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Abstract: Tungsten microparticles were coated with globular or nanotubular polypyrrole
in situ during the oxidation of pyrrole in aqueous medium with ammonium peroxydisul-
fate or iron(IlI) chloride, respectively. The resulting core—shell composites with various
contents of tungsten were obtained as powders composed of metal particles embedded in a
semiconducting polymer matrix. The coating of tungsten with polypyrrole was analysed
by FTIR and Raman spectroscopies. The resistivity of composite powders was determined
by the four-point van der Pauw method as a function of pressure applied up to 10 MPa.
The degree of compression was also recorded and its relation to electrical properties is
discussed on the basis of the percolation concept. The electrical properties of composites
are afforded by polypyrrole matrix and they are independent of tungsten content. As the
conducting tungsten particles are separated by polypyrrole shells, they cannot produce
conducting pathways and behave similarly as a nonconducting filler.

Keywords: core-shell composite; hybrid composite; conducting polymer; conductivity;
resistivity under pressure; tungsten microparticles; globular polypyrrole; polypyrrole nanotubes

1. Introduction

Composites are materials composed of at least two solid components that differ in
chemical or physical properties and produce separate phases. The morphology of phases
and interfacial interactions play a role in their properties that may substantially differ from
those of individual components. Composites met in practice are often composed of a filler
dispersed in a polymer matrix that provides mechanical and processing properties. While
filler is of an inorganic nature, typical polymer phase is organic. In such hybrid composites,
the inorganic core—organic shell microstructure is of interest due to the improved interfacial
properties that differ from those of simple mixtures.

When working with functional composites, it is usually emphasised that they in-
clude a constituent with specific features, e.g., displaying electrical conductivity or
magnetism [1-3]. The term of functionality, however, is not limited to these properties. Ex-
amples of functional materials are represented by inorganic-organic systems. The organic
part often produces a matrix for the dispersion of functional inorganic particulate filler.
Inorganic objects coated with an organic substance are a relevant core-shell morphology of
such composites. In the next step of design, a polymer matrix can also be functional. This
happens in the case of conducting polymers, such as polyaniline or polypyrrole that are
redox-active and conducting at a semiconductor level [4,5].
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Hybrid organic/inorganic composites have been reported in many studies. Let us limit
ourselves to the case when both components are functional in some respects. Polypyrrole,
as a representative of organic parts, is an organic conducting polymer with the conductivity
of the order of units S cm~! at room temperature in its globular form and one order of
magnitude higher, tens S cm ™!, for nanotubular morphology. Polypyrrole is a responsive
and electroactive polymer, its conductivity of semiconducting character is affected by pH
and applied oxidation potential, respectively.

As an example of the functional inorganic part, we can consider tungsten compounds.
The literature offers the deposition of polypyrrole at tungsten trioxide [6-9] and tungsten
dichalcogenides, viz. tungsten diselenide [10] or the preparation of polypyrrole-coated
tungsten disulfide [11-19] or tungsten carbide [20,21]. In all cases, the composites were of
the type tungsten compound core/polypyrrole shell with rare exceptions [7].

An interesting combination of polypyrrole with tungsten compounds concerns het-
eropolyacids, such as silicotungstic and phosphotungstic acid [22]. Unlike dichalcogenides,
these acids are well soluble in water, i.e., also in the reaction mixture used for the prepara-
tion of polypyrrole. The product is, thus, polypyrrole polycation that produces a salt with
tungsten-containing counterions. Such products, however, are not rated as composites.

Some examples of functional behaviour of tungsten composites can be found in
the literature. The deposition of tungsten diselenide at polypyrrole yielded an efficient
electrocatalyst for water splitting [10], while the reverse strategy, the coating of tungsten
disulfide, led to a decrease in catalytic activity in the hydrogen evolution reaction [12]. This
was associated with morphology of tungsten compounds and location of catalytic sites at
microparticle edges. A photocathode based on polypyrrole/tungsten trioxide was used
in hydrogen generation [8]. Polypyrrole/tungsten disulfide was used in a supercapacitor-
based sensor [16,18], supercapacitor electrodes [19,23], and as an anode in a sodium-ion
battery [11]. Polypyrrole-modified tungsten compounds were applied as a humidity
sensor [13], ammonia sensor [7], in vanillin/caffeine detections [16], and in analysis of food
and beverages [23]. Polypyrrole/tungsten disulfide was applied for in vivo anticancer drug
release [14]. The design of novel thermoelectric composites can also be mentioned [20].

The applications of polypyrrole salts with tungsten heteropolyacids are again men-
tioned here for the sake of completeness. Polypyrrole doped with silicotungstic acid was
a part of composite for an electromagnetic interference shielding [24]. Polypyrrole salts
with tungsten heteropolyacid have further been tested for oxygen adsorption on catalytic
sites [22] and in photocatalytic removal of pollutant chromium(VI) and organic contami-
nants [25,26]. The corrosion protection of mild steel by polypyrrole was improved by the
introduction of tungstate counterions [23]. Finally, polypyrrole protonated with tungsten
heteropolyacid was used in polymer electrolyte membranes for energy storage devices [27].

Unlike tungsten compounds, however, there are no studies on the core-shell compos-
ites of polypyrrole with tungsten metal. Tungsten has the highest melting point among
metals, 3399 °C, high electrical conductivity, 1.82 x 10° S cm™! (225% of that of silver),
and thermal conductivity, 175 Wm 1K1 (43% of that of silver) at 20 °C. Tungsten is not
ferromagnetic. The present study reports the preparation of composite microparticles
with tungsten core and polypyrrole shell. Both globular and nanotubular morphologies
of polypyrrole have been considered and compared. The composites of microparticles
with metallic conductivity dispersed in a semiconductor matrix are discussed below with
respect to their electrical properties.
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2. Materials and Methods
2.1. Preparation

Tungsten microparticles of average diameter labelled 5 pm (found Dsj 1.31 pm) with
a broad size distribution and purity of 99.95 wt% were supplied by Nanografi, Ankara,
Turkey. Two procedures have been used to prepare core-shell microparticles. The first
was the synthesis of globular polypyrrole using ammonium peroxydisulfate (APS) as
pyrrole oxidant and the second was the preparation of polypyrrole nanotubes with iron(III)
chloride hexahydrate in the presence of methyl orange dye. Various amounts of tungsten
powder (2-8 g) were suspended in 100 mL water containing pyrrole. Then, 100 mL aqueous
solution of oxidant was added under gentle stirring at room temperature. The 200 mL
of reaction mixture contained 0.1 M pyrrole (1.34 g, 20 mmol) and 0.125 M ammonium
peroxydisulfate (5.71 g, 25 mmol) in order to obtain globular polypyrrole or 0. 25 M iron(III)
chloride hexahydrate (13.5 g, 50 mmol) and 8 mM methyl orange (1.6 mmol, 520 mg),
respectively. The polymerisation of pyrrole alone gave 1.404 g of polypyrrole sulfate; the
stoichiometric expectation is 1.78 g in a completely protonated form [28]. After 30 min, the
tungsten microparticles coated with polypyrrole were separated by filtration and rinsed
with water and ethanol to remove any soluble species. The solids were left to dry at ambient
temperature in open air for 48 h.

2.2. Characterisation

A scanning electron microscope (Tescan Vega, Brno, Czech Republic) was used to
display the morphology. The composite composition was evaluated from the mass increase
after pyrrole polymerisation.

ATR FTIR spectra were analysed using a Nicolet 6700 spectrometer (Thermo Nicolet,
Waltham, MA, USA) in the 4000-400 cm ™! range at a resolution of 4 cm~!, 64 scans, and
Happ-Genzel apodization. Raman spectra were registered with a Thermo Scientific DXR
Raman microscope (Thermo Fisher Scientific, Waltham, MA, USA) with a 780 nm laser line.
The scattered light was analysed by a spectrograph with holographic grating of 400 lines
per mm, a pinhole width of 50 um, and the acquisition time was 10s with 10 repetitions.

The resistivity of composites was determined using a four-point van der Pauw method
with a press operating with a cylindrical glass cell 10 mm in diameter [28]. A current
source Keithley 220, a Keithley 2010 multimeter, and a Keithley 705 scanner with a Keithley
7052 matrix card participated in the setup. Powders were compressed with a glass piston
carrying four platinum/rhodium electrodes at the perimeter. The resistivity was recorded
as a function of applied pressure up to 10 MPa (=102 kp cm~2). It was exerted with an
E87H4-B05 stepper motor (Haydon Switch & Instrument Inc., Waterbury, CT, USA) and
registered with an L6E3 strain gauge cell (Zemic Europe BV, Etten-Leur, The Netherlands).
The sample thickness was monitored during the compression with a dial indicator Mitutoyo
ID-5112X (Mitutoyo Corp., Sakado, Japan). The composites could also be compressed at
527 MPa with a manual hydraulic press Trystom H-62 (Trystom, Olomouc, Czech Republic)
to free-standing pellets 13 mm in diameter and 1-1.5 mm thick. The conductivity was
similarly determined by a routine four-point van der Pauw method.

3. Results and Discussion
3.1. Preparation of Composites

In order to prepare the composites that would combine both moieties to produce
inorganic—organic/core-shell microstructures, this is achieved as follows: polypyrrole
was prepared by chemical oxidation in acidic aqueous medium (Figure 1). Polypyrrole
is obtained as a conducting salt, polypyrrole sulfate. Hydrophobic pyrrole oligomers
produced at the early stage of polypyrrole preparation adsorb a dispersed substance, here
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tungsten microparticles, and act as initiation sites for the brush-like growth of polymer
chains (Figure 2). This concept has been checked in the present study to prepare core
tungsten metal microparticles coated with a shell of conducting polypyrrole. Standard
polymerisation of pyrrole yields globular morphology. When carried out in the presence of
methyl orange dye, polypyrrole nanotubes are produced.

- -n

@ - ‘ e ».
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—.

e

W core/polypyrrole shell

Figure 2. The oxidation of pyrrole in the presence of tungsten microparticles yields pyrrole oligomers
at first. They adsorb at tungsten surface and start the growth of polypyrrole chains.

The composition of composites can be calculated from increase in mass after the
preparation. Electrical properties are generally dependent on the volume fraction of
conducting components. Due to the difference in density of both components, 1.5 g cm 3
for polypyrrole and 19.25 g cm 2 at 20 °C for tungsten, which is about equal to the density

of gold, the volume fractions are considerably lower than weight ones (Table 1).

Table 1. Composite yield, weight fraction of tungsten in the composite, w, and corresponding volume
fraction, ¢, depending on mass of tungsten entering the preparation, W, in 200 mL of reaction mixture.

W, g Yield, g w, wt% W @, vol% W
0 (PPy) 1.40 1 1
2 3.40 0.21 0.019
4 5.40 0.74 0.174
6 7.40 0.81 0.240
8 9.40 0.85 0.295

3.2. Morphology

The concept of core—shell morphology is well applicable to microparticles, typically
of the order of micrometres size and larger. In the present case, the size of many tungsten
microparticles falls below 1 um (Figure 3). The thickness of polypyrrole coating is estimated
with the polyaniline analogy to 100-200 nm. The completeness of the coating can be
demonstrated by Raman spectroscopy as well as by microscopy (Figure 4). The last method
also illustrates the globular and nanotubular morphology of polypyrrole deposits. A
comment is relevant: if the metal particles were still smaller than 100 nm, the reversed
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morphology could be observed, i.e., the polypyrrole might be coated with metal particles.
This is not the case here.

(@) (b)

Figure 3. Original tungsten microparticles before polypyrrole coating at (a) lower and (b) higher
magnification. Scale bars 20 um and 5 um.

#

]
| 5,00 kv | 10 000

Figure 4. Tungsten microparticles with deposited polypyrrole: (a) globules and (b) nanotubes (4 g of
tungsten in 200 mL of reaction mixture). Scale bars 10 pm.

3.3. FTIR Spectra

Infrared spectra of globular polypyrrole/tungsten composites are practically identical
with the infrared spectrum of protonated globular polypyrrole regardless of the mass
content of tungsten entering the preparation (Figure 5a). They exhibit the main bands, with
maxima situated at 1688, 1535, 1452, 1287, 1160, 1092, 1030, 962, 774, and 655 cm ™! [29]. The
electrical conduction of the samples is associated with the delocalisation of charge carriers
over the polypyrrole chain, which manifests itself in the spectra by a broad polaron band at
wavenumbers above 2000 cm 1. As expected, the spectrum of tungsten is featureless and
does not exhibit any absorption peak. The small shift of the bands for the highest content
of tungsten corresponds to the background of its spectrum.

Infrared spectra of polypyrrole nanotubes/tungsten composites are identical with the
infrared spectrum of nanotubes alone, regardless of the mass content of tungsten entering
the preparation (Figure 5b). They exhibit the bands with maxima situated at 1510, 1430,
1400, 1273, 1123, 1079, 958, 956, 828, 704, and 640 cm ™! [29]. The spectra of nanotubular
PPy differ from the spectrum of globular PPy; they reflect the presence of methyl orange
that acts as a structure-guiding agent.
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Figure 5. ATR FTIR spectra of (a) globular polypyrrole/tungsten composites and (b) a composite
with polypyrrole nanotubes depending on mass of tungsten entering the preparation, W, per 200 mL
of reaction mixture. MO stands for methyl orange dye [29].

3.4. Raman Spectra

Raman spectra of globular polypyrrole/tungsten composites dependent on tung-
sten mass entering the preparation are very close to the spectrum of protonated globular
polypyrrole (Figure 6a). The maxima of the bands detected in the spectra are situated
at 1589, 1470, 1375, 1310, 1239, 1087, 1047, and 930 cm ™! [30]. The bands of the Raman
spectrum of tungsten are not observed in the spectra of composites. This confirms that the
tungsten particles are well coated by polypyrrole.

Raman spectra of polypyrrole nanotubes/tungsten composites are identical to the
Raman spectrum of polypyrrole nanotubes regardless of tungsten content (Figure 6b). They
exhibit the bands with maxima situated at 1598, 1495, 1379, 1321, 1240, 1082, 1042, and
923 cm ! [30]. The presence of tungsten and methyl orange is not detected in the spectra
of nanotubular polypyrrole due to the resonance enhancement of the Raman spectrum of
polypyrrole when using the 780 nm laser excitation line. The bands of methyl orange may
be observed when using a 532 nm laser excitation line.
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Figure 6. Raman spectra of (a) globular and (b) nanotubular polypyrrole/tungsten composites
depending on mass of tungsten entering the preparation, W, per 200 mL of reaction mixture. MO
stands for methyl orange dye [29].

3.5. Resistivity

The description of the conducing composites often used the mathematical model of
percolation [31-33]. The percolation threshold is a mathematical concept that describes the
onset of long-range connectivity in random systems. Let us have a mixture of conducting
and nonconducting spheres. When the fraction of conducting spheres is low and they are
isolated, the composite is nonconducting. When the volume fraction of conducting objects
@ increases, at some moment, the first conducting pathway is produced by conducting
spheres. This happens at the so-called percolation threshold, ¢o. When the fraction of
conducting objects grows, the conductivity ¢ increases accordingly and follows the relation
o~(@ — @o)~* [31,32] and o = 0; for fractions below the percolation threshold, ¢ < @q
and x is a parameter. The analogous relation holds for the reciprocal conductivity, i.e.,
the resistivity p = (¢ — @p)*. For other systems, the parameter x can be predicted for the
various particle shapes.

The percolation concept can be applied to the electrical characterisation of conducting
powders. In practical systems, the parameter x depends on the particles’ morphology, size
distribution, etc. Conducting powders cannot often be compressed to free-standing objects
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needed for the routine determination of conductivity, and this parameter has to be obtained
after compression at a specified pressure. Needless to say that the conductivity then
depends on the applied pressure and it is not a fixed material parameter. In the present
experiment, conducting polymer powder was placed into a glass tube and gradually
compressed. The degree of compression was monitored by the position of the piston, and
the resistivity was determined as a function of applied pressure. Let us imagine that the
powder in a tube is placed in a free space. This situation corresponds to the “composite”
of powder microparticles at volume fraction ¢; and dispersed in free space simulating
a matrix (Figure 7a). When transferred to ambient conditions, the particles sediment in
gravity and the contacts between the particles create the conducting pathways. Such a
situation resembles the onset of conduction at percolation threshold at ¢, = ¢¢ (Figure 7b).
During the subsequent compression, the volume fraction of conducting phase increases to
volume fraction @3 and conductivity grows (resistivity decreases). The volume fractions
are inversely proportional to the thickness of the sample, d (Figure 7c). The resistivity thus
scales as p~@*~d—*, and the double-logarithmic presentations of resistivity dependence on
sample thickness are expected to be linear.

¢10 L:’}, @

3

C

Figure 7. (a) The system of conducting particles dispersed in free space is nonconducting due to

the absence of sufficient contacts between particles. (b) As they sediment under ambient gravity,
they contact and create the conducting pathways, and the system becomes conducting. (c) After
compression by external pressure p, the fraction of components participating in conduction increases
and the overall conductivity grows.

The above model was applied in the present case to the powders of individual com-
posite components, polypyrrole and tungsten (Figure 8). Physicists prefer to report the
electrical properties in terms of resistivity, while material scientists prefer its reciprocal
value, the conductivity. The authors sometimes switch between these two possibilities and
apologise to the readers for this inconvenience.

Both types of polypyrrole, globular and nanotubular, well satisfy the linearity of
double-logarithmic dependence of resistivity on the sample thickness, i.e., on the degree of
compression, respectively. This means that electrical properties depend on the degree of
compression, and a single value of conductivity/resistivity cannot be assigned to these ma-
terials unless the compression or applied pressure are specified at the same time. The plots
also demonstrate the well-known fact that polypyrrole nanotubes have lower resistivity
than the globular form. The behaviour of metallic tungsten behaviour is more complex.
The nonlinearity of the plot may due to the contact resistances between the individual
particles that would be dependent on the degree of compression (Figure 8).
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Figure 8. The dependence of resistivity on compression, i.e., on the relative sample thickness d/d,
where d) is the thickness at 1 MPa pressure, for the individual components.

In the next step, the similar dependences of the composites, i.e., polypyrrole-coated
tungsten particles, were characterised (Figure 9). At the first impression, it may be surpris-
ing that the introduction of conducting metal particles into semiconducting polypyrrole
has low, even if any, effect on the resistivity. This is explained as follows: tungsten cores
are coated with a polypyrrole shell (Figure 2). When compressed (Figure 7), the tungsten
microparticles become embedded in a matrix of polypyrrole and their mutual contact
is prevented. The tungsten particles cannot thus create conducting pathways; they find
themselves below the percolation threshold. Therefore, they do not contribute to the overall
composite conductivity, which is determined exclusively by polypyrrole matrix. Both types
of polypyrrole coatings of tungsten, globular and nanotubular, display the same trends
(Figure 9a,b); only those with nanotubes have lower resistances.
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Figure 9. Cont.
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Figure 9. The dependence of resistivity on compression, i.e., on the relative sample thickness d/dy,
where dj is the thickness at 1 MPa pressure for the composites with (a) globular polypyrrole and
(b) polypyrrole nanotubes. Numbers 1-8 refer to the grams of W entered per 200 mL of reaction
mixture (Table 1).

The above interpretation is further supported by the unexpected observation that the
composites with higher tungsten metal content have even somewhat lower conductivity
(i.e., higher resistivity). This is due to the fact that conducting tungsten particles behave
as a nonconducting filler (in practice ca. <107® S cm™!), which decreases the volume
fraction of conducting polypyrrole phase and, consequently, the overall composite conduc-
tivity. The analogous behaviour has been found with polypyrrole-coated microparticles of
manganese—zinc ferrite [28].

According to the available information, tungsten metal is stable with respect to oxida-
tion under acidic conditions. In principle, however, the passivation of the metal surface
cannot be ruled out. If present, however, it could affect the electrical properties at the
polypyrrole/tungsten interface and increase the apparent resistivity of the filler.

3.6. Mechanical Properties

The present experimental setup provides also information on the mechanical proper-
ties of powders, i.e., how easily the powder yields to the applied pressure (Figure 10). The
dependences of the relative thickness on the pressure are close to linear for all composite
components. The steeper they are, the fluffier and easier to compress the material is. The
absolute values of slopes were 0.121 for tungsten, 0.276 for globular polypyrrole, and 0.384
for polypyrrole nanotubes and can be regarded as parameters characterising the material
with respect to its specific morphology.

When applied to the composites with tungsten, there is, again, only a marginal effect
of tungsten filler. All composites behave similarly to neat polypyrrole (Figure 11). At higher
tungsten contents, less steep dependences are observed, indicating some material stiffening
at high pressures.
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Figure 10. The relative sample thickness, d/dp, with respect to the thickness dy at 1 MPa pressure as a
function of applied pressure for individual components.
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Figure 11. The relative sample thickness, d/dy, with respect to the thickness dy at 1 MPa pressure as a
function of applied pressure for the tungsten composites with (a) globular polypyrrole and (b) polypyrrole
nanotubes. Numbers 1-8 refer to the grams of W entered per 200 mL of reaction mixture (Table 1).
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3.7. Pressure Dependences of Resistivity

For some applications, the presentation in terms of resistivity dependence on pressure
may be of interest. For both polypyrrole components, the double-logarithmic plots are
linear, with similar slopes 0.679 and 0.687 for globular and nanotubular polypyrrole, respec-
tively (Figure 12). As mentioned above, the behaviour of tungsten alone is more complex.

100
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N
=)
T
r
\‘JJ
7
1
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Resistivity, Q cm
T

54
N
T
1

0.01 £ N .

0.01
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Figure 12. Resistivity of individual composite components as a function of applied pressure.

The electrical properties of composite are shown for the sake of completeness
(Figure 13), just illustrating again the dominating role of polypyrrole. The composites
with nanotubes have lower resistivity compared with globular polypyrrole but, otherwise,
the responses to the applied pressure are similar.

When the powders can be compressed to yield free-standing pellets, the routine
determination of conductivity can be carried using the four-point van der Pauw setup.
The conductivity of globular polypyrrole under 10 MPa pressure and that determined
with a pellet prepared at 527 MPa are close to each other (Table 2). With polypyrrole
nanotubes, however, the pellets had about twice higher conductivity than under 10 MPa
compression. This means that the conductivity of powders should always refer to the
applied pressure. The results again confirm that the presence of tungsten has a negligible
effect on the electrical properties of its core-shell composites with polypyrrole.

Table 2. Conductivity (S cm™1) of globular polypyrrole and polypyrrole nanotubes and composites
with tungsten under 10 MPa pressure or on a pellet prepared under 527 MPa pressure.

Globular PPy PPy Nanotubes
W Content ?
10 MPa Pellet (527 MPa) 10 MPa Pellet (527 MPa)
0 0.244 0.288 144 28.4
1 0.283 0.285 14.5 342
2 0.353 0.418 11.5 19.6
4 0.256 0.347 15.0 36.1
8 0.254 0.335 12.8 27.4

@ Numbers 0-8 refer to the grams of tungsten entered per 200 mL of reaction mixture (Table 1). The higher the
number, the higher the content of tungsten in the composite.
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Figure 13. Resistivity of tungsten composites with (a) globular polypyrrole or (b) polypyrrole
nanotubes as a function of applied pressure. Numbers 1-8 refer to the grams of W entered per
200 mL of reaction mixture (Table 1).

4. Conclusions

Core-shell polypyrrole-coated tungsten microparticles are composites combining an
organic semiconductor with a metallic conductor. When characterised as powders, the
electrical properties, viz. DC resistivity /conductivity, depend on the applied pressure.
The composite conductivity is determined by the polypyrrole matrix. Despite its metallic
conduction, tungsten microparticles behave as a nonconducting filler, and they do not
contribute to the composite conductivity. The conductivity of the composites based on
polypyrrole nanotubes was up to 12-15S cm ™! at 10 MPa, i.e., higher than 0.24-0.35 S cm !
for globular polypyrrole, regardless of the tungsten content.
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