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Abstract

The macroporous conducting polymer cryogels were prepared by the oxidation of aniline hydrochloride in the frozen aque-
ous solutions of poly(vinyl alcohol) at — 24 °C. Corresponding polyaniline aerogels supported with poly(vinyl alcohol) have
been obtained after thawing of cryogels followed by freeze-drying. Silver was deposited on the composites using the ability
of polyaniline to reduce silver ions after the immersion in silver nitrate solutions. Swollen cryogels were coated only on the
surface with macroscopic silver particles due to the closed-pore structure in cryogels and limited penetration of silver ions
into macropores. The diffusion of silver ions to freeze-dried aerogels was better and further improved by vacuum treatment.
Silver microcubes were produced in the pores, the weight fraction of silver in dry composites being typically several per
cent, a maximum 13 wt%. The conductivity of the aerogels compressed to pellets depended on the processing and the highest
value was 0.27 S cm™!. The aerogels containing silver were characterized in detail with Raman spectroscopy.
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Introduction

The composites of conducting polymers, such as polyani-
line (Stejskal et al. 2010), and noble metals have often been
reported in the literature as the way to combine the organic
semiconductors and metals (Han et al. 2017a). Among them,
those with silver have been investigated most frequently (Ste-
jskal 2013). Such composites failed to display the expected
high conductivity, because metal nanoparticles could not
produce the efficient conducting pathways at reasonably low
metal contents. The special types of composites with the
conductivity independent over a broad temperature range
could be of some interest (Bober et al. 2011). In general,
however, applications that do not require high conductivity
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are oriented to analytical detection and sensors (Wang et al.
2013; Rahman et al. 2016; Zhang et al. 2016; Pande et al.
2017; Pandey et al. 2017; Wang et al. 2017a; Xu et al. 2017),
antibacterial compositions (Hou et al. 2016; Marakova et al.
2017; Salam et al. 2017; Zhao et al. 2017), electrocatalysts
(Yi et al. 2014), photocatalysts (Wang et al. 2017b), and
energy-conversion devices (Pan et al. 2016; Tang et al. 2016;
ul Haque et al. 2017).

There are three ways how to prepare polyaniline/silver
composites (Stejskal 2013; Bober et al. 2014): (1) by the
mixing of both components (Khan et al. 2016; Xu et al.
2017); (2) by the oxidation of aniline with silver ions in
aqueous medium (Wang et al. 2013; Ma et al. 2016; Saleh
et al. 2016); and (3) by reduction of silver ions with polyani-
line (Trchova and Stejskal 2010; Pan et al. 2016; Marakova
et al. 2017). The composites were obtained as powders. For
the specific applications, however, another component has
been introduced to provide the utility properties, and carbon
nanotubes (Tang et al. 2016; Salam et al. 2017), inorganic
oxides (Pan et al. 2016), textiles (Marakova et al. 2017),
or membranes (Zhao et al. 2017) might serve as examples.

Conducting hydrogels (Stejskal 2017) represent new
class of conducting materials that have been recognized
especially for their applications in biomedicine (Guiseppi-
Elie 2010). The preparation of novel type, macroporous
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polyaniline cryogels supported with poly(vinyl alcohol),
has recently been emerged (Stejskal et al. 2017). Such
composite material is tested as a support for the deposi-
tion of silver in the present communication.

Experimental

Preparation of polyaniline-poly(vinyl alcohol)
cryogel and aerogel

Polyaniline/poly(vinyl alcohol) cryogels have been pre-
pared by oxidation of 0.2 M aniline hydrochloride (Penta,
Czech Republic) with 0.25 M ammonium peroxydisulfate
(Lach-ner, Czech Republic) in 5 wt% aqueous solution
of poly(vinyl alcohol) (PVAL; Mowiol 10-98, Sigma
Aldrich; M, = 61,000; 5 wt% PVAL = 1.14 M of PVAL
constitutional units). Each reactant was dissolved sepa-
rately in 5 wt% aqueous solution of poly(vinyl alcohol).
Both solutions were mixed and the mixture was imme-
diately sucked into a plastic syringe, quickly frozen in
solid carbon dioxide/ethanol suspension, and then left
in a freezer at — 24 °C for 5 days to polymerize. After
polymerization took place, the syringes were removed
from freezer and the content was left for 3 h to thaw at
room temperature. The cryogels were then removed from
the syringe, and immersed in excess of water for 2 weeks
to remove any residual reactants and by-products. They
contained ca 2 wt% polyaniline, 5 wt% PVAL, and 93 wt%
water (Stejskal et al. 2017). The aerogels were prepared by
freeze-drying of cryogels for 24 h in a CoolSafe Pro (Scan-
vac, Denmark). The aerogels were composed of ca 58 wt%
polyaniline and 42 wt% of PVAL (Stejskal et al. 2017).
The content of polyaniline may somewhat vary depending
on the degree of protonation.

Reduction of silver ions by polyaniline

Silver ions are reduced by polyaniline to metallic silver
(Fig. 1). The swollen cryogels or aerogels were immersed
in silver nitrate solutions in 1 M methanesulfonic acid for
5 days at room temperature. In the case of aerogels, the
samples immersed in the solution were either left at rest
for 2 weeks or they were placed for 30 min into rotational
evaporator and the air pressure was reduced to remove air
from aerogels and to allow for faster penetration of silver
nitrate solution inside. The resulting composite hydro-
gels were then transferred to water, and after exhaustive
removal of residual silver nitrate and methanesulfonic
acid, they were freeze-dried.
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Fig. 1 Polyaniline salt in emeraldine oxidation state reduces silver
nitrate to silver metal and at the same time becomes oxidized to pern-
igraniline. A™ is an arbitrary anion, here mainly methanesulfonate,
CH;SO;™

Characterization

Electron scanning micrographs have been taken using a
JEOL 6400 microscope. The DC electrical conductivity was
determined by van der Pauw method on pellets of a 13 mm
diameter and 1 + 0.2 mm thickness prepared with a manual
hydraulic press Trystom H-62 at 70 kN. The silver content
was determined as a residue in thermogravimetric analysis
(TGA) performed in 50 cm® min~! air flow at the heating
rate of 10 °C min™! to 800 °C with a Pyris 1 Thermogravi-
metric Analyzer (Perkin Elmer, USA).

Raman spectra were recorded with a Renishaw InVia
Reflex Raman microspectrometer. The spectra were excited
with argon-ion 514 nm and near-infrared diode 785 nm
lasers. A research-grade Leica DM LM microscope with
50x objective magnification was used to focus the laser
beam. The scattered light was analyzed with a spectrograph
using holographic gratings 2400 and 1200 lines mm™!,
respectively. A Peltier-cooled charge-coupled detector
(576 x 384 pixels) registered the dispersed light. The spectra
were recorded with the highest power that still did not alter
the sample by heating. Polyaniline aerogels were analyzed
with a 514 nm laser excitation line or, pressed in pellets,
with a 785 nm laser.

Results and discussion
Preparation of cryogels and aerogels

The preparation of polymer cryogels (Stejskal et al. 2017) is
based on the polymerization of a suitable monomer, here
aniline hydrochloride, in frozen reaction mixture, i.e., in
ice (Konyushenko et al. 2008), in the presence of support-
ing water-soluble polymer. A typical reaction mixture thus
contains a monomer, ammonium peroxydisulfate oxidant,
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and poly(vinyl alcohol) dissolved in water. When the aniline
oxidation proceeds in the liquid state at room temperature,
submicrometre colloidal polyaniline dispersions stabilized
with poly(vinyl alcohol) are produced (Stejskal et al. 1996;
Wang et al. 2017c). When the same reaction was carried out
in solid ice, the composite cryogel was produced instead
(Stejskal et al. 2017). During the freezing, the generated ice
crystals expel the solutes, which concentrate in the coexist-
ing liquid phase between the crystals (Lozinsky and Okay
2014). The polymerization in the space between the crystals
produces a gel framework. After thawing, the melted ice
crystals are responsible for the macropores filled with water.
Such scenario anticipates that the cryogels will have a pre-
dominating closed-pore structure. Cryogels can be prepared

I

Fig.2 a Swollen cryogel and b freeze-dried aerogel. The scale is in
centimetres
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in any shape depending on reaction vessel, e.g., in polyeth-
ylene syringes (Fig. 2). After freeze-drying, the so-called
aerogels are produced. They are macroporous with the pores
sizes in tens of micrometre range (Fig. 3).

Silver deposition on cryogels

Polyaniline in cryogels supported with poly(vinyl alcohol)
has been used as a reductant of silver ions in 1 M meth-
anesulfonic acid (Fig. 1). This acid was selected, because
it does not precipitate silver ions unlike most of inorganic
ones. Molar concentrations of silver nitrate have been varied
from 0.001 to 0.1 M. The water-swollen cryogels obtained
after preparation (Fig. 2) have been immersed in the silver
nitrate solutions. Silver, however, was deposited in negligi-
ble amount only on the cryogel surface as particles tens of
micrometres in size, which were identified at back-scattered
electron images (Fig. 4). This reflects the fact that the cryo-
gel is composed of closed macropores which do not allow
for the efficient penetration of silver nitrate solution into the
interior of cryogel.

Silver deposition on aerogels

For above reason, the air-dried cryogels, aerogels, have
been used in subsequent experiments. It was expected that
the freeze-drying would enhance the accessibility of poly-
aniline phase to silver ions, because during this procedure,
the cryogels were again frozen and newly formed ice crys-
tals might alter the existing macroporous structure. It was
indeed observed that silver nitrate solution penetrated the
aerogel, but the process was still relatively slow, and it
took several days before the aerogel submerged. The silver

b, TN
Pressure

2000x/7.4 mm|[10.0 kVILFD| 3.0 |66.00 um| 80.0 Pa 787-PVA/61-5%-1

Fig.3 Scanning electron micrographs of aerogel taken at lower (left) and higher magnifications (right)
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Fig.4 Secondary electrons (left) and back-scattered electrons micrographs (right) of polyaniline/poly(vinyl alcohol) cryogels after reduction of
0.01 M silver nitrate

was obtained in relatively uniform microcubes of ca 1 pm  typical edge size being ~ 100 nm (Ashkarran et al. 2016;
edge (Figs. 5, 6). Much smaller silver nanocubes have Zhou et al. 2016; Han et al. 2017b; Sarkar and Das 2017).
often be produced during the reduction of silver ions, the In the next series of experiments, the aerogel sus-

pended in the silver nitrate solution was placed into

Fig.5 Micrographs of polyani-
line/poly(vinyl alcohol) aerogels
after reduction of 0.01 M (a, b)
and 0.1 M silver ions (¢, d). Left
column depicts the outer and
right column the central part of
the aerogel
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Fig.6 Detailed views of silver cubes

rotational evaporator, and the pressure was reduced to  suggest that a fraction of pores was still not accessible to
release the air bubbles from the aerogel. Using this proce-  silver nitrate. The silver microcubes were also obtained
dure, the aerogel was penetrated with the solution within  in this case (Fig. 7).

ten of minutes. The results reported below nevertheless

Fig.7 Micrographs of vacuum-
treated polyaniline/poly(vinyl
alcohol) aerogels after reduction
0of 0.01 M (a, b) and 0.1 M
silver ions (¢, d). Left column
depicts the outer and right
column the central part of the
aerogel
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Silver content

Thermogravimetric analysis has been used for the deter-
mination of silver content as the residue (Fig. 8). It was
observed for some aerogels that the mass started to increase
above 670 °C, probably due to the oxidation of silver. It has
to be stressed that the analysis must not be made in inert
atmosphere when polyaniline would be carbonized (Trchova
et al. 2009; Rozlivkova et al. 2011a) and the residual mass
would be considerably higher. The amounts used by this
method are small, % 10 mg, and it is often not possible to
select a representative part in macroscopically non-uniform
samples. For that reason, the silver contents display a sig-
nificant scatter. The aerogels with deposited silver particles
had improved thermal stability.

The composition of aerogels calculated from nitrogen
content determined by elemental analysis revealed 58 wt%
of polyaniline, the rest being poly(vinyl alcohol) matrix (Ste-
jskal et al. 2017). By assuming the stoichiometry according
to Fig. 1, 1 g of polyaniline should generate 0.6 g of silver.
If all polyaniline in the aerogel were used in simple immer-
sion for the reduction of silver ions, the resulting composite

100 T T T T T T T
80} g
Original Vacuum
= 6ol aeroget—— treated
2
5
< 40f 4
= Simple
20k immersion i
O 1 1 1 1 1
200 400 600 800
Temperature’C

Fig.8 Thermogravimetric analysis of original aerogel, and of freeze-
dried aerogels that were simply immersed in 0.01 M silver nitrate
solution or with prior vacuum treatment

would contain 0.58 g polyaniline, 0.42 g poly(vinyl alcohol),
and 0.35 g silver, i.e., the silver content would be 25.8 wt%.

The silver contents found in TGA amount to a few per
cent for a simple immersion of aerogels into silver nitrate
solutions (Table 1). In the case of vacuum-treated aerogels,
the silver content was significantly higher, but still has not
reached the expected value. The difference is explained by
incomplete accessibility of polyaniline in micropores to the
silver ions.

Conductivity

Conductivity is important parameter of conducting poly-
mers. In the case of aerogels, it is not easy to determine
its true value, due to partial deprotonation of cryogels in
water before freeze-drying; the presence of acid would be
harmful to the freeze-drier. Both aerogel and vacuum-treated
aerogel had different values of conductivity, which is con-
nected to porosity type. The results indicate that the pores in
vacuum-treated aerogels were more easily penetrated with
water, the deprotonation process was more advanced, and
the conductivity was reduced accordingly (Table 1). For that
reason, to compare the conductivities of resulting aerogels
with silver, the values have been normalized to silver-free
aerogel. At low concentration of silver nitrate, the conduc-
tivity increased even two orders of magnitude for vacuum-
treated aerogels (Table 1) due to silver generation. At higher
concentration of silver nitrate, the decrease in conductivity
was observed due to oxidation of conducting emeraldine
form of polyaniline to non-conducting pernigraniline.

Raman spectra

The optical micrographs of aerogels containing silver dis-
play the bright and dark regions (Fig. 9). We suppose that
bright regions are associated with polyaniline close to silver
particles. Only the vacuum-treated series has further been
characterized by Raman spectra recorded in bright and dark
regions.

Raman spectra of polyaniline aerogels have been ana-
lyzed using a laser excitation line 514 nm at first (Fig. 10). It
is known that Raman spectrum of polyaniline salt recorded

Table 1 Silver

. [AgNO;], Simple immersion Vacuum treated
content determined by mol L]
thermogravimetric analysis, wt% Ag 6 (Scm™) olo wt% Ag 6 (Sem™) olo
the conductivity of pellets, o,
prepared by the compression 0 - 3.0x 107 1 - 2x 107 1
of composites and its 0.001 2.69 2.7x 1072 9.0 13.4 2.6 x 107 130
relative increase o/o; after 0.005 5.66 19x 107! 63 11.0 2.8 % 1073 140
exposure of aerogels to silver o 3
nitrate solutions with molar 0.01 5.61 4.1 x 10 140 10.9 2.7x 10 135
concentration, [AgNO;] 0.05 5.38 23x 1072 7.7 11.6 1x 107 0.5

0.1 7.34 2.7x 107! 90 4.38 3% 1078 0.001
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Fig.9 Optical micrographs of polyaniline/poly(vinyl alcohol) aerogel
prepared by immersion in 0.001 M silver nitrate and drying before
(top) and after compression into a pellet (bottom)

at this excitation line is in resonance with the “reduced”
units (with the energy of transitions in benzenoid units).
Raman spectra taken at bright regions differ from the spectra
corresponding to dark regions (Fig. 10a). The former are
close to the spectra of the standard polyaniline film (Stejskal
and Sapurina 2005) deposited in situ on silicon (Fig. 10b).
The most pronounced band at 1620 cm™! corresponds to the
C—C-stretching vibrations of the benzene ring. We observed
other bands typical of polyaniline salt films which have pre-
viously been described (Rozlivkova et al. 201 1b; Moravkova
et al. 2012; Trchova et al. 2014). In some cases, they are
strongly enhanced due to the resonance effect on silver par-
ticles, which may cause the burning of sample (the spectrum
for 0.01 M silver nitrate in Fig. 10a).

The Raman spectra at dark regions taken with a 514 nm
laser resemble the Raman spectrum of standard polyaniline
film heated to 100 °C (Fig. 10b). The spectra were trans-
formed to that of the deprotonated form of polyaniline

---1620
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520

M7

AgNO, [M] =

bright 0.005

Intensity

PANI film on Si

dark 0.01M

PANI film on Si, 100 °C

| M N 1 l.. : :1 !
1500 1000 500
Wavenumber, cm™

1

2500 2000

Fig. 10 a Raman spectra of polyaniline aerogels immersed in solu-
tion of silver nitrate of various molar concentrations, [AgNOs]. Spec-
tra were recorded in bright and dark regions of samples. b Compari-
son of Raman spectra of samples immersed in solution of 0.005 and
0.001 M silver nitrate in bright and dark regions with the spectra of
polyaniline standard films (Stejskal and Sapurina 2005) deposited
in situ on silicon support at ambient temperature and after heating at
100 °C. Laser excitation line was 514 nm

(Moravkova et al. 2012). Especially, the peak situated at
1620 cm™! was reduced to a shoulder of the band with
maximum at 1595 cm™!, which corresponds to the C=C-
stretching vibrations of the quinonoid rings. The broad band
of C=N-stretching vibrations in quinonoid units observed at
1480 cm™! is present in the spectra (Fig. 10). We conclude
that the samples are deprotonated after washing in water in
dark regions. The transformation into pernigraniline form of
polyaniline cannot be excluded.

Polyaniline aerogels compressed into pellets for con-
ductivity measurements were analyzed with a laser exci-
tation line 785 nm (Fig. 11). Using this excitation wave-
length, various semiquinone cation-radical structures
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Fig. 11 a Raman spectra of polyaniline/poly(vinyl alcohol) aerogels
after immersion in solutions of silver nitrate of various concentra-
tions, freeze-drying, and pressing into pellets. Spectra were recorded
in bright and dark regions of samples. b Comparison of Raman spec-
tra of samples before and after immersion in solution of 0.1 M sil-
ver nitrate and recorded in dark region with the spectrum of the first
product of aniline oxidation deposited on silicon. Laser excitation line
was 785 nm

assigned to the C~N** vibrations of polaronic sites should
be in resonance with the energy of incident radiation. We
have previously demonstrated that before immersion in
silver nitrate solution, the Raman spectra of polyani-
line aerogels were also for this laser excitation line very
close to the Raman spectrum of standard polyaniline film
(Moravkova et al. 2012; Trchova et al. 2014; Stejskal et al.
2017). We conclude that polyaniline was generated on the
surface of poly(vinyl alcohol) skeleton during aniline oxi-
dation, and as a consequence, its molecular structure is
close to the molecular structure of thin polyaniline films.
The contribution of supporting poly(vinyl alcohol) to the

@ Springer

surface-sensitive Raman spectra has not been observed
(Stejskal et al. 2017).

In the Raman spectrum of original aerogel taken
before immersion in silver nitrate and pressed into pellet
(Fig. 11b), we find a sharp peak at 1635 cm™' (connected
with the formation of crosslinked units with phenazine-
like structure or benzoquinonediimine mixed with C-C-
stretching vibrations of the benzenoid ring), the band at
1590 cm™! (C=C-stretching vibrations in the oxidized
quinonoid units), with a shoulder at 1570 cm™!' (C-C
vibration in the quinonoid ring of pernigraniline and pseu-
domauveine base-like units), the broad band with maxima
at 1526 and 1492 cm™! (the last is associated with the
C=N-stretching vibrations in quinonoid units). The band
at 1346 cm™! is attributed to the C~N** vibrations of delo-
calized polarons. Benzene- and quinone-ring-deformation
vibrations are associated with the band at 1255 cm™".
The strong peak at 1172 cm™! corresponds to the C—H-
bending vibrations of the semi-quinonoid ring. It has a
shoulder located at 1195 cm™!. In the low-wavenumber
region, we observe the bands with local maxima at 877,
810, 738, 716, 655, 590, 520, 438, 417, and 393 cm™! that
correspond to the various ring-deformation vibrations and
crosslinked oligomeric structures observed with this exci-
tation. The spectrum slightly differs from the spectrum
of thin polyaniline films deposited on silicon (Moravkova
et al. 2012; Trchova et al. 2014) after pressing of aerogel
into a pellet.

Raman spectra of aerogels after immersion in silver
nitrate solutions and pressed into pellet dramatically
changed (Fig. 11a). A typical spectrum taken in the dark
region of the sample immersed in 0.1 M silver nitrate is
compared with the spectrum of sample before immer-
sion, is shown in Fig. 11b. The peak at 1635 cm™! disap-
peared. The band observed earlier at 1590 cm™" shifted to
1605 cm™! and a shoulder at 1622 cm™! appeared in the
spectrum. Two maxima situated at 1526 and 1492 cm™!
merged into a new strong band with a maximum at
1510 cm™!. A new strong band at 1385 cm™! with a shoul-
der at about 1335 cm™~! appeared in the spectrum. The
former has also been detected in the spectra of oligomeric
products, isolated after first exothermic phase of the oxi-
dation of aniline (Moravkova et al. 2012) (oligomers in
Fig. 11b), where it has been assigned to the C~N"* vibra-
tions of more oxidized and localized polarons band. The
bands at 1220 and 1175 cm™! of C-N and C-H vibra-
tions of quinonoid structure are found in the spectrum.
The bands in the low-wavenumber region have slightly
changed after immersion in the solution of silver nitrate.
The observed Raman spectrum also exhibits some features
of the Raman spectrum of N,N’-diphenyl-1,4-phenylenedi-
amine (Quillard et al. 1994; Boyer et al. 1997).



Chemical Papers (2018) 72:1619-1628

1627

Conclusions

Polyaniline-based cryogels represent a novel type of
soft macroporous conducting materials. The immersion
of swollen polyaniline/poly(vinyl alcohol) cryogels into
aqueous solutions of silver nitrate led only to the limited
reduction of silver ions to silver at the cryogel surface.
This is due to the closed macropores and restricted pen-
etration of silver ions to gel interior.

The immersion of freeze-dried cryogels, i.e., aerogels,
into silver nitrate solution led to more efficient generation
of silver in a form of microcubes due to the partial opening
of pores. The silver content still increased when the pen-
etration of silver nitrate solution was enhanced by vacuum
treatment. The maximum silver content was 13 wt%, i.e.,
about one half of the stoichiometric expectation.

The conductivity assessment was complicated by the
deprotonation phenomena in polyaniline associated with
the cryogel processing. As the concentration of silver
nitrate increased, the conductivity also increased due to
the produced silver at first. Later, the oxidation of con-
ducting emeraldine form to non-conducting pernigrani-
line predominated, and the conductivity decreased again.
Raman spectra revealed the heterogeneous structure of the
composite material.
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