformation) with arrows. In the case of hybrids with PPy we
bserved in almost all samples (PyVFe2, PyVFe3, and PyVFe4)

very weak band around 1700 cm−1 which was associated to

O formation, indicating some overoxidation of PPy [9].
XRD patterns of triple hybrid samples with PPy and PAni

re shown in Figs. 3 and 4, respectively. We must point out that
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F
(
i

p
P
i
t
t
a
a
s
l
o
X
a
i
s

2
o
p
a
V
t
p
r
e
o
F
p
r
t
t
p

l
w
t
m
p
e
(
H
r
t
c
p
(
h
s
b
r

ig. 3. X-ray diffraction patterns of PPy triple hybrids and of V2O5 with
V2O5–H2O) and without (V2O5, crystalline) intercalated water for compar-
son.

reviously studied hybrids based on HCF anchored to PPy and
Ani did not reveal any diffraction peaks in the XRD patterns,
ndicating an amorphous phase for these simple hybrids [9]. In
he case of THMs, XRD patterns revealed some wide diffrac-
ion peaks characteristic of a poorly crystalline structure, almost
morphous, due to the polymer. On the other hand, the char-
cteristic 0 0 1 peak of the diffraction pattern of layered V2O5
tructure present at low angles indicated the spacing between its
ayers. This 0 0 1 spacing was usually 11.5 Å (2θ = 7.68◦) when
ne equivalent of water (2.8 Å) was intercalated (see Fig. 3,
RD pattern of V2O5 with and without intercalated water),
nd 4.27 Å (2θ = 20.3◦) when in its crystalline form (without
nterlayer water). For the case of the triple hybrids with PPy,
amples PyVFe2 and PyVFe4 showed a peak at low angles (ca.

Fig. 4. X-ray diffraction patterns of PAni triple hybrid Materials.
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θ = 8.0◦ and 8.26◦, respectively) corresponding to a spacing
f 11.0 and 10.7 Å, respectively, while in the other two sam-
les (PyVFe1 and PyVFe3) only a shoulder could be detected
t ca. 8.0◦. This spacing belongs to the 0 0 1 diffraction peak of
2O5, indicating a smaller particle size of V2O5 in these PPy

riple hybrid samples. The net gap between V2O5 slabs in sam-
les PyVFe2 and PyVFe4 was determined to be 2.3 and 2.0 Å,
espectively, indicating that no PPy was intercalated (expected
xpansion of 5.3 Å), nor HCF anion (expected 4 Å), but instead
nly water molecules as in V2O5 xerogels (pattern inserted in
ig. 3, V2O5–H2O). However, PPy and HCF are unambiguously
resent in the hybrid as indicated by FTIR. Nevertheless, HCF
esults water-insoluble when anchored to PPy, which suggested
he isolation of the PPy/HCF hybrid which was segregated from
he V2O5 interlayer spacing and probably covering the V2O5
articles.

On the other hand, we could not observe any apparent peak at
ow angles related to an intercalation in V2O5 for triple hybrids
ith PAni. However, a weak shoulder around 5◦, hardly dis-

inguishable from the background, was seen though somewhat
ore clearly detected in the sample PaVFe2, which hints at the

resence of a spacing of ca. 17.6 Å for this hybrid. Therefore,
stimating the spacing for the desired triple hybrid structure
Fig. 1), where PPy (5.3 Å) or PAni (5.5 Å [10]) is doped with
CF (4 Å) and inserted between the layers of V2O5, the spacing

esults in 18 Å (2θ = 4.9◦) or 18.2 Å (2θ = 4.9◦) respectively if
he expansions were additive. These materials were very poorly
rystalline, as for the case of the PPy hybrids above, even 0 0 1
eaks, normally stronger in V2O5 xerogels, were very weak
wider) indicating a smaller particle size of V2O5 in the triple
ybrids. For the case of all triple hybrid samples with Ppy, a
houlder peak obscured by the strong signal of the direct X-ray
eam was present at lower angles, suggesting that we cannot
ule out the existence of a wider expansion between the layers of

2O5 and a probable formation of the triple hybrid structure even
n the case of PPy hybrids. On the other hand, with all due precau-
ions in view of the very poorly defined shoulder in hybrids with
Ani, the agreement between our calculation (18.2 Å, 2θ = 4.9◦)
nd the position of the shoulder (17.6 Å, 2θ = 5◦) is an indica-
ion of a hybrid material with very poor crystalline but with both
Ani and HCF components inserted within the V2O5. Neverthe-
ess, our XRD data will obviously need confirmation by other
echniques.

TGA analyses were carried out to determine the amount of
norganic and organic matter plus hydration water in our sam-
les. In Figs. 5 and 6 we show the TGA analyses carried out
or all our triple PPy and PAni hybrid samples, respectively.
here are two important weight losses that are easily observed

n the derivative curves (inset). The first loss takes place between
0 and 80 ◦C for PPy hybrids and 55 ◦C for PAni hybrids, cor-
esponding to loosely bound hydration water. A second main
oss takes place during the isothermal heating at 360 ◦C, cor-
esponding to the combustion of the polymer. The remaining

eight percentage corresponds to the inorganic part of the hybrid

HCF + V2O5), and turned out to be similar for all PPy hybrid
amples (69.5% for PyVFe1, 69.0% for PyVFe2, 68.9% for
yVFe3, and slightly higher for PyVFe4 with a 73.7%), and
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Fig. 5. Thermogravimetric analyses (TGA) for triple hybrids based on polypyr-
role.

Fig. 6. Thermogravimetric analyses (TGA) for triple hybrids based on polyani-
line.
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Table 2
Summarized data of the chemical analysis to determine the respective stoichiometry

Monomer:V:Fe % C % N % H %

Experimental (0.5:1:1) 17.03 13.14 2.02 2
Calculated 17.05 13.23 2.37 2

Experimental (0.5:0.5:0.5) 10.45 7.23 1.38 1
Calculated 11.18 7.68 4.54 2

Experimental (0.5:0.5:1) 17.56 12.27 2.13 2
Calculated 17.46 12.44 2.57 2

Experimental (0.5:1:0.5) 12.35 8.57 1.62 3
Calculated 12.34 8.62 2.21 3

Experimental (3:0.5:0.5) 33.50 14.68 2.54 1
Calculated 35.39 15.41 2.45 1

Experimental (3:1:0.5) 28.17 14.86 2.31 1
Calculated 28.42 14.97 2.45 1

Experimental (3:0.5:1) 35.22 15.03 2.61 1
Calculated 36.67 15.56 2.66 1
ig. 7. Initial discharge and first recharge cycle of Li rechargeable cell assembled
ith triple hybrids HCF–PPy–V2O5 as cathodic material at a slow rate (C/40).

Ani hybrids (71.78% for PaVFe1, 73.09% for PaVFe2, and
5.84% for PaVFe3). The stoichiometries of these THMs were
alculated based on elemental analyses, TGA analyses, and ICP
nalyses. In Table 2 we present the summarized data of these
xperimental analyses and the calculated values for the proposed
toichiometric formulas. As we can observe in Table 2, all THMs
toichiometries revealed a great amount of water, indicating the
eed for a better drying procedure.

.3. Electrochemical characterization

The electrochemical characterization was carried out using
he triple hybrid composite powder samples as cathodes in
echargeable lithium cells (see Section 2). In Figs. 7 and 8 we
how the first charge/discharge cycle for every Li cell tested.

or the case of cells with PPy triple hybrids as cathodes, we
btained high specific charges, between 125 and 160 Ah kg−1.
hen PAni triple hybrid samples were used as cathodes, spe-

ific charges between 89 and 124 Ah kg−1 were obtained. The

of each PPy and PAni triple hybrid samples

V % Fe Formula Sample

4.93 7.40 (C4H2N)0.64V2O5[HCF]0.533.8H2O PyVFe1
5.19 7.32 FW = 404.3

9.01 3.77 (C4H2N)0.60V2O5[HCF]0.3510H2O PyVFe2
1.65 3.91 FW = 470.4

4.92 6.55 (C4H2N)0.76V2O5[HCF]0.474H2O PyVFe3
5.28 6.51 FW = 403.0

2.28 4.80 (C4H2N)0.43V2O5[HCF]0.252.8H2O PyVFe4
2.52 4.45 FW = 313.3

7.84 6.79 C6H4N(V2O5)0.48[HCF]0.331.3H2O PaVFe1
8.06 6.80 FW = 270.77

9.87 7.46 C6H4N(V2O5)0.75[HCF]0.522.7H2O PaVFe2
9.82 7.53 FW = 385.37

6.66 6.73 C6H4N(V2O5)0.42[HCF]0.311.4H2O PaVFe3
6.62 6.72 FW = 257.42
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Quı́mico Cuantitativo, 6ta. Ed., Buenos Aires, 1969.
[9] G. Torres-Gómez, Materials Hibrids Funcionals de tipus molecular: Hexa-
ig. 8. Initial charge–discharge cycle of Li rechargeable cell assembled with
riple hybrids HCF–PAni–V2O5 as cathodic material using a slow rate (C/40).

xpected theoretical values (calculated for 0.33e− per pyrrole
ing or for 0.55e− per aniline ring, 2e− per V2O5 (one per V
tom) and 1e− per Fe atom) were between 160 and 200 Ah kg−1

or the different compositions of PPy triple hybrids, and between
72 and 176 Ah kg−1 for PAni triple hybrids. These theoretical
alues differed from the experimental initial specific charge val-
es by 20% for PPy hybrids, and by 40% for PAni hybrids,
uggesting an enhanced contribution of each component in the
Py triple hybrid to the total specific charge value in compari-
on with the PAni systems. Also, we must point out that THMs
ased on PPy gave higher specific charge values compared with
heir correspondent simple hybrids: PPy/HCF (69 Ah kg−1) and
Py/V2O5 (120 Ah kg−1) [9]. Furthermore, we must empha-
ize that the voltage could not reach the 3.8 V set for recharge
n all cases, causing a detrimental effect on the cyclability. A
ommon reason for this kind of behavior is the existence of
ngoing catalytic oxidation processes, normally on organic sol-
ents, although in our case could also be due to the large amount
f structural water from the THMs (see Table 2). On the other
and, in the specific case of the PPy triple hybrid, we cannot rule
ut an additional detrimental effect due to the formation of C O
roups during synthesis as explained above. These two factors
structural water and C O groups) will need to be sorted out in
uture studies.

. Conclusions

We carried out the syntheses of two series of PPy/HCF/V2O5
nd PAni/HCF/V2O5 triple hybrids, confirming by FTIR and
hemical analyses, the presence of all three components in
he resulting materials. XRD patterns presented a shoulder in
ome samples at 2θ = 4–5◦, which suggested a wider expan-
ion between the layers of V2O5 (of an otherwise very poorly
rystalline material) adequate to accommodate both HCF and
he conducting polymers between the V2O5 layers. All these

nalyses indicated the formation of a new type of hybrid mate-
ial in which hexacyanoferrate dopes the conducting polymer
nd is dispersed at a molecular level in V2O5 particles or both
re co-intercalated into an extended V2O5 phase. Concerning

[

nal of Power Sources 161 (2006) 580–586 585

he electrochemical performance of the novel PPy/HCF/V2O5
riple hybrid materials in lithium rechargeable cells, we obtained
igh initial specific charge values of 160 Ah kg−1, giving a
reater value than for a PPy/HCF system (69 Ah kg−1), and a
Py/V2O5 system (120 Ah kg−1) [11], which was not the case
or PAni/HCF/V2O5 triple hybrid materials [4,12]. However,
heir cyclabilities were poor. This might have more to do with
he choice of the voltage limit values during recharge and the
tructural water content in the THMs used as cathodes, since in
ll samples synthesized, the voltage could not reach the 3.8 V
n recharge, or this could be due to the effect of C O groups
ormed by overoxidation of PPy. Notwithstanding this uncer-
ainty concerning the low cyclability, we would like to stress
hat this work constitutes an important precedent in relation to
he synthetic chemistry of hybrid materials, since it is a first
tep in the design of novel approaches for functional hybrids of
reater complexity, a field which should have important impli-
ations not only in energy storage applications, but also in the
esign of supported catalysts, optical and magnetic materials,
ensors, etc.
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[1] (a) P. Gómez-Romero, C. Sanchez, Functional Hybrid Materials, Wiley/
VCH, 2004;
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