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Abstract. The development of hybrid systems comprising nanoparticles and polymers is an opening pathway for
engineering nanocomposites exhibiting outstanding mechanical, optical, electrical, and magnetic properties. Among
inorganic counterpart, iron oxide nanoparticles (IONP) exhibit high magnetization, controllable surface chemistry,
spintronic properties, and biological compatibility. These characteristics enable them as a platform for biomedical
applications and building blocks for bottom-up approaches, such as the layer-by-layer (LbL). In this regard, the
present study is addressed to investigate IONP synthesised through co-precipitation route (average diameter around 7
nm), with either positive or negative surface charges, LbL assembled with sodium sulfonated polystyrene (PSS) or
polyaniline (PANI). The surface and internal morphologies, and electrochemical properties of these nanocomposites
were probed with atomic force microscopy, UV-vis and Raman spectroscopy, scanning electron microscopy, Cross-
sectional transmission electron microscopy, and electrochemical measurements. The nanocomposites display a
globular morphology with IONP densely packed while surface dressed by polyelectrolytes. The investigation of the
effect of thermal annealing (300 up to 600°C) on the oxidation process of IONP assembled with PSS was performed
using Raman spectroscopy. Our findings showed that PSS protects IONP from oxidation/phase transformation to
hematite up to 400°C. The electrochemical performance of nanocomposite comprising IONP and PANI were
investigated in 0.5 molxL™ Na,SO; electrolyte solution by cyclic voltammetry and chronopotentiometry. Our
findings indicate this structure as promising candidate for potential application as electrodes for supercapacitors.

Keywords: nanocomposite; iron oxide nanoparticles; nanostructured electrodes; oxidation; layer-by-layer;
polyaniline; sulfonated polystyrene; supercapacitors

1. Introduction

The assembly of nanoobjects or “building blocks” already displaying useful functions, such as
nanomagnets or nanosemiconductors, leads to new generations of multifunctional nanomaterials
with interesting fundamental properties as well as promising applications, the latter running from
spintronics to nanomedicine (Balazs et al. 2006, Alivisatos 1996, Bruchez et al. 1998, Grassian
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2008, Toulemon et al. 2016). Moreover, bottom-up approaches with advantages of cost effective,
large area fabrication, simple processes and automation facilities, such as the layer-by-layer (LbL)
(Decher 1997), allow designing of all-organic and organic—inorganic hybrid multilayers with
nanometric control over morphology and architecture. Resulting nanohybrid structures not only
combine attractive functionalities of each component but also show synergetic characteristics, as
for instance nanohybrids comprising iron oxide superparamagnetic particles and polymers can
display collective magnetic properties arising from inter-particle interactions (Soler et al. 2012a).
In addition, the interface nanoparticle-polymer influences the electric properties (Alcantara et al.
2013a). Nanoparticle (NP) interactions depend on particle and polymer characteristics as well as
particle spatial distribution and self-organization inside the matrix. Fine control of the film
thickness and average particle-particle distance within the structure can be accomplished by
varying the number of bilayers (iron oxide/polymer) or via changing the concentration of particles
within the colloidal dispersion used for film fabrication (Paterno et al. 2009a). Indeed, post-
treatment of the as-deposited NP layer with appropriated solutions can trigger layer self-
organization in a well-controllable way (Xiang et al. 2016).

Among inorganic counterpart, iron oxide nanoparticles (IONP) have received a great deal of
attention due to their unique characteristics such as superparamagnetism, biocompatibility and
very controllable surface chemistry. Iron-based cubic ferrites present chemical composition
MFe,O,, where M is a divalent transition-metal as for instance Fe, Co, Ni, Mn, Cu, Zn, and Cd
(Soler and Paterno 2017). On the other hand, maghemite (3-Fe,05) is an iron-deficient cubic ferrite,
which in addition to magnetite (FesO,) and cobalt-ferrite (CoFe,O,) is among the most
investigated iron oxides. The crystal symmetry is cubic and corresponds to the space group
0] (Fd3m). Further, magnetite is predicted having a half-metallic character with a large spin
polarization at the Fermi level, displaying a high Curie temperature (850 K) and electrical
resistivity of the same order of magnitude as a semiconductor, thus being a promising candidate
for spintronic applications. In addition, IONP systems can be synthesized through easy up-scaling
and cost-effective chemical routes allowing fine size control, size distribution, shape, crystallinity,
and stability.

IONP systems can be exploited in a variety of applications (Philip and Laskar 2012), such as
biomolecular separation (Magnani et al. 2006), nanocatalysis (Dalpozzo 2015), rotating seals and
magnetorheological vibration dampers (Marinica et al. 2016), SERS probe (Sun et al. 2016),
insulating oil for improvement of transformer’s cooling efficiency (Viali et al. 2010), sensors
(Chen et al. 2013, Alcantara et al. 2013a, Santos et al. 2014, Wang et al. 2015, Aroutiounian et al.
2015), and biomedical applications (Trahms 2010, Ho et al. 2011, Thuy 2012, Gao et al. 2016,
Zarrin et al. 2016). Very often, applications require spherical IONP core with diameter below 20
nm and functionalized with molecular coatings to promote the required colloidal stability,
biocompatibility, and biological site targeting capability (Begin-Colin and Felder-Flesch 2012).
Highly stable colloidal dispersions of IONP in a hosting carrier liquid are known as magnetic
fluids (MF) or ferrofluids (Blums et al. 1985).

LbL assembly of magnetic nanofilms has been successfully prepared from colloidal IONP
(magnetite, maghemite, or cobalt ferrite) and different polyelectrolytes, including conducting ones
such as doped-polyaniline. Reported results accomplished fundamental studies regarding
experimental and simulation of NP adsorption, NP oxidation, morphology, structure, optical,
dielectric and magnetic properties of iron oxide based nanocomposites. (Correa-Duarte et al. 1998,
Mamedov et al. 2000, Kim et al. 2002, Suda et al. 2005, Grigoriev et al. 2007, Paterno et al.
2009a, b, 2010, 2012, Pereira et al. 2010, Dey et al. 2010, Pichon et al. 2011, Alcantara et al.
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20114, b, Soler et al. 2012a, Neumann et al. 2013, Ko et al. 2015, Letti et al. 2017). In addition,
the superparamagnetic behavior of the iron oxide nanoparticles is maintained when they are
assembled layer-by-layer with either PANI or PSS polymer matrixes (Paterno et al. 2010). Indeed,
the magnetic saturation displayed by nanofilms are similar to that measured in the powder samples
of iron oxide employed as source of nanoparticle in the layer-by-layer assembly (Soler et al.
2012b). Moreover, recent reports have emphasized LbL-assembled iron oxide structures for
potential applications beyond the superparamagnetic behavior. The presence of Fe** and Fe*" ions
enables iron oxide nanoparticles for a variety of electrochemical devices, including capacitor
electrodes (Alcantara et al. 2013a) and chemical sensors (Santos et al. 2014, Alcantara et al.
2013b).

In the present contribution, we report on the preparation of two types of nanocomposites
comprising IONP and sodium sulfonated polystyrene (PSS) or polyaniline (PANI). These
nanocomposites were characterized by atomic force microscopy (AFM), UV-vis and Raman
spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
PSS-based nanocomposites were employed as a model system to study the oxidation process of
IONP embedded into the PSS matrix, under air atmosphere, in the temperature range from 300 to
600°C. Moreover, the electrochemical behavior of (PANI/IONP@cit) nanocomposite films was
investigated aiming to probe its supercapacitive performance.

2. Materials and methods

2.1 Materials

FeCl,.4H,0, FeCl;.6H,0, NaOH, HCIO,4, 3-mercapto propanesulfonic acid sodium salt (3-
MPS), sodium sulfonated polystyrene PSS (Mw 70,000 gxmol ™), and PANI (Mw 10,000 gxmol ™)
were purchased from Sigma-Aldrich (Brazil). All chemicals were analytical grade or better and
used as received. Nanocomposite films were deposited onto plain and Gold-platted (200 nm)
optical glass slides (25 x 10 x 1 mm) and Indium-doped tin oxide (ITO) substrates (25 x 10 x 1
mm; sheet resistance: 15 ohm-square). The plain substrates were cleaned in piranha (H,SO./H,0,,
3:1, v/v) and RCA (H,O/NH,OH/H,0,, 3:1:1, v/v) solutions as described elsewhere (Paterno et al.
2009a). Gold-platted substrates were soaked overnight into 3-MPS aqueous solution (20 mmolxL™)
(Alcantara et al. 2011a). In both treatments, substrates become negatively-charged as required for
the electrostatic driven film assembly. All experiments used exclusively ultra-pure water (18
MOhmxcm™) provided by a Milli-Q Millipore water purification system.

2.2 Synthesis of iron oxide nanoparticles

Hydrothermal (Kurtinaitien¢ et al. 2016) and co-precipitation (Soler et al. 2007, Butt and Jafri
2015) are the most employed methods to synthesize IONP. The co-precipitation method for
synthesizing MFe,04-based nanoparticles usually employs acid aqueous solutions of M?* and Fe**
ions for further reaction with a selected alkaline aqueous solution, as for instance M*" = Co®* (Fe®")
if cobalt ferrite (magnetite) is aimed to be produced. In both cases, the molar Co**/Fe** (Fe?*/Fe®")
ratio is fixed at 1:2 (Kang et al. 1996, Soler et al. 2005). Shortly, the mechanism proposed for this
reaction is that the alkaline hydrolysis is responsible for the formation of hydroxylated metal ion
complexes. Then, individual hydroxylated complexes are connected via condensation reactions,
which lead to the formation of iron oxide solid networks. Since the hydroxylation step is pH
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dependent, the size and shape of the solid is extremely sensitive to pH conditions (Jolivet et al.
2010). In agueous-based media the IONP surface is stabilized and terminated with oxyhydroxyl
groups (Schwertmann and Cornell 1991) and therefore protonation-deprotonation equilibrium is
easily shifted by varying pH conditions in the media (Massart et al. 1995). The stability of
aqueous-based IONP suspensions is higher in low or high pH values; the nanoparticle’s surface
becomes positively-charged (low pH) or negatively-charged (high pH) due to protonation or de-
protonation, respectively (Qu and Morais 2000) and colloidal stability is achieved through inter-
particle electrostatic repulsion. In low pH condition, IONP behave as cations and can thus be
assembled with several polyanions via the LbL technique. Colloidal stabilization can also be
achieved by steric repulsion when the suspended nanoparticles are surface-coated with molecules
having high affinity with the carrier liquid. Likewise, electrostatic plus steric repulsion may work
together against nanoparticle clustering when IONP surface complexation is realized using a
molecular polyfunctional ligand, allowing dispersion of the IONP in aqueous medium (Soler and
Paterno 2017). These systems, comprising an IONP core surface-functionalized with positively- or
negatively-ionized functional groups are able to attach to a pay load, and can be dispersed in
adequate pH to be employed as a platform for biomedical applications and building blocks for
bottom-up approaches such as the LbL assembly (Soler et al. 2011).

Nanosized magnetite was synthesized according to the procedure described elsewhere (Kang et
al. 1996). In short, the procedure consisted on adding, dropwise, a mixed solution of Fe** (0.05
molxL™) and Fe** (0.1 molxL™) to a magnetic stirred NaOH (0.4 molxL™) solution. After addition
of the iron-containing ions solution into the alkaline solution, the reaction mixture was
magnetically stirred for 30 min more. The black solid precipitate of magnetite nanoparticles
formed thereafter was washed several times with water and separated with a magnet. A colloidal
dispersion was prepared by dispersing the washed magnetite nanoparticles into HCIO, aqueous
solution (pH 3) (See scheme 1). At this low pH, the aqueous-suspended IONP become positively
charged, due to the protonation of the hydroxylated groups at the surface of the nanoparticle.
Eventual aggregates of particles were eliminated by centrifugation (4500 rpm, 10 min). Zeta
potential (&) and hydrodynamic average diameter (Dy) were assessed using a Malvern Zetasizer
instrument (nanoseries Nano Z590), providing & = + 46 mV and Dy = 76 nm. A second colloidal
sample was prepared by dispersing the as-synthesized magnetite nanoparticles in sodium citrate
solution (pH 5.5 adjusted with NaOH), following dialysis against ultrapure water to obtain
dispersions with final citrate concentration of 0.05 molxL™. For the citrate-functionalized sample
(IONP@cit) we found & = -47 mV and Dy = 75 nm. The citrate anions adsorbed onto the
nanoparticles’ surface render them negative charge forming stable colloidal dispersion at pH 7.
The high zeta potential values account for the high colloidal stability of the as-prepared
suspensions. These two colloidal suspensions were employed as a source of IONP in the assembly
of LbL multilayers. TEM was employed to evaluate the morphology of the IONP samples using a
JEOL 1011 transmission electron microscope. Scheme 1 exhibits a typical TEM image of the as
prepared IONP, that are from the same synthesis process of the investigation published in Letti et
al. (2017), displaying the same average particle diameter, Dy, = 7.4 + 0.1 nm and standard diameter
deviation o=10.25 + 0.01.

2.3 Nanocomposite assembly

The layer-by-layer approach (Decher et al. 1992, Decher 1997) has been widely employed as a
simple and efficient technique for assembling several types of nanoobjects such as metal particles
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Scheme 1 Schematic representation of IONP synthesis and its dispersion as stable colloids (left panel)
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Scheme 2 Illustration of the LbL assembly of IONP/polyelectrolyte nanocomposite

(O’Neal et al. 2017), graphene oxide (Nan et al. 2016), conjugated polymers (Ferreira and Rubner
1995), polysaccharides (Mattoso et al. 1995), proteins (Lvov et al. 1995), graphene oxide (Gross
et al. 2014, Han et al. 2016) and oxide nanoparticles (Soler et al. 2012b, Paterno and Soler 2013).
Importantly, the LbL assembly is conducted at room temperature, from solutions or dispersions
previously prepared. In a typical LbL deposition, each component is adsorbed independently
(through dipping into solution or by spray) (Seo et al. 2016), followed by a rinsing and drying
steps to remove the excess of the adsorbed component, as illustrated in Scheme 2. In this approach,
the components are maintained attached due to several types of interactions such as electrostatic,
H-bonding, covalent bonding, bio-specific recognition, and coordination (Hammond 2004, Ariga
et al. 2007). Under electrostatic driven LbL, the net charge of the substrate is overcompensated by
the upcoming polyelectrolyte layer and thus the initial substrate charge is reversed. When this
condition is reached, the process ends and no more additional polyelectrolyte are adsorbed due to
inherent electrostatic repulsions. Moreover, the LbL technique is quite inexpensive once it does
not require clean rooms and it is conducted at room temperature using common glassware.

In the present report, the as-prepared colloidal suspensions were employed as sources of
positively- (IONP) or negatively-charged (IONP@cit) nanoparticles and assembled with anionic
polyelectrolyte (sodium sulfonate polystyrene - PSS) or cationic (polyaniline — PANI),
respectively. PSS has been chosen because it is a negatively-charged polyelectrolyte and, therefore,
suitable for electrostatic LbL assembly with positively-charged 1ONP. Besides that, PSS is
thermally stable up to 450°C, as shown by its thermogravimetric curve (Patrocinio et al. 2010).
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Moreover, we have been using PSS for LbL film deposition aiming different applications, as for
instance electrodes for chemical sensors (Santos et al. 2014). Among the hosting conducting
polymers, PANI is a conjugated polymer which can be turned conducting or insulating by simple
acid-base reactions (Huang et al. 1986) and can be successfully LbL assembled with IONP
(Paterno et al. 2009a).

IONP and IONP@cit aqueous suspensions were prepared directly from dilution of the stock
colloidal samples whereas IONP/PSS and PANI/IONP@cit; multilayered nanocomposite films
were assembled onto cleaned substrates via the LbL technique as follows (Paterno et al. 2010): (i)
immersion of the negatively-charged substrates for 3 min into IONP suspension or PANI solution;
(ii) substrates were then removed and immersed in a cleaning solution for 20 s (diluted HCI, pH
2.7 or pH 3); (iii) substrates were blow-dried with nitrogen; (iv) substrates were immersed for 3
min into PSS solution or IONP@cit suspension, (pH 3 or pH 7); (v) immersion into the cleaning
solution for 20 s, and (vi) blow-drying with nitrogen (see Scheme 2). At the end of these steps
each substrate contained a bilayer of IONP/PSS or PANI/IONP@cit, whereas their successive
repetition resulted in multilayered films. Multilayered film samples were labeled as (IONP/PSS),
and (PANI/IONP@cit),, where n refers to the number of bilayers. It is important to point out here
that the term ‘bilayer’ refers to a pair of cationic/anionic materials and not to a continuous layer of
cationic material coated by a continuous layer of anionic material. These films are deposited by
successive dipping of the substrate into the cationic and anionic suspensions, but they are not
stratified in definite layers as in molecular beam epitaxy or atomic layer deposited films. Therefore,
the subscript n in the repeating unit structure, (IONP/PSS), or (PANI/IONP@cit),, refers to the
number of deposition cycles. In addition, samples prepared with a single deposition of polymer or
IONP were also analyzed by AFM. The interparticle distances within the multilayered film can be
finely tuned by varying physicochemical conditions of deposition suspensions as well as by the
number of deposited layers (Paterno et al. 2009a, Soler et al. 20123, Paterno et al. 2012).

2.4 Characterization

Monitoring of adsorbed multilayers onto plain glass substrates was carried out ex situ using
UV-vis spectroscopy (Varian Cary 5000). Raman spectra of film (IONP/PSS),, were recorded at
room temperature using a commercial Jobin-Yvon triple micro-Raman spectrometer Model
T64000 equipped with a liquid-Nitrogen cooled CCD (charge coupled device) detector. The 514
nm line of an Argon ion laser was used to illuminate the sample with intensity of 0.3 mW. AFM
images (surface topography) of nanofilms were assessed using a Dimension Icon Bruker system,
employing silicon tips attached to a cantilever (spring constant of 40 Nxm ). All images were
recorded in the tapping mode while the surface root-mean-square roughness (Ryms) was calculated
using the software provided by the instrument. Values measured at three different spots on the
sample surface were used to calculate the average Ryms. TEM cross-section images were recorded
with a 200-kV instrument (JEOL JEM 2100). Preparation of the Si substrate-deposited
nanocomposite films followed a standard protocol: films were firstly glued face-to-face, then the
Si substrate was mechanically ground down to about 20 um in thickness, following ion milling of
the sample to perforation. Electrochemical measurements were performed on (PANI/IONP@cit),q
deposited onto Indium-doped tin oxide (ITO) substrates. The film deposition was limited to a
geometric active area of 0.36 cm? on the substrate. The electrochemical behavior of these samples
as the working electrode was investigated by cyclic voltammetry and chronopotentiometry in a
three-electrode configuration cell (reference electrode: Ag/AgCI; counter electrode: Pt) in 0.5
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molxL™ Na,SO, as the electrolyte solution). Both experiments were carried out with a Metrohm
Autolab PGSTAT 204 potentiostat, at room temperature (25°C) and after purging the
electrochemical cell with N, for 20 min.

3. Results and discussion
3.1 Nanocomposite assembly monitoring and properties

Usually, monitoring of the IONP/polyelectrolyte LbL assembly onto glass slides is carried out
by UV-vis spectroscopy. Despite its simplicity and easy handling, UV-vis spectroscopy presents
some limitation when applied to detect iron oxide materials in the sub-microgram range whereas
the quartz crystal microbalance (QCM) technique coupled to a flow injection system can precisely
monitor the uptake of IONP and polyelectrolyte during LbL deposition (Alcantara et al. 2011a).
Figs. 1(a)-(b) display UV-vis spectra of (IONP/PSS), and (PANI/IONP@cit), nanocomposites,
respectively, comprising different number of bilayers, from n = 2 up to n = 10 bilayers. In Fig. 1(a)
it is observed a shoulder at 480 nm characteristic of magnetite and attributed to the Fe?*— Fe®*
electron transfer process (Schwertmann and Cornell 1991) whereas PSS does not show any
absorption in the visible range. It is observed a shoulder at 440 nm in Fig. 1(b) relative to
magnetite, as well as a broad band whose peak is centered at 640 nm attributed to PANI. A
stepwise film growth is observed in the inset of both Figs. 1(a)-(b), in which the amount of IONP
increases almost linearly with the number of bilayers, the same occurring for PANI (see Fig. 1(b)).
This behavior indicates that equal amounts of each material are adsorbed per bilayer. Thus, the
LbL process provides a fine control of nanocomposites composition by simply varying the number
of nanoparticle/polyelectrolyte bilayers. Similar results are observed with other nanoparticle/
polyelectrolyte systems when adsorption is driven by electrostatic attraction (Alcantara et al.
2011b).

The surface morphology of nanocomposite films was inspected by tapping-mode AFM. In this
mode, the sample is scanned by an oscillating tip probe whose oscillation amplitude is sensitive to
both topography and mechanical properties of the sample’s surface. Topography and phase AFM
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Fig. 1 Monitoring of nanocomposites deposition by UV-vis spectroscopy. (a) (IONP/PSS),, reprinted with
permission from Letti et al. (2017) © 2017, Elsevier B.V.; and (b) (PANI/IONP@cit),; n = 2, 4, 6, 8,
and 10 bilayers. Insets show increment of nanocomposites absorption as a function of deposited
bilayers. Straight lines are drawn only as guide to the eyes
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images displayed in Figs. 2(a)-(f) show the surface morphology monitoring at the first adsorbed
monolayers, polymer ((a)-(b)) and IONP ((c)-(d)), respectively, and (IONP/PSS)ys and
nanocomposite ((e)-(f)). Image displayed in Fig. 2(a) shows the presence of small globules which
arise from typical nucleated adsorption process, as already observed for similar polymer systems
(Paterno and Mattoso 2001, Leite et al. 2005), in agreement with the phase image shown in Fig.
2(b).

AFM topography image presented in Fig. 2(c) shows spherical structures arranged as a densely-
packed layer and distributed over the entire substrate, thus confirming the presence of IONP. AFM
topography image collected from the (IONP/PSS)q5 nanocomposite (Fig. 2(e)), in which IONP is
the top layer, shows a larger number of agglomerates when compared with the nanoparticle
monolayer (Fig. 2(c)). In these samples, structures in phase images (Fig. 2(d)-(f)) match with the
features presented in their respective topography images (Fig. 2(c)-(e)). The surface roughness
(root-mean square; Ryys) of the first monolayer IONP, (IONP/PSS)s and (IONP/PSS)q5 samples
determined by AFM were found to be 8, 12 and 13 nm, respectively. The R,y value for the first
monolayer corresponds roughly to the nanoparticle diameter, whereas close values of surface
roughness for nanocomposites with 5 and 9.5 bilayers were found, indicating uniform surface
morphology as the number of bilayers increases.

The surface morphology of the (PANI/IONP@cit);o nanocomposite was assessed by scanning
electron microscopy. As a conducting polymer, the nanocomposite sample comprising PANI could
be analyzed as prepared. SEM image presented in Fig. 3(a) evidences the uniformity of the surface
morphology, showing no regions composed by only particles separated from polymer, with no
phase segregation of nanoparticles and polymer. Fig. 3(b) displays the cross-sectional high

315°
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Fig. 2 Topography ((a)-(c)-(e)) and phase ((b)-(d)-(f)) AFM images of: the first LbL monolayer of polymer
((a)-(b)); the first LbL monolayer of IONP adsorbed ((c)-(d)); (IONP/PSS)q s nanocomposite ((e)-(f))
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Fig. 3 SEM (a); and HRTEM Cross-sectional (b) images for (PANI/IONP@cit);o

resolution transmission electron microscopy (HRTEM) micrograph of (PANI/IONP@cit)qo. It is
observed that IONP nanocrystals are distributed homogeneously throughout the nanocomposite
whereas dressed by a tinny layer of PANI (brighter layer), thus keeping nanocrystals isolated from
each other. Further, the distance between particles of about 2.5 nm was estimated from HRTEM
images and confirmed by the value obtained from simulated pair distribution function (Neumann
et al. 2013). The evidence of nanoparticle wrapped by polymer chains was confirmed by electrical
measurements (Alcantara et al. 2013b).

3.2 Investigation of the effect of thermal annealing

Raman spectroscopy has been intensively employed to investigate structural features of IONP
as colloidal suspensions or solid samples (Morais et al. 2000, Chourpa et al. 2005, Melo et al.
2006, Ayyappan et al. 2010). Also, the oxidation process of nanocrystalline magnetite films has
been successfully studied through Raman spectroscopy (Bourgeois et al. 2013, Park 2009, Trudel
et al. 2011, Letti et al. 2017). The iron oxide phase finger print nanocomposites can be unequivo-
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Fig. 4 Raman spectra of (IONP/PSS);, nanocomposite sample registered with laser (4 = 514 nm) intensity of
0.3 mW, before and after performing different thermal annealing in air atmosphere, as indicated
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cally probed by Raman spectroscopy (Paterno et al. 2012, Letti et al. 2017). Aiming to study the
oxidation process of IONP embedded into the hanocomposites as a function of thermal treatments,
we have carried out a study in which the effect of heating samples in an oxidative atmosphere was
ex situ monitored. Briefly, the (IONP/PSS),, nanocomposite sample was air annealed at different
temperatures (from 300°C to 600°C), as indicated in Fig. 4, namely for 30 min at 300°C, for 1 h at
300°C, for 1 h at 400°C, for 30 min at 500°C, and for 30 min at 600°C. Raman spectrum was
recorded after each annealing step, keeping the laser intensity as low as 0.3 mW in order to avoid
additional sample annealing (da Silva et al. 2003). Fig. 4 shows the Raman spectrum for each
thermal annealing investigated. It is observed that the Raman spectrum of the untreated
(IONP/PSS),, sample corresponds to the oxidized magnetite with broad bands peaking at 350, 500,
and 700 cm™ characteristics of maghemite (Soler and Fanyao 2012). Further, for samples annealed
at temperatures lower than 400°C we observed Raman spectra corresponding to the maghemite
phase. Only at 500°C the characteristic Raman peaks of the hematite phase at 217, 228, 294 and
391 cm™ were observed. This is because at 500°C PSS starts degrading, in accordance with the
reported TG curve (Patrocinio et al. 2010). These findings indicate that PSS protects maghemite
IONP LbL assembled from oxidation/phase transformation to hematite, maintaining the magnetic
characteristics of the nanocomposites. Only after PSS degradation the hematite phase arises.

3.3 Applications

Nanostructured materials based on LbL films of IONP and PANI have been developed and
tested as electrodes for supercapacitors. The electrochemical behavior of (PANI/IONP@cit),o
nanocomposite films as the working electrode was investigated by cyclic voltammetry and
chronopotentiometry in a three-electrode configuration cell (reference electrode: Ag/AgCl; counter
electrode: Pt) in 0.5 molxL™ Na,SO, as the electrolyte solution. Fig. 5 shows the cyclic
voltammograms of the as-prepared (PANI/IONP@cit),, nanocomposite films registered in Na,SO,4
0.5 molxL™, pH = 6. This electrolyte medium was chosen since more acidic pHs can degrade
PANI after successive charge-discharge cycles. It also avoids eventual dissolution of the
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Fig. 5 Cyclic voltammograms of (PANI/IONP@cit),, modified ITO electrode at different scan rates,
as indicated. Electrolyte: 0.5 molxL™ Na,SO,. Electrode active area: 0.36 cm?
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Fig. 6 Electrochemical performance of (PANI/IONP@cit),, modified 1TO electrode.
(a) Galvanostatic charge-discharge curves acquired at different applied currents, as indicated
and (b) specific capacitance versus number of charge-discharge cycles at 5 A of applied
current. The inset shows the first fourteen charge-discharge cycles. Electrolyte: 0.5 molxL™
Na,SO,. Electrode active area: 0.36 cm?

IONP@cit. In the range between +1.0 V and 0 V, no electrochemical reaction is detected despite
the discreet enlargement of the voltammograms as the potential scan rate is increased. In this range,
PANI shows two reversible redox reactions under acidic pH electrolyte medium (Huang et al.
1986). Therefore, none of these reactions should be expected under this working condition. In the
potential range right below 0 V to -1.0 V, the voltammogram is enlarged and shows a pair of subtle
peaks that are ascribed to the interconversion between maghemite and magnetite phases, or else »
Fe,0; <> Fes0,4. The respective cathodic/anodic potentials are [-0.625 V/-390 V], which are
negatively shifted in comparison to the behavior investigated while in acetate buffer, pH = 4.6
(Santos et al. 2014). The enlarged voltammogram in this range suggests the potential use of the
(PANI/IONP@cit),o nanocomposite films as electrodes for supercapacitors.

Fig. 6 displays the galvanostatic charge-discharge curves acquired at different charging currents
(Fig. 6(a)) and the variation of the specific capacitance with successive charge-discharge cycles
(Fig. 6(b)). As expected, Fig. 6(a) shows that the charging time is faster for higher charging
currents. The specific capacitance (Csp) was determined from the galvanostatic curves based on
the following equation: Csp = IxAt/AV, where 1 is the charge current (in amperes), At is the elapsed
time for charge discharge (in seconds), A is the active area (in cm?) and V the potential (vs
Ag/AgCl, in volts). Up to 100 hundred charge-discharge cycles, the specific capacitance remains
almost constant in 72.6 + 0.5 uFxcm™, as seen in Fig. 6(b). This value can even be improved with
the deposition of more (PANI/IONP@cit) bilayers. The first fourteen charge-discharge cycles are
provided in the inset, which shows the reversible response of the (PANI/IONP@cit),, based
capacitor. In summary, the layer-by-layer (PANI/IONP@Tcit), nanocomposite films represent a
very promising direction for the development of low cost supercapacitors.

4. Conclusions

In the present report, IONP were successfully assembled with PSS or PANI, comprising two
systems based on electrostatic interactions, in which the adsorption process is highly regulated and
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thus nanocomposite composition and structure were fine tailored. The internal structure of the
resulting nanocomposites features individual nanoparticles enclosed by an extremely thin layer of
polyelectrolytes, as shown by cross-sectional TEM images and confirmed by electrical measure-
ments.

The (IONP/PSS),0 nanocomposite sample was annealed at different temperatures, from 300°C
to 600°C. After each annealing step, Raman spectra were recorded. Our findings indicate that for
temperatures lower than 400°C, PSS protects maghemite-based IONP LbL assembled from
oxidation/phase transformation to hematite, maintaining the magnetic characteristics of the
nanocomposites.

Layer-by-layer (PANI/IONP@cit),o nanocomposite film, assembled onto Indium-doped tin
oxide (ITO) substrates, was investigated by cyclic voltammetry and chronopotentiometry, aiming
to probe its electrochemical behavior as working electrode. Our findings suggest the potential use
of these (PANI/IONP@scit),, nanocomposite films as electrodes for the development of low cost
supercapacitors.
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