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Polypyrrole-silver composites prepared by the
reduction of silver ions with polypyrrole nanotubes

Jitka Skodova,® Du$an Kopecky,® Martin Vriata,*@ Martin Varga,® Jan Prokes,?
Miroslav Cieslar,” Patrycja Bober® and Jaroslav Stejskal®

Polypyrrole nanotubes were prepared by the oxidation of pyrrole with iron(i) chloride in the presence of
methyl orange. They were subsequently used for the reduction of silver ions to silver nanoparticles. The
nanotubular form of polypyrrole is compared with the classical globular morphology in its ability to
reduce silver ions. Both polypyrrole salts and bases were used in the experiments. The content of
metallic silver in the resulting composite, determined by thermogravimetric analysis, was 21-31 wt%.
Elemental composition is also discussed on the basis of energy-dispersive X-ray spectroscopy. Contrary
to the expectation, the conductivity of polypyrrole nanotubes in salt form, 35.7 S cm™', was reduced
10 20.9 S cm™" after the incorporation of silver. The presence of silver had generally little effect on the
conductivity. The temperature dependence of conductivity reveals that the composites maintain the
semiconducting character of polypyrrole and their increased with

conductivity increasing

temperature. The conductivity of the composites surprisingly increased when the samples were placed

www.rsc.org/polymers in vacuo.

Introduction

The combination of conducting polymers and noble metal
nanoparticles has recently become a tool in the preparation of
new materials. The composites combining two conducting
components, a metal and an organic semiconductor, are
expected to exhibit a good level of electrical conductivity, as well
as tunable physical, chemical, and responsive properties.
Among them, polypyrrole (PPy) and polyaniline (PANI)
composites with silver have become frequently studied."

The ability of PPy to reduce silver ions to metallic silver has
been reported many times. The paper by Pickup et al’ is
important from a historical point of view. In this early study, the
authors illustrated the ability of electrochemically prepared PPy
film to reduce silver ions to silver, and this was confirmed in
follow-up experiments.>* The progress of reaction, the reduc-
tion of silver cations on PPy film, was followed by a quartz
microbalance.® This reaction was used especially for silver
recovery from solutions of its salt.> Counter-ions in PPy were
demonstrated to have a significant effect on the silver yield,®
because some of them, such as chlorides or, to a certain extent,
sulfates, may form insoluble salts with silver cations. Poly-
pyrrole was also deposited on supports, such as sawdust’ or
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porous carbon?® for recovery purposes. In addition, some studies
assumed the complexation of silver ions with nitrogen atoms in
PPy,® rather than the chemical reaction between both species.
Polypyrrole was used as-prepared, i.e. in the form of salt. Only
exceptionally it was reduced with sodium borohydride at first,’
or converted to PPy base in alkalis. Recent applications concern,
e.g., supports for surface-enhanced Raman scattering,' cata-
Iytic reduction of hydrogen peroxide'® or efficient antimicrobial
agents.™

Depending on the conditions, the reduction of silver ions
with PPy yielded silver particles with sizes below 10 nm,"** tens
of nanometres or micrometres.'''* Larger objects, such as
silver triangles,® nanosheets''® and nanocables,'”** have also
been observed.

The morphology of PPy entering the reaction was also
considered, and attention has been paid especially to nano-
tubes. PPy nanotubes were prepared by the coating of vana-
dium(v) oxide nanowires with PPy and subsequent dissolution
of the template. When exposed to silver nitrate solutions, 4-
8 nm silver nanoparticles were produced on their surface and
also agglomerated inside the nanotube cavity.” Aluminium
oxide membranes have been used as a hard template for the
reduction of silver ions.' Similar experiments have also been
made with PANI nanotubes and silver was occasionally located
inside the nanotubes.**** In another approach, PPy nanotubes,
prepared in the presence of methyl orange as a structure-
guiding agent, were immersed in silver nitrate solution and
thus decorated on the surface with silver nanoparticles.?”** In
these experiments, however, poly(N-vinylpyrrolidone) has been
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used as an additive to prevent the aggregation of silver nano-
particles. Another report used similar PPy nanotubes func-
tionalized with carboxyl groups.*

In the present study, PPy nanotubes were prepared also in
the presence of methyl orange, but in the absence of any
additives and without any modification. Their ability to reduce
silver ions is compared with that of the classical globular form
of PPy. In addition, both PPy salts and PPy bases have been used
in the experiments. Attention has been paid especially to the
electrical conductivity of the composites.

Experimental
Preparation of granular PPy and PPy nanotubes

Granular PPy was prepared by the chemical polymerization of
pyrrole monomer with iron(m) chloride hexahydrate at an
equimolar ratio in water. Iron(ur) chloride hexahydrate (3.9 g;
14 mmol) was dissolved in 287 mL of distilled water, then
pyrrole (1 mL; 14 mmol) was added. Molar concentrations of
both reactants were 50 mM, the total volume of reaction mixture
was 288 mL. The stirred reaction mixture was kept at 5 °C for
24 h. The precipitated PPy was separated by filtration, rinsed
with acetone and ethanol, and dried at 40 °C in vacuo.

Polypyrrole nanotubes were synthesized in a similar manner
in the presence of structure-guiding agent, methyl orange, (4-[4-
(dimethylamino)phenylazo]benzenesulfonic  acid  sodium
salt).'**>* Methyl orange solution in distilled water (287 mL;
2.5 mM) and pyrrole (1 mL) were mixed. Then iron(m) chloride
hexahydrate (3.9 g) was dissolved in distilled water (33 mL) and
added dropwise over two hours into the reaction solution. Both
solutions were cooled to 5 °C before mixing. Thus the molar
concentrations of reactants were 45 mM pyrrole, 45 mM iron(i)
chloride hexahydrate, and 2.2 mM methyl orange. After 24 h,
precipitated PPy nanotubes were separated by filtration, rinsed
with water and subsequently purified by Soxhlet extraction to
remove residual methyl orange using acetone until the extract
was colourless. Finally, extracted PPy was rinsed with ethanol.
Polypyrrole nanotubes were dried as above. Parts of PPy salts
were converted to the corresponding bases® by immersion in an
excess of 1 M ammonium hydroxide, rinsed with acetone, and
dried. Thus obtained PPy powders of salts or bases were
immersed in an excess of 0.1 M aqueous solution of silver
nitrate and left for 24 h to interact. The solids were collected on
a filter, rinsed with water, and dried. Nitric acid is the by-
product of these reactions' and its presence could cause a
partial reprotonation of the original PPy bases.

Characterization

A transmission electron microscope (TEM) JEOL JEM 2000 FX
was used to assess the morphology. Thermogravimetric anal-
ysis (TGA) was performed in a 50 cm® min~" air flow at a
heating rate of 10 °C min~" with a Perkin Elmer TGA 7 Ther-
mogravimetric Analyzer. Elemental analysis was done with an
elemental analyzer Elementar Vario EL III (Elementar Analy-
sensysteme GmbH) with accuracy <0.1 wt%. Surface
composition was characterized by energy-dispersive X-ray
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spectroscopy (EDS) using a JEOL JXA 50A electron microprobe
equipped with a Bruker AXS 4010 XFlash SD detector. The
conductivity of the granular PPy was estimated from powder
placed between two conducting pistons by a two-probe
method with an applied pressure of ca 23 kPa and using a
Keithley 6517 electrometer. In contrast to the nanotubes,
granular PPy could not be compressed to pellets. The room
temperature conductivity of PPy nanotubes was determined
on pellets compressed at 700 MPa by a four-point method in
the van der Pauw arrangement using a Keithley 220
Programmable Current Source, a Keithley 2010 Multimeter as
a voltmeter and a Keithley 705 Scanner equipped with a
Keithley 7052 Matrix Card.

The temperature dependence of conductivity in the range
of 2-318 K, and conductivity under dynamic vacuum (~units
of Pa), were measured on a commercial device Quantum
Design PPMS by the conventional four-point method on bar-
shaped samples where current probes were placed on the
edges of the bar and voltage probes were situated in the
middle of the bar.

Results and discussion

Polypyrrole prepared by the oxidation of pyrrole in acidic
aqueous media is obtained as a salt. In an idealized case,
proposed in analogy with PANI,** the PPy salts convert to PPy
bases when exposed to alkalis, such as ammonium hydroxide
(Fig. 1). While in the case of PANI the salt-base transition has
been well established, in the case of PPy it is mentioned only
rarely and in the course of other studies.”**

Both the PPy salt and PPy base are able to reduce silver
cations to silver. A formal reaction scheme of the reduction of
silver ions with PPy can be proposed (Fig. 2), again in analogy
with a similar reaction involving a closely related polymer,
PANIL. In the latter case, the emeraldine form of PANI converts to
pernigraniline®**® and silver ions are reduced to silver metal. As
the reaction between silver ions and PPy has been proven to take
place, an oxidized form of PPy, and an analogous form of per-
nigraniline in PANI, is likely to exist (Fig. 2).

oo

B 7\ N
N N N
+Q\ VL

PPy salts convert in alkaline media to the corresponding base. HA is an
arbitrary acid, here hydrochloric acid.

Fig. 1
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Fig. 2 PPy base reduces silver salts, such as silver nitrate, to metallic silver. Nitric
acid is a by-product.

Polypyrrole morphology

The classical oxidation of pyrrole with iron(m) chloride in water
yields PPy with a globular morphology (Fig. 3a). The introduc-
tion of a small amount of some additives, such as p-phenyl-
enediamine, was demonstrated to considerably affect the
morphology of PANI** The presence of methyl orange in the
oxidation of pyrrole results in the formation of nanotubes
(Fig. 3b). The nanotubular morphology, i.e. the existence of the
cavity, is demonstrated by transmission electron microscopy
(Fig. 4). Both PPy morphologies, globules and nanotubes, in
their salt and base forms, have been tested for their ability to
reduce silver ions.

Reduction of silver ions with PPy

Transmission electron microscopy is a convenient tool in the
assessment of PPy-silver composites as it provides a good
contrast between both phases (Fig. 5-8). The reaction of glob-
ular PPy salt with silver ions generates aggregates of silver
nanofibers (Fig. 5). On the contrary, the nanotubular PPy salt
produces aggregates of globular nanoparticles (Fig. 6).

The PPy bases act in a different manner. The globular PPy
base enforced the globular morphology to silver (Fig. 7), while
PPy nanotubes provide flower-like silver aggregates (Fig. 8). It
has to be stressed, that PPy and silver are separated in all cases.
The micrographs, however, show just a small part of the sample
and need not represent the sample as a whole.

Fig. 3 Scanning electron microscopy of (a) granular and (b) nanotubular PPy.
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Fig. 4 Transmission electron microscopy illustration of nanotubular structure.

Silver content and elemental analysis

The silver content in the composites is an important factor.
Stoichiometry according to Fig. 2 expects 45.7 wt% Ag. The
silver content (Table 1) can be determined by thermogravi-
metric analysis of a residue (Fig. 9). The analysis has to be made
in air; in nitrogen PPy is carbonized,**** but not decomposed,
similarly to PANI*** and the residue after analysis would be
much higher. Even in air, PPy alone leaves a residue of 3.1 or
3.8 wt% for globular and nanotubular forms, respectively,
which was subtracted when calculating the silver content, and is
associated most likely with iron oxides.

The results of the elemental analysis of C, H, and N (Table 1)
refer only to the PPy part of the composite, but not to the
composite as a whole. After the conversion of the PPy salts to
bases, the relative contents of carbon and nitrogen increase,
due to the removal of inorganic acid (Fig. 1). The content of
sulfur (associated with the potential presence of methyl orange)
was below the detection limit.

Elemental composition by EDS

The subsequent analysis has been limited to PPy nanotubes
only, as they are a more interesting object from the

300 nm

Fig. 5 PPy composites obtained by the reduction of silver nitrate with globular
PPy salt. Two magnifications.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 PPy composites obtained by the reduction of silver nitrate with nano-
tubular PPy salt. Two magnifications.
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Fig. 7 PPy composites obtained by the reduction of silver nitrate with globular
PPy base. Two magnifications.

Fig. 8 PPy composites obtained by the reduction of silver nitrate with nano-
tubular PPy base. Two magnifications.

Table 1 Composition and conductivity of PPy salts and bases before and after
deposition of silver

Composition [wt%] Conductivity [S cm "]

Polypyrrole Ag C H N As prepared With silver
Nanotubes, salt 21.1 57.7 4.6 16.2 35.7 20.9
Nanotubes, base 15.3 61.3 4.6 17.2 0.056 1.38
Globular, salt 21.0 56.0 4.4 16.5 0.012 0.028
Globular, base 30.6 61.5 4.3 174 3.7x10° 11x10*

morphological point of view. EDS is a straightforward way to
prove the presence of silver in the composites and to
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determine its content (Table 2). From this point of view,
nanotubular PPy salt seems to be a more efficient reducing
agent (compared with PPy base) of silver ions. A more critical
observer, however, may object that a part of silver in the
composite with PPy salt may be present as silver chloride, due
to chloride ions originating from iron(ur) chloride oxidant.
Indeed, after the deprotonation of the composite with
ammonium hydroxide, which would dissolve silver chloride,
the content of silver would be reduced, as observed.
Furthermore, the previous study*® devoted to a similar study
on PANI protonated with various acids (H'A™) revealed that
the decreasing solubility product of the corresponding silver
salt (Ag"A™) correlates with the increasing content of silver in
the resulting composite, either in the form of insoluble salt or
in metallic form. On the other hand, there was no connection
between the presence of silver salt and conductivity of the
composite.

The content of silver determined by EDS (Table 2) is
considerably lower than by TGA (Table 1). This is due to the fact
that EDS characterizes especially the composite surface, which
may differ in silver content from the bulk materials character-
ized by TGA. It has often been observed that silver particles are
coated with PPy"*” and this may reduce the silver participation
observed by EDS.

Polypyrrole formulae shown in Fig. 1 and 2 are idealized but
serve well for the discussion of many PPy properties. A more
realistic view has to account for the presence of oxygen atoms in
the PPy structure. While the C/N atomic ratio is lower than the
theoretical value of 4, as much as one oxygen atom per nitrogen
atom seem to be present in reality (Table 2). This is probably a
similar situation as with polyaniline, in which the quinonoid
and semiquinonoid constitutional units have to be considered®®
in addition to the classical concept based entirely on nitrogen-
based structures.

The presence of sulfur atoms in the composites (Table 2)
suggests the presence of methyl orange, which could not be
removed completely, even after exhaustive extraction with
acetone. The content of this dye is reduced after deprotonation
with ammonium hydroxide but can still be identified in PPy
bases. The sulfonate group in methyl orange may also
contribute to the oxygen content.

The fact that PPy constitutes a salt with hydrochloric acid
(Fig. 1) produced by the hydrolysis of oxidant, iron(ur) chloride,
is well illustrated by the presence of chlorine atoms (Table 2).
The stoichiometry shown in Fig. 1 assumes the CI/N ratio of 0.5.
A considerably lower value is observed in the EDS experiment
(Table 2). This can be explained by various means, the washing
of samples with water and subsequent partial deprotonation
seems to be the most plausible reason.

The deprotonation of PPy salt to PPy base after the treatment
with ammonium hydroxide solution is well documented by the
reduction of the content of chloride counter-ions (Table 2,
Fig. 1). The fact that the oxidized form of PPy in PPy-silver
composites has a lower degree of protonation is also supported
by EDS (Table 2). The observation of a small amount of iron
atoms suggests the presence of complex FeCl,  counter-ions in
addition to simple chlorides.

Polym. Chem., 2013, 4, 3610-3616 | 3613
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Fig. 9 Thermogravimetric analysis of (a) globular and (b) nanotubular PPy and the composites of its salt and base forms with silver.

Table 2 Elemental composition of the PPy nanotubes and its composites with
silver determined by EDS (wt%) and selected atomic ratios

Sample Ag C N (o) S Cl Fe C/N O/N CIN
PPy — 581 19.3 11.3 2.5 8.0 0.8 3.54 0.51 0.16
PPy/Ag 13.7 45.6 149 17.9 2.5 4.8 0.6 3.57 1.05 0.13
PPy base — 605 204 163 1.5 0.9 0.3 3.45 0.70 0.02
PPy base/Ag 8.5 48.5 184 21.2 1.7 1.6 0.1 3.07 1.01 0.03
Conductivity

The conductivity of the PPy nanotubes, 35.7 S cm™?, is consid-

erably higher than that of the globular form (Table 1) and also of
other conducting polymers, such as polyaniline.*® This value
was confirmed in repeated experiments. The deposition of silver
reduced the conductivity PPy nanotubes (Table 1) due to the
expected oxidation of PPy (Fig. 2).

It has been reported that the conductivity of PPy increased
when its preparation was carried out in the presence of anionic
surfactants bearing a sulfonic group.**** Molecules of water-
soluble organic dyes are generally composed of a large light-
absorbing system of conjugated double bonds and ionic groups,
such as a sulfonic group, that ensure the solubility. They
therefore resemble surfactants from a colloidal point of view.
Methyl orange, a molecule having also a large organic part and a
terminal sulfonic group, may thus play a similar role as
surfactants and be responsible for good conduction.

In addition to an exceptionally high level of conductivity, PPy
nanotubes maintain a good level of conductivity, 0.056 S cm™*
(Table 1), after treatment with ammonia solutions and conse-
quent conversion to PPy base (Fig. 1). This is an even higher
value than the conductivity of PPy salt in globular form, as
confirmed in repeated experiments. This is an important
observation, especially for potential applications in biomedi-
cine, such as hyperthermal cancer therapy,* where a good level
of conductivity has to be maintained as physiological pH = 7. In
this case, the incorporation of silver resulted in a moderate

3614 | Polym. Chem., 2013, 4, 3610-3616

increase in the conductivity to 1.38 S cm™ ' (Table 1), which
would be an additional benefit of PPy-silver composites in these
types of applications.

Temperature and time dependence of conductivity

Polypyrrole nanotubes exhibit semiconducting behaviour, as
obvious from the temperature dependence of conductivity
(Fig. 10) where conductivity increases with increasing temper-
ature, with a large conductivity ratio ¢(300 K)/o(2 K) = 128 for
PPy salt nanotubes alone and 16 700 for the composite with
silver, respectively, where measurements could be performed
down to 2 K. This ratio was ¢ (300 K)/o (77 K) ~ 41 000 for PPy
base and 54 for the composite with silver, respectively, where
resistance was too high to be determined at 2 K. Such a high
value of ratio is typical for highly disordered materials at the
insulator side far away from the metal-insulator transition.*?
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Fig. 10 Temperature dependence of the conductivity of the PPy nanotubes in
salt and base (B) forms and of their composites with silver.

This journal is © The Royal Society of Chemistry 2013
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Fig. 11 Time evolution of conductivity normalized to the initial value for PPy
nanotubes in dynamic vacuum (units of Pa).

The amount of silver in the composites, i.e. 15-30 wt% (Table 1),
is then not sufficient for the formation of metallic conducting
pathways and, from this point of view, the composites lie in the
region below any percolation threshold. Silver nanoparticles
thus have probably only a secondary influence on the charge
transport properties of composites leaving the key role to the
conducting polymer matrix in a similar way as it was observed
in PANI-silver composites.** However, its effect is not easy to
understand since, in the case of nanotubular PPy base, silver
enhances electrical conductivity and decreases its temperature
dependence while for nanotubular PPy salt the effect is exactly
opposite, but much smaller. From the TEM study we know that
there are differences in morphology that can give at least intu-
itive insight. Silver nanoparticles form relatively uniformly
dispersed small clusters outside the nanotubes (Fig. 8). Then,
silver possibly can participate in transport via tunnelling
between these metallic islands as it was proposed for granular
metals.** On the other hand, large clusters formed close to
nanotubes were found for salts (Fig. 6), but their contribution to
transport may be negligible and overall conductivity is probably
decreased by the oxidation of PPy salt. Further and deeper
analysis and measurements, e.g., magnetoconductance, are
essential for the understanding of the charge transport in such
a complex system and will be reported in a separate paper.

The effect of dynamic vacuum, in particular moisture removal,
on conductivity was also studied (Fig. 11). It turned out to be
surprisingly positive, but at the same time it is almost negligible
in contrast to other conducting polymer systems, for instance, to
recently published results for PANI hydrochloride pellets where
moisture is believed to influence conductivity more.*

Conclusions

(1) Polypyrrole is able to reduce silver ions to metallic silver.
This applies both to granular and nanotubular forms of PPy,
and both to PPy salts and PPy bases.

This journal is © The Royal Society of Chemistry 2013

View Article Online

(2) Polypyrrole salt produces other silver morphologies than
the PPy base does. The content of silver is higher in the
composites prepared from PPy salts than from PPy bases.
Clusters of silver nanoparticles are generated outside PPy. Silver
is not produced inside nanotubes.

(3) When PPy salt containing chloride counter-ions reacts
with silver nitrate solution, one has to admit that a certain part
of silver ions is rather precipitated in the form of water-insol-
uble silver chloride than reduced into metallic silver.®

(4) The conductivity of PPy nanotubes is high, 35.7 S cm™,
and is moderately reduced by the incorporation of silver. PPy
nanotubes maintain a good level of conductivity, 0.056 S cm ™,
even after deprotonation with ammonia solution. In the
latter case, the presence of silver increased the conductivity to
1.38 S cm ™. This is a high level when considering the potential
operation under alkaline conditions.

(5) All PPy samples exhibit semiconducting behaviour and
very high temperature resistivity ratio. Silver is believed to have
only a secondary role in charge transport in PPy salts. In less
conducting PPy bases, it enhances the charge transport.
Further, the electrical properties of PPy salts are very stable
against applied dynamic vacuum, especially against potential
moisture removal.
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