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Abstract: The incorporation of nanoparticles on polymer films is possible to obtain materials with
desired properties. In the present work, we address the physical-chemical influence of nanoparticles in
polymer films by producing and characterizing polyaniline hybrids with SiO2 and Au nanoparticles and
comparing them with films with TiO2 nanoparticles. The hybrid films were characterized by SEM, EDS,
UV-Vis, AFM, Raman, and cyclic voltammetry. Unlike TiO nanoparticles, SiO, and Au nanoparticles
do not promote any noticeable change in polyaniline oxidation state in less acid environments (pH 5.9
and 6.15). However, in those environments, the presence of nanoparticles significantly increases the
film's conductivity. At a pH of 1.5 and 3.9, all three kinds of nanoparticles are screened by ions from
the solution diminishing their physical-chemical effects on polyaniline. Thus, our results suggest that,
in general, nanoparticles don't have any physical-chemical effects on polyaniline films when deposited
in acid enough environments but can change their physical and chemical properties when deposited in
less acid environments.
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1. Introduction

Polyaniline (PANI) is a conductive polymer with a differentiated doping mechanism
that occurs by protonation, whereas in other polymers, such as intrinsically conducting
polymers, it occurs by oxidation or reduction [1-3]. Besides, PANI exhibits good stability in
the air in doped and undoped states [4,5]. Another important advantage of PANI over other
conductive polymers is the ease of film synthesis and processing. For these reasons, this
material has great potential for several applications, especially in the electronic area [6-24]. For
example, studies on applying polyaniline in low-cost photovoltaic organic cells have been
previously reported [25,26].

Furthermore, the incorporation of nanoparticles in polyaniline films could be a way to
improve desired properties, such as conductivity, leading to new materials and technology. For
instance, hybrids of PANI and gold nanoparticles were used as biosensors to detect glucose
levels [27,28]. In another work, hybrid films of polyaniline and titanium dioxide nanoparticles
were used to coat aluminum alloys, presenting lower current density (two orders of magnitude)
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than nanoparticle-free films. Therefore, aluminum alloy showed an increase in corrosion
resistance [29]. The literature also reports incorporating silver nanoparticles in polyaniline,
which promotes improvement in electrical conductivity compared to pure PANI [30].

Electrodeposition is a cheap and versatile technique that allows the production of a wide
variety of films and coatings [31-34], including films incorporating nanostructured materials
[35,36]. A few years ago, some of the authors [36] reported the production of hybrids of
titanium dioxide nanoparticles and PANI films using pulsed electrodeposition at different pHs
(at pH 1.5, 3.9, and 5.9). At pH 5.9, the TiO2 nanoparticles significantly influence film
characteristics; for instance, the current density of PANI films increases in one order of
magnitude because of the TiO> incorporation of nanoparticles. On the other hand, at low pH
(1.5), nanoparticles have negligible effects on all observed film properties. The observed
differences in the effects of nanoparticles on films deposited at low and high pH were ascribed
to the screening of the charged TiO2 nanoparticles by opposing sign ions in the low pH solution.
Such a screening mechanism prevents the physical contact between nanoparticles and
polyaniline monomers and, therefore, diminishes the physical effects (such as charge transfer
and formation of PANI/nanoparticle heterojunctions) and chemical effects (such as changes in
PANI oxidation states) of nanoparticles on PANI films at low pH. Thus, the following question
arises: how specific for TiO2 nanoparticles is the behavior described above? In other words,
can the observed behavior, at least in part, be generalized to any other nanoparticles? To answer
this question, we have performed further studies on the influence of SiO2 and Au nanoparticles
when incorporated in PANI films. The referred nanoparticles were incorporated into
electrodeposited polyaniline films at different pH (1.5, 3.9, 5.9, and 6.15). Morphological,
optical, and electrical properties were investigated, and the results are explained in terms of
physical and chemical interactions.

2. Materials and Methods

2.1. Deposition of PANI films.

PANI films were pulsed electrodeposited on an indium-tin-oxide (ITO — Delta
Technologies Corporation) glass substrate (specific resistance: 4-8 W/square). ITO glass
substrates were cleaned with detergent (Aquet — Bel Art), acetone, alcohol, and bidistilled
water, respectively. A final cleaning procedure included the immersion of the substrates in a
20% v/v ethanolamine solution at 80 °C for 20 minutes and washed with bidistilled water.
During the cleaning procedure, the substrates were dried with nitrogen gas.

The electrodeposition setup and conditions were performed as described previously by
our group [36]. In brief, the pulsed depositions were carried out at 1.1 VSCE for 15 min and a
pulse frequency of 0.1 Hz. Electrodeposition solutions were composed of aniline (0.1 M;
Sigma Aldrich) and H.SO4. The pH of the electrodeposition solution was adjusted by dropping
H2SO; in the solution until the desired pH was reached. To produce PANI/SiO; hybrid films,
SiO2 nanoparticles (Sigma Aldrich, Mw = 60.08 g mol—1, particle size 10-20 nm) were added
to electrodeposition solution with a concentration of 0.025 M at different pH. In addition, our
group synthesized gold nanoparticles at pH 6.15 were added to electrodeposition solution to
produce PANI/Au hybrid films.
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2.2. Synthesis of Au NPs.

Citrate-stabilized gold nanoparticles (Au NPs) with the size of around 10 nm have been
synthesized. The excess of sodium citrate during nucleation with tannic acid has to play a
leading role in forming a high number (7x1013 NP/mL) of small seeds with a very narrow
distribution. We use this method to obtain Au NPs with good control sizes around 6-10 nm
with versatile syntheses conditions, allowing studying the optical properties of nanoparticles
in this size regime.

The synthesis method was obtained using Piella synthesis with some modifications
[37]. Briefly, the synthesis was performed by injecting 1 mL of HAuCI4 (25 mM) into a mixed
solution of 0.1 mL of tannic acid (2.5 mM) containing 150 mL of sodium citrate (2.2 mM) at
70 °C. The solution changes from light yellow to red-violet, indicating the formation of Au
NPs.

2.3. Characterization of PANI films.

2.3.1. Scanning electron microscopy and energy dispersive spectroscopy characterization.

Scanning Electron Microscopy (SEM) images and energy dispersive spectroscopy
(EDS) analysis was carried out in a Vega3 Tescan at an acceleration voltage of 25 kV. The
conductivity of the PANI films was ensured by the deposition of gold conducting coatings.

2.3.2. Optical absorption spectra characterizations.

Optical absorption spectra were acquired using a UV-1800 (SHIMADZU)
spectrophotometer over a 190-1100 nm wavelength range.

2.3.3. Atomic force microscopy characterization (AFM).

To AFM characterization, we used a Bruker MultiMode 8 SPM, in the intermittent
contact-imaging mode. Si cantilevers (from Nanosensors), with spring constants of 10 — 130
N/m and a tip radius of curvature ~10 nm, were employed throughout the study for sample
imaging.

2.3.4. Raman spectroscopy characterization.

Raman spectra were recorded with WITec's Raman microscope alpha300 with the
excitation wavelength of 532 nm. The laser power was kept at 0.5 mW.

2.3.5. Electrochemical characterization.

Cyclic voltammetry curves of films electropolymerized at different pH, for instance,
pH 1.5, 3.9, 5.9, and 6.15, were performed to evaluate the films' electrochemical behavior.
Experiments were performed in a 0.1 M H2SO4 solution to compare the electrochemical
activity of film obtained at different pHs. The potential was cycled between -0.4 VSCE and
0.8 VSCE at a scan rate of 0.01 V/s by using a PGSTAT 128N potentiostat/galvanostat
(Metrohm-Autolab).

https://biointerfaceresearch.com/ 5998


https://doi.org/10.33263/BRIAC125.59966009
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.59966009

3. Results
3.1. SEM and EDS.

It is possible to view larger clumps in PANI films deposited at pH 1.5 (Figure 1 (a))
when compared to films at pH 3.9 and 5.9 (Figure 1 (b)) and Figure 1 (c), respectively).
Probably, such larger clumps are due to the larger amount of deposit, which is consistent with
visual observations and AFM measurements that show greater amounts of deposited
polyaniline as the pH becomes more acid. The morphology of the PANI films at pH 3.9 (Fig.
1 (b)) reveals that small clumps covered the surface, and the morphology of PANI films
deposited at pH 5.9 (Figure 1 (c)) shows irregularly shaped clumps. The influence of pH can
be observed through the morphology of the films; however, SEM images do not provide
evidence of the presence of SiO2 and Au nanoparticles due to technique resolution, as has been
previously reported by our group [36].
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Figure 2. EDS spectra of PANI/SiO; hybrid films deposited at different pH: (a) 1.5; (b) 3.9; (c) 5.9.

Let us now discuss the composition of films with nanoparticles incorporation deposited
at different pHs. Figure 2 shows the composition of the PANI films with SiO2 nanoparticles
plus the composition of the substrate, which is composed of an indium tin oxide (ITO) coating
onto the glass. Besides being responsible for the large Si peak, the used glass is also responsible
for the Al and, Ca peaks shown in all panels; Al is used as a stabilizer, and Ca is used to
decrease the glass melting point. The most remarkable characteristics of those spectra,
however, are the presence of a noticeable S peak in panel (a), a less intense S peak in panel (b),
and the absence of S in panel (c). The only possible source of S atoms is the SO42 anions
originated from the electrolyte solution and, as will be further discussed in the text, such a
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result gives strong support to the hypothesis that nanoparticles become charged and screened
by opposing sign ions from electrolyte before being incorporated into the PANI film.

3.2. UV-Vis spectroscopy.

The UV-Vis spectrum of PANI is greatly dependent on the oxidation state. In order to
verify the effects of nanoparticles and pH on the oxidation state of PANI films, we have also
performed UV-Vis spectroscopy characterization. Figure 3 exhibits the absorption spectra of
the PANI films with and without incorporation of (a) SiO2 nanoparticles at pH 1.5, 3.9, and 5.9
and (b) Au nanoparticles at pH 6.15.
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Figure 3. UV-Vis absorption spectra of PANI films with and without incorporation of ((a) SiO, and (b) Au)
nanoparticles deposited at different pH.

Films electrodeposited at pH 1.5 (Figure 3 (a)) show a distorted absorption band
between 300 nm and 450 nm. The overlap of two peaks explains such distortion, one occurs
around 300 nm, which may be related to the n-n* transition in the benzene ring structure [38-
43]; and another one between 410-440 nm, which is related to the polaron-n* transition [36,44-
49]. It also exhibits an absorption band between 650-800 nm, which can be attributed to the n-
polaron transition [36,40-43]. According to the literature, the oxidation state of PANI film
obtained at more acid electrodeposition solutions (pH 1.5) is emeraldine salt (doped state)
[33,36,40,41].

Films electrodeposited at pH 3.9 (Fig. 3 (a)) have two bands, one around 368 nm and
one approximately 575 nm, which are assigned to the n-n* transition [44,50,51] and Pierls
transition [41,44,52], respectively. According to the literature, the oxidation state of PANI film
obtained at pH 3.9 is the pernigraniline form of PANI (oxidized form) [38,41,47]. The same
optical behavior is observed for PANI films electropolymerized at pH 5.9 (Figure 3 (a)).
Similar results were previously reported by our group [36].

The addition of SiO nanoparticles to PANI at different pH (see Figure 3 (a)) does not
promote any significant changes in polyaniline's optical properties or oxidation state. The same
happens for Au nanoparticles incorporated at a pH of 6.15 (see Figure 3 (b)). According to the
literature, films produced at lower pH, like pH 1.5, are composed of emeraldine, while films at
higher pH (3.9, 5.9, and 6.15) are composed of pernigraniline form PANI [38,41,47].
Therefore, it is found that neither gold nanoparticles nor silicon dioxide nanoparticles, no
matter the electrodeposition solution pH, cause changes in the polyaniline oxidation state. In
particular, it has been shown [36] that incorporating TiO2 nanoparticles in PANI films at pH
https://biointerfaceresearch.com/ 6000
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5.9 changes the oxidation state of the polymer. Films electrodeposited at pH 5.9 were composed
of pernigraniline, while the addition of TiO> promotes an expressive change in the oxidation
state of PANI, turning it to a doped state (emeraldine). Such results are confirmed by means of
Raman measurements, and further discussion will be made elsewhere in the text.

3.3. Raman spectroscopy.

For the sake of comparison and completeness, we also performed Raman spectroscopy
characterization on PANI films deposited at different pHs (1.5, 3.9, 5.9, and 6.15) with and
without SiO2 and Au nanoparticles incorporation. Figure 4 shows representative Raman spectra
acquired from the same films discussed earlier. Spectra in Figure 4 were taken from PANI
films with and without incorporation of SiO. nanoparticles at pH 1.5 (Figure 4 (a)), pH 3.9
(Figure 4 (b)), and pH 5.9 (Figure 4 (c)), as well as those from PANI films with the
incorporation of Au nanoparticles at pH 6.15 (Figure 4 (c)). Spectra obtained in different
regions of PANI films showed the same spectral signatures, indicating homogeneity in the
electrodeposited films. This behavior was observed for all the PANI films produced in this
work.
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Figure 4. Raman spectra of PANI films electrodeposited at different pH with and without incorporation of SiO»
and Au nanoparticles. Representative Raman spectra acquired from PANI films: (a) pH 1.5 without and with
SiOz. (b) pH 3.9 without and with SiO.. (c) pH 5.9 without and with SiO,, and pH 6.15 with Au. The peak at

482 cm-1 in panel (c) came from ITO glass, and the other peaks are described in Table 1.

Analysis of the spectral features in Figures 4 (a), (b), and (c) show no noticeable effect
of the nanoparticles on the molecular structure of PANI films, so as observed with UV-Vis
measurements. Raman spectroscopy indicates that depositions at pH 1.5 (Fig. 4 (a)) may
produce films composed of emeraldine, while depositions at pH 3.9 and 5.9 may produce films
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composed of pernigraniline (Fig. 4 (b) and (c)), these aspects of Raman spectroscopy confirms
UV-Vis results. Table 1 presents all Raman bands and their assignments so as observed in Fig.
4. As mentioned earlier, PANI films electrodeposited at pH 1.5 and 3.9 with and without
incorporating SiO> nanoparticles have similar chemical characteristics. The same is valid for
PANI films deposited at pH 5.9 and 6.15, with SiO2 and Au nanoparticles, respectively, which
contrasts with previous Raman results obtained by our group for TiO2 nanoparticles at pH 5.9.
In that case, the incorporation of TiO2 nanoparticles greatly influences the oxidation state of

PANI.
Table 1. Assignment of Raman bands.
Wavelength (cm™) Assignments Reference
pH 1.5 pH 3.9 pH 5.9
417 - - Out of plane ring deformations 36
576 - - Ring deformation 36
607 - - Ring deformation 36
- 612 - C-H deformation of the quinoid ring 53
814 - - Amine deformation 36
1180 - - C-H bending of the quinoid ring 36
1254 1249 - C-N stretching in polaronic units 54
1343 - - C—N* stretching vibrations 36
- 1350 - C-N stretching in polaronic units 54, 55
- 1368 - C-N stretching in polaronic units 54, 55
- 1493 - C=N vibrations 56
1564 - - C—C stretching of structures intermediate between 36
quinoid and semiquinoid structures
- 1574 - C=C stretching in benzene and quinoid rings 57
1596 - - C-C stretching modes of semiquinoid units 36
- 1601 - C-C stretching in benzene ring 53
- - 1606 quinone diimine units 36, 58
1635 - - phenazine, phenoxazine, safranine like segments 36
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Figure 5. Cyclic voltammetry curves of pristine and hybrid PANI films in 0.1 M H,SO4. (a) PANI films
deposited at pH 1.5 with and without SiO, nanoparticles; (b) PANI films deposited at pH 3.9 with and without
SiO; nanoparticles; (c) PANI films deposited at pH 5.9 with and without SiO, nanoparticles and at pH 6.15 with
gold nanoparticles. A scanning rate of 0.01 V/s.
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3.4. Cyclic voltammetry.

Cyclic voltammetry of PANI films electrodeposited at pH 1.5, 3.9, and 5.9 with and
without SiOz incorporation and at pH 6.15 with Au incorporation are presented in Fig. 5. It can
be observed that, in all tested cases, the cyclic voltammetry curves present four redox processes
corresponding to oxidation and reduction of PANI [36].

The pH effect is well observed, and it is in good agreement with UV-Vis and Raman
results; that is, the electropolymerization performed in more acid solutions (pH 1.5) produces
PANI in an emeraldine state (conducting form) with currents reaching up to 1 mA/cm2. By
increasing the pH of electrodeposition solution to 3.9, 5.9, and 6.15, the pernigraniline form of
PANI (non-conducting form) is produced, and a decrease in the current density of cyclic
voltammograms is observed as expected for PANI of lower conductivity as pernigraniline.

The effect of SiO2 nanoparticles on morphology and oxidation state of films deposited
at pH 1.5 is negligible, as in the case of PANI with TiO2 nanoparticles at the same conditions
[36]. However, a decrease of 18% in the value of maximum current density is observed, which
will be discussed in detail next.

At a pH of 3.9, only small changes in cyclic voltammetry are observed, which indicates
that the screening of SiO> nanoparticles still plays a fundamental role (see Figure 5 (b)) in
PANI films with nanoparticles incorporation. However, at pH of 5.9 and 6.15, the effect of
nanoparticles in voltammetry curves (Figure 5 (c)) is clear. Cyclic voltammetry curves show
an increase in current density due to the presence of Si02 and Au nanoparticles.

Table 2. Film thickness obtained from AFM measurements and current density developed in cyclic voltammetry
tests for different electrodeposition pH with and without nanoparticles addition.

Sample Thickness (nm) Maximum current density
(mA/cm?)
PANI —pH 5.9 6.30 0.028
PANI + SiO2 —pH 5.9 244 0.088
PANI + Au—pH 6.15 14.5 0.034
PANI —pH 3.9 38.2 0.099
PANI + SiOz —pH 3.9 26.2 0.097
PANI —pH 1.5 185 0.963
PANI + SiO2—pH 1.5 158 0.794
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Figure 6. Thickness dependence on electrodeposition pH and influence of SiO, nanoparticles on thickness at
different pH.
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3.5. Atomic force microscopy.

AFM was performed in order to obtain film thickness. Table 2 presents the obtained
AFM results and the maximum current density developed in cyclic voltammetry tests for
comparison.

The decrease in film thickness and current density with increasing pH, well visualized
in Figure 6, occurs because films obtained at less acid pH are composed of non-conducting
pernigraniline [37,59], which diminishes the charge transfer between anode and solution in as
much as the film grows. By adding SiO2 nanoparticles, the reduction of thickness with
increasing pH is also observed. However, when we compare the influence of nanoparticles at
a determined pH, we observe an interesting fact. At pH of 1.5 and 3.9, the addition of
nanoparticles reduces the film thickness and current density compared to the same pH without
nanoparticles, while at a pH of 5.9, the nanoparticles have the opposite effect. Thus, the
nanoparticle effect at pH 1.5 and 3.9 can be ascribed to nanoparticle screening, as will be
discussed in the next section.

4. Discussion

In this work, physical effects refer to charge transfer and heterojunctions formation,
while the chemical effects will be ascribed to the induction of changes in PANI oxidation states.
As presented elsewhere [36], at pH 5.9 TiO2 nanoparticles incorporated in PANI films have
physical and chemical effects on films formation and its electric properties, that is: (i) TiO2
nanoparticles act as a catalyst in the deposition process, promoting the formation of emeraldine
instead of expected pernigraniline form of PANI; (ii) the interaction between PANI and TiO>
nanoparticles, which is not screened at this pH, results in charge transfer and formation of a
metallic heterojunction. In the case of SiO, and Au nanoparticles, the employed
characterizations (UV-Vis and Raman) do not indicate any change in oxidation state, which
allow us to discharge the chemical effects of these nanoparticles at pH 5.9 and 6.15 and to
conclude that chemical effects of nanoparticles on deposited PANI film depend on the
nanoparticles composition.

On the other hand, at pH of 5.9 and 6.15, cyclic voltammetry curves and AFM
measurements (see Table 2) show an increase in current density and film thickness because of
the presence of SiO, and Au nanoparticles. Similar to TiO2 nanoparticles, SiO, and Au
nanoparticles may transfer charge to the deposited PANI films they are in. Thus, in analogy as
dopant atoms in a semiconductor, these nanoparticles could provide filled electron levels near
the film conduction band or empty levels near the film valence band, intensifying the current
density developed in cyclic voltammetry tests.

The scenario is quite different for a pH of 1.5 and 3.9. For the same pH, the presence
of SiO2 nanoparticles leads to a decrease in film thickness and currents (see Figure 6 and Table
2). Such results can be understood if one considers that SiO2 nanoparticles around 10 nm,
similar to those employed in this work, become positively charged for pH < 4 [60]. Therefore,
they are screened by the SO42 anions available in the solution before being incorporated in the
film (as it is depicted in the top panel of Figure 7). Due to the screening of nanoparticles, fewer
ions are available in the electropolymerization process, and, consequently, a small reduction in
film thickness and current density is expected. Also, the screening of nanoparticles avoids the
physical contact between nanoparticles and molecules of the film, which prevents any doping
effect of the nanoparticles on the film that could contribute to increasing the current density.

https://biointerfaceresearch.com/ 6004
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Another evidence for the screening mechanism described above comes from the
presence of S peaks in the EDS spectra. As mentioned earlier in the text, the only possible
source of S atoms is the SO42 anions originating from the electrolyte solution. The charge
neutrality of the films demands compensation for SO4 anions presence, which comes from
the incorporated SiO; nanoparticles that are positively charged in solutions with pH < 4. In
addition, the availability of SO4 anions increases with decreasing pH, and the screening is,
therefore, more effective for pH 1.5 than it is for 3.9, which explains why the S peak of Fig. 2
(a) is more intense than that of Fig. 2 (b). As previously reported, PANI films with TiO>
incorporation also present S peaks for low pH, which also gives evidence for nanoparticle
screening by SO42 anions. Au nanoparticles can also be positively charged and screened by
anions depending on the surrounding media [61,62]. In fact, a zeta potential analysis Au
nanoparticles, whose size is very similar to that of nanoparticles used in work, indicates that
they become positively charged for pH < 4.6 [63]. Therefore, similar to SiO, and TiO:
nanoparticles, Au nanoparticles should also be screened by anions, which explain the absence
of physical effects at low pH.

Film Solution

= Charged nanoparticle

= Counter ion (So, for instance)

Below the isoelectric pH

Film Solution

O Neutral nanoparticle

Q Charged nanoparticle

Just above the isoelectric pH

Figure 7. Below the isoelectric pH (top panel), the nanoparticles become positively charged and are screened by
solution anions. The screened nanoparticles do not play any role in film properties. Above the isoelectric pH the
screening mechanism becomes less effective as the pH approaches 7 because of the smaller amount of ions (H*
and SO472) available in the solution, and nanoparticles are neutral (bottom panel) or negatively charged (not
shown). When incorporated in the semiconducting film, the nanoparticles can act as dopants improving their
conductivity. The depiction of nanoparticles as electron acceptors in the bottom panel is only illustrative as they
could also be electron donors.

5. Conclusions

In summary, we have performed electropolymerization of pristine and hybrid PANI
films at different pH. Unlike TiO2 nanoparticles, SiO, and Au nanoparticles do not change the
chemical properties (e.g., pernigraniline to emeraldine) of electrodeposited PANI films, which
show that the chemical effects of nanoparticles incorporation on films is dependent on the
nanoparticle composition. On the other hand, all mentioned nanoparticles improve the PANI
film conductivity when incorporated at pH 5.9 and 6.15, suggesting a general physical effect.

We ascribe such an effect on the ability of nanoparticles to dope the PANI films with electrons
https://biointerfaceresearch.com/ 6005
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or holes. This effect does not occur when the nanoparticles are incorporated at lower pH (1.5
and 3.9). To explain the presence/absence of physical and chemical effects of nanoparticles at
different pH, we propose a mechanism based on the screening of charged nanoparticles
supported by different experimental techniques.
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