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A composite of iron oxide magnetic nanoparticles and coordination fullerene
polymer (C¢,Pd;),, is formed by chemical deposition of spherical polymer
nanoparticles on iron oxide magnetic nanoparticles in benzene containing Cg,
and Pd(0) complex. The composition of the composite can be controlled by
the amount of magnetite and concentration of polymerization precursors as
well as the time of polymerization. The magnetic composite material
Fe;O,-yFe,0;/(Cq,Pd;), is used as a model system to investigate its
deposition on a magnetic electrode and its electrochemical properties. The
iron oxide magnetic nanoparticles ensure both the magnetic activity of the
composite and its nanostructured morphology. Both of these factors are
responsible for the enhancement of the electrochemical activity of the
polymer phase forming the composite in comparison to the pure polymer
material deposited on the same magnetic electrode. In the magnetic field of
the electrode, the composite undergoes permanent and strong bonding with
the surface of the electrode. The nanostructured morphology of the

bio(sensors), or electrical energy storage
systems. Studies of the electrochemical
properties of materials in the solid phase
usually require their deposition on the elec-
trode surface. The electrochemical method
seems to be the best for the formation of
thin solid layers on the electrodes.['®] It al-
lows to obtain homogeneous and mechan-
ically durable layers. However, the electro-
chemical method is limited to materials
that can be produced in electro-oxidation
or electro-reduction processes. The amount
of material deposited on the surface is also
limited. The method of solid phase forma-
tion on conductive surfaces from a drop
of solution or suspension is much more
universal.[*1%] Layers created in this way are
characterized by high heterogeneity and low

Fe;O,-yFe,05/(C4,Pd;),, composite also provides very good capacitive

properties.

1. Introduction

Many applications of inorganic, organic, and organometallic
materials as well as hybrid systems require knowledge of
their electrochemical properties. They are particularly important
for applications in solar cells, electrocatalysis, electrochemical
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mechanical durability. Additionally, the re-
producibility of solid layer formation is very
low. These parameters can be improved us-
ing the spin coating method.!'''2] However,
in this case, the mechanical stability of solid
films is also a serious problem in research. Charged colloidal
nanoparticles can also be deposited on conducting substrates by
electrophoretic procedures.!'>17] To better control the solid layer
deposition process, the surfaces of the electrodes are often mod-
ified accordingly, increasing the adhesion of the studied material
to the substrate.'821]

The electrochemical properties of electroactive materials can
be altered by their incorporation into composites.[?2?”] The mod-
ification of the morphology, structure, and energy of interaction
between composite components is responsible for the changes
in these redox properties. Nanoparticle components are particu-
larly useful in creating electrochemically active composites that
exhibit nanostructured morphology.

Over the past two decades, magnetite nanoparticles have
gained significant interest due to their novel properties and po-
tential for various nanotechnological applications.[?#-] Other
advantageous features of these magnetic iron oxide nanoparti-
cles include superparamagnetism, high saturation field, block-
ing temperature, chemical stability, biocompatibility, and low
cost.338] The properties of magnetite nanoparticles depend on
the size of the particles and method of preparation. Magnetite
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Scheme 1. 1-D chain structure of the fullerene coordination polymer.

can be easily converted into maghemite.3? This process is fa-
cilitated by the increased drying temperature of Fe;O, and the
well-developed surface resulting from the nanoparticle nature of
the material.

Iron oxide magnetic nanoparticles can also be incorporated
into conducting polymer structures to form core-shell mor-
phologies, bulk materials with incorporated magnetite nanopar-
ticles, or heterogeneous mixtures containing nanoparticles of
both components.[***! The formed composite material exhibits
both high conductivity and high magnetic susceptibility. It is
also electrochemically active due to conductive polymer-involved
electrode processes. They can be used in different applications,
such as electrical and magnetic shielding, nonlinear optics, mag-
netic electrocatalysis, electroactive materials in charge storage
devices, and microwave absorbers.[*0*34-1] To date, research
on composites has mainly focused on p-type organic conduc-
tive polymers, such as polyaniline,[*>51-541 polypyrrole, >8] and
polythiophene.[*>-¢! These polymers show both p and n activ-
ity, but their electrochemical properties related to oxidation pro-
cesses are mostly used in studies and practical applications.
These composites are electroactive at positive potentials. Oxida-
tion of the polymeric phase results in the formation of polaron
charge carriers. This positive charge is delocalized within a few
monomer units due to the conjugation of the  orbitals and pro-
vides conductive properties to the material.

Fullerenes are good electron acceptors.[®>-%*] Incorporation of
these carbon spheres into a polymeric matrix leads to the forma-
tion of macromolecular systems with reducing properties and a
tendency toward n-type doping.[%>7! Metal atoms or metal com-
plexes are coordinated directly to the fullerene cage in an ? fash-
ion in coordination fullerene polymers.[®®72I The chain structure
of such coordination fullerene polymers is shown in Scheme 1.
These systems can be formed electrochemically by reduction car-
ried out in solution containing fullerene and transition metal
complexes or chemically in solution containing fullerene and
low-valence transition metal complexes.[”]

A polymer in which fullerene networks are linked via
palladium atoms (CyPd,), has been particularly well
investigated.”>#] The polymer is formed in a benzene so-
lution containing fullerene[C,,] and a complex of Pd(0).7>%% The
structure of the polymeric network depends on the molecular
ratio of polymerization precursors in the grown solution, in
which 1-D, 2-D, and 3-D polymeric structures can be formed. [73]
In the presence of excess palladium complexes, the polymeric
material is doped with nanoparticles of metallic palladium.!”377]
The polymer exhibits reversible redox properties related to the
reduction of the fullerene cage. In this case, the process of
charge transport through the polymeric chain can be described
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by the “hopping” model.[B'#2 Despite the difference in the
mechanism of charge transfer in organic polymers with a con-
jugated = bonds system and coordination fullerene polymers,
the shape of voltammetric curves in both systems is similar. The
voltammogram peaks in the potential range of fullerene moiety
reduction are relatively broad due to the high contribution
of the capacity current component. Under cyclic polarization
conditions, the fullerene-involved anode and cathode currents
are mirror images.

The (CyPd,), polymer is also incorporated into networks of
carbon nanostructures to form composite materials.[*%83-8] Car-
bon nanostructures significantly improve the mechanical sta-
bility and electrochemical performance of polymeric compo-
nents. They can participate in charge transfer and charge storage
processes.!1%8¢ The porous network of the carbon component en-
ables more effective ion transport in the electrode processes.

In this work, we investigated the composite of magnetite
nanoparticles and coordination fullerene-Pd(0) polymer as a
model material for deposition on a magnetic electrode. Magnetite
plays a dual role in this material, ensuring the nanostructured
morphology of the composite and imparting magnetic activity
to the composite, enabling the material to be deposited on the
surface of the electrode in a magnetic field. The electrochemi-
cal behavior of the electrode modified with a pure coordination
fullerene-Pd(0) polymer and the electrode modified with a com-
posite of this polymer and magnetite are compared, highlighting
the advantages of the second approach.

2. Results and Discussion

2.1. Structural Studies of the Fe;0,-yFe,0,/(C¢,Pd;), Composite

The transmission electron microscopy (TEM) images of the
composite composed of iron oxide magnetic nanoparticles and
(C¢oPd;),, polymeric particles obtained for different amounts of
magnetite in the growth solution and separate components of the
composite are presented in Figure 1. Magnetite forms spherical
particles with diameters of ~20 nm. A particle size distribution
diagram presented as an insert in Figure 1a shows a relatively nar-
row range of magnetite diameter sizes. The (C,Pd;), polymer is
precipitated from the benzene solution containing the Pd(0) com-
plex and fullerene C,, in the form of large cubic structures com-
posed of small spherical particles.!”®! These large cubic structures
can be decomposed into a stable dispersion of spherical particles
~70-100 nm in diameter (Figure 1b). In the composites (pan-
els c—f of Figure 1), both magnetite and the (CyPd;), polymer
preserve their morphology. Larger polymeric nanoparticles are
deposited at the agglomerates of magnetite nanoparticles. How-
ever, the size of the (C,Pd;), nanoparticles in the composite is
lower in comparison to the size of particles formed in solution,
which does not contain magnetite nanoparticles. It is very likely
that polymerization takes place at the surface of these iron oxide
magnetic nanoparticle agglomerates.

In Figure 2, the X-ray powder diffraction (XRD) patterns
recorded for the (CyPd;), polymer and iron oxide mag-
netic nanoparticle and (C,Pd,), polymeric particle composites
formed in solutions containing different amounts of magnetite
nanoparticles are presented. In the diffraction pattern of the
(CgoPd,),, polymer, very broad and weak reflections are observed
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Figure 1. Transmission electron microscopy images of a) Fe;O4-yFe,O3 nanoparticles, b) chemically formed (CgoPd3), polymer, and Fe;O4-
yFe,03/(CeoPd3),, composites formed in 20 mL of benzene solution containing 0.48 x 1073 m Cg, 0.72 x 1073 m Pd, (dba);-CHCl;, and c) 2 mg
Fe;O4-yFe,03, d) 5 mg Fe;04-yFe, 05, €) 10 mg Fe;O,-yFe, 05, and f) 20 mg Fe;O4-yFe,O;. The insets show the size distributions of the a) magnetite
nanoparticles and b) (CgPds),, polymer.
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Figure 2. XRD patterns of a) (C4oPd;),, polymer and Fe;O,-yFe, 03 /(C¢oPds3),, composites formed in 20 mL of benzene solution containing 0.48 x 1073
M Cgp, 0.72 x 1073 m Pd, (dba);-CHCl; and b) 2 mg Fe;O,-yFe,05, and c) 10 mg Fe;O,-yFe,O;. Deconvoluted diffractograms od d) (C4oPd5),, polymer
and e) Fe;0,-yFe,);/(CgoPd3), composite formed in 20 mL of benzene solution containing 0.48 x 10 M Cg, 0.72 X 103 M Pd, (dba);"CHCl; and 10

mg Fe;Oy4-yFe,05.

at 15.4,19.0, 20.8, and 33.3 2Theta. According to Talyzin et al.,[®’]
these peaks originate from the structure of (C¢,Pd;),, in which
fullerene moieties are coordinated to the six palladium atoms
in an octahedral fashion. They are not indexable due to their
shape and broad width. Some weak peaks at 40.0, 46.6, 68.0, and
82.0 2Theta are also observed in the XRD patterns. They can
be assigned to four reflection indices of (111), (200), (220), and
(311), respectively, of the cubic crystal lattice structure of metal-
lic Pd with the space group Fm3m (No.225) (PDF Card 461 043).
The width and intensity of these peaks indicate the formation
of a small amount of Pd nanoparticles in the samples. In pat-
terns b and c recorded for composites with iron oxide nanoparti-
cles, reflections characteristic of the polymer (C,Pd,), are ob-
served at 13.8, 18.6, 21.2, and 33.3 2Theta. Additionally, there
are peaks assigned to reflection indices of (220), (311), (400),
(422), (511), and (440) of iron oxide nanoparticles (magnetite or
maghemite) crystallizing in the cubic spinel structure with a sim-
ilar lattice parameters (magnetite g = 0.8396 nm and maghemite
a = 0.83474 nm).[®¥. Iron oxide magnetic nanoparticles, mag-
netite and maghemite, cannot be distinguished easily using stan-
dard X-ray diffraction techniques since the crystal structure of
both of these oxides is very similar.® Therefore, magnetic iron
oxide nanoparticles will be denoted as Fe;0,-yFe,0;.

The intensity of the peaks recorded for iron oxide nanopar-
ticles increases as the magnetite content in the composite in-
creases. In the presence of iron oxide nanoparticles, the intensity
of the reflections for metallic Pd decreases, and only the char-
acteristic peak at 40.0 2Theta is slightly visible on the patterns.
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The ratio of the amounts of composite components can be de-
termined by comparing the areas under the diffraction peaks.
For this purpose, the signals were extracted by deconvolution in
the range from 25 to 45 2Theta. Exemplary results of deconvolu-
tion of diffractograms are shown in Figure 2 for a fullerene co-
ordination polymer (panel d) and a composite of magnetite and
(CgoPd,),, polymer (panel e). The ratio of the areas of Pd(111) peak
and diffraction peak corresponding to the (Cy,Pd;), polymer de-
creases with the increase of the amount of magnetite nanopar-
ticles in solution during polymer formation (Table 1). The de-
crease in metallic Pd content indicates that the stoichiometry
of the (C4Pd,), polymer formed in a solution containing iron
oxide nanoparticles is much closer to the theoretical value than
that of the polymer synthesized without Fe,0,-yFe,0;. The sizes
of metal nanoparticles determined on the basis of the Scherrer
method assuming their spherical shape remains practically con-
stant.

In order to check the quality of the iron oxide nanoparticles and
composition of formed composite, the Méssbauer spectroscopy
was used. The measured spectra without and with external mag-
netic field B = 1.3T parallel to gamma beam direction are pre-
sented in Figure 3. For the iron oxide nanoparticles (panel a),
the spectra measured without external magnetic field show the
broad lines as a result of superparamagnetic fluctuation of the
Fe magnetic moments. Such behavior is typical for nanoparti-
cles at room temperature. The spectrum measured in external
magnetic field is sharp and the individual three sextets are visible
which comes from Fe located in [A], [B] sites of spinel structure
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Table 1. Influence of the magnetite on the polymeric phase composition in the Fe;O4-yFe,03/(CgoPds3),, composite.

Polymerization conditions? Area under A, peak Area under B, peak B, /A, Pd particle diameter
[au] (CgoPd3), [au] Pd(117) [nm]?

0.48 X 1073 M Cgy, 0.72 x 1073 ™ Pd, (dba);-CHCly 8.32 1.76 0.21 4.2

0.48 X 1073 M Cg, 0.72 x 1073 ™ Pd, (dba);-CHCl; + 2 mg Fe;0,-yFe, 0, 9.96 1.27 0.12 3.2

0.48 x 1073 M Cgp, 0.72 X 1073 M Pd, (dba);-CHCl; + 10 mg Fe;O,-yFe, 0, 9.45 0.81 0.09 4.4

20 mL of benzene. ” Calculated using Scherrer equation D = Ki/fcosf, where D is Pd particle diameter, K is Scherrer constant for spherical particles, 4 is the X-ray

wavelength, and f is the line broadening at the full width half maxima

and on the surface (broad sextet). It is a result of suppressing of
the Fe magnetic moments fluctuations by applied external field.
Such shape of spectrum are typical for maghemite nanoparticles
(Fe’*),[Fe’"s; m,;5];0,, where m means cation vacancies.[**?']
Therefore, the Méssbauer spectroscopy studies indicate partial
oxidation of magnetite to maghemite during the iron oxide
nanoparticles preparation. The intensities 5th and 2nd lines in
measured spectrum disappear as a result of ordering of Fe mo-
ment parallel to external field direction. It means that obtained
nanoparticles are very soft from magnetic point of view. Similar
magnetic behavior was observed for iron oxide particles incorpo-
rated into composite with (C¢,Pd,), polymer (panel b of Figure 3).
The small changes in the shapes of the spectra compared to pre-
vious ones are caused by the smaller dipole-dipole interaction
between maghemite nanoparticles incorporated into composite.
Mossbauer spectrum recorded for this material also shows the
presence of magnetic maghemite in the composite.

The composition of the Fe;0,-yFe, 0, /(C,Pd,),, nanocompos-
ite was also confirmed by FT-IR spectroscopy (Figure 4). The two
intense peaks observed at 585 and 635 cm™! in the IR spectrum
of Fe,O, (Figure 4a) are attributed to the stretching vibration
mode associated to the metal-oxygen Fe—O bonds in the crys-
talline lattice of magnetite.®?] The band at 1630 cm™' and the

Transmission (arb.unit)

B=13T

|| S || SO S | W .
-10 -5 0 5 10 -10 -5 0 5 10

Velocity (mm s™) Velocity (mm s™)

Figure 3. Mdssbauer spectra of a) iron oxide nanoparticles and b) Fe;O,-
yFe,03/(CgoPd3),, composites formed in 20 mL of benzene solution con-
taining 0.48 x 1073 m Cgp, 0.72 x 1073 ™ Pd, (dba);-CHCl;, and 10 mg
Fe;O,4-yFe,O3; measured without and with external magnetic field parallel
to gamma beam direction.
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broad band centered at #3430 cm™! are related to the presence of
hydroxyl groups due to the magnetite surface hydrolyzation and
attributed to OH-bending and OH-stretching, respectively.®?) In
the spectrum of pure (Cy,Pd,), polymer (Figure 4b), the charac-
teristic bands at 517 and 669 cm™! are assigned to the fullerene
cage deformation vibrations.!®*! The vibration at 1367 cm™! can
be attributed to the vibrations of the coordinated C=C bond.
The low intensity of this signal indicates that palladium is co-
ordinated symmetrically at the center of this bond. The signal
at 1450 cm™! is assigned to the stretching of C=C bonds which
are not coordinated to palladium atoms. The spectrum of Fe;O,-
yFe,0,/(C¢,Pd;),, nanocomposite (Figure 4c) clearly shows char-
acteristic peaks of both Fe;0,-yFe,O; nanoparticles and pure co-
ordination fullerene polymer. A small shifts of some absorption
bands towards higher wave numbers in the spectrum of the com-
posite in relation to the spectra obtained for its components indi-
cates weak interactions between the magnetite and the (Cy,Pd,),
layer.

The quantitative composition of Fe,O,-y Fe, 0, /(C,,Pd,),, com-
posites formed in dispersions containing different amounts of
magnetite nanoparticles was investigated using the thermogravi-
metric analysis (TGA) technique. The curves of the relative
mass versus temperature for the obtained composites are shown
in Figure 5. For comparison, the thermogravimetric curves
recorded for the magnetite nanoparticles and pure (Cy,Pd,),
polymer are also presented. Fe;0,-yFe,0, is stable from 20 °C
to 1050 °C. The (C,Pd,), polymeric material is decomposed at

Transmittance
3430 3a30)}420/

3800 3300 2800 2300 1800 1300 800 300
Wavenumber (cm™)

Figure 4. FT-IR spectra of a) Fe;O4-yFe, O3 nanoparticles, b) (CgoPd3),
chemically formed in 20 mL of benzene solution containing 0.48 x 1073
M Cgo, 0.72 X 1073 m Pd, (dba);-CHCl3, and c) Fe;O,-yFe,03/(CeoPds),
nanocomposite formed in 20 mL of benzene solution containing 0,48 x
103 M Cqgp, 0.72 x 10 M Pd, (dba);-CHCl3, and 10 mg Fe;O4-yFe,O;.
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Figure 5. Thermogravimetric analysis (TGA) (solid lines) and DTG
(dashed lines) curves of (1) Fe3O4-yFe,O; nanoparticles, (2) pure
(CeoPd3),, polymer, and (3-5) Fe30,4-yFe,03/(CgPd;), nanocomposites
recorded in an argon atmosphere. Composites were formed in 20 mL of
benzene containing 0.48 x 1073 M Cgy, 0.72 x 1073 m Pd, (dba);-CHCl;
and (3) 20 mg Fe;O,4-yFe,03, (4) 10 mg Fe;O,4-yFe, 03, (5) 5 mg Fe;O4-
yFe,O3 for 10 h. The inset shows the DTG responses of the (C¢oPd3),
polymer and Fe;O,4-yFe,05/(CqoPd3), nanocomposites in the tempera-
ture range of (CgoPds),, decomposition.

temperatures higher than approximately 600 °C. The ratio of pal-
ladium to Cy, calculated from the mass changes during poly-
meric material decomposition is close to approximately 3.5:1.
This value indicates that the polymeric material contains particles
of metallic palladium in addition to the pure polymer phase. The
Fe;0,-yFe,0,/(CyPd;), composites also exhibit a single weight
loss step corresponding to the (Cy,Pd,), polymeric material de-
composition. These mass changes allow us to estimate the mass

www.mrc-journal.de

percentage of the polymeric material in the mass of the formed
composites. Appropriate values are given in Table 2 for compos-
ites formed in suspensions containing different amounts of mag-
netite nanoparticles. The composition of the composite is also
obtained from the mass of synthesized Fe,O,-yFe,0,/(C,Pd,),
composites. After quantitative separation of the composite from
the postreaction solution, the precipitate is weighed, and the per-
centage content of its components is determined. The results ob-
tained for various conditions of composite formation are summa-
rized in Table 2. A good agreement between the results of com-
posite composition determination based on TGA and compos-
ite mass is observed. The results of the influence of polymeriza-
tion time on the amount of polymeric phase formation indicate
that for times longer than approximately 10 h, the polymerization
process is completed, and the mass of polymer in the composite
reaches a constant value.

The results of TGA measurements presented in Figure 5 are
quite intriguing. The inset in Figure 5 shows the DTG responses
of the (C4,Pd,;), polymer and Fe,O,-yFe,0,/(C,,Pd;), nanocom-
posites containing two different amounts of magnetite in the
temperature range of that of (C,Pd,),, decomposition. The pure
(CgoPd;),, polymer decomposes in a relatively broad temperature
range of 250 °C. In contrast, the temperature range of the poly-
mer incorporated into the composite containing a larger amount
of magnetite decomposition is very narrow. The (C,Pd,), is de-
composed within the temperature window of 40 °C. Such behav-
ior indicates that (C4,Pd,), polymeric phase that is deposited on
the surface of magnetite nanoparticles is structurally much more
homogeneous than that in the polymeric phase formed in the
absence of magnetite. In the case of the composite containing
small amounts of magnetite nanoparticles, the broad DTG peak
is a component of two signals corresponding to different polymer
phases.

Table 2. Composition of Fe;O4-yFe, O3/ (CgoPds),, formed under different experimental conditions obtained from the thermogravimetric analysis (TGA)

measurements and mass of the formed composite

Polymerization conditions?

Polymerization

Percentage content of (CgoPd;),

time [h] in the composite [% w/w]

0.48 x 1073 M Cg, 0.72x 1073 ™ 10 77 809
Pd, (dba);-CHCl; + 2 mg Fe;O4-yFe,0;

0.48 X 1073 M Cg, 0.72 X 1073 M 10 585 599
Pd, (dba);-CHCl; + 5 mg Fe;O,4-yFe, 0,

0.48 x 107 M Cgp, 0.72x 1073 ™ 10 35b) 399
Pd, (dba);-CHCl; + 10 mg Fe; O,-yFe, 05

0.48 X 1073 M Cg, 0.72 X 1073 M 10 129 149
Pd, (dba);-CHCl; + 20 mg Fe;O,-yFe,0;

0.48 X 1073 M Cg, 0.72x 1073 M 2 119
Pd, (dba);-CHCl; + 10 mg Fe;O,-yFe, 05

0.48 X 1073 M Cg, 0.72x 1073 M 4 229
Pd, (dba);-CHCl; + 10 mg Fe;O,-yFe, 05

0.48 x 1073 M Cg, 0.72 X 1073 ™ 10 379
Pd, (dba);-CHCl; + 10 mg Fe;O,-yFe,0;

0.48 X 1073 M Cg, 0.72 X 1073 M 16 429
Pd, (dba);-CHCl; + 10 mg Fe;O,-yFe, 05

0.48 x 103 M Cq, 0.72 X 103 M 19 399

Pd, (dba);-CHCl; + 10 mg Fe;O,-yFe, 05

%20 mL of benzene.  From the TGA measurements. © Based on the mass of composite.
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Figure 6. lllustration of different methods of Fe;O,-yFe, O3/ (CgoPds3),, composite deposition on the surface of the magnetic electrode and corresponding
voltammetric responses in acetonitrile containing 0.1 m (n-C4Hg),NCIO, at 0.1V s~'. a) Deposition in the liquid phase, b) drop coating method, and
c) solid-phase solvent-free deposition. SEM images of the magnetite electrode surface coated with Fe;O4-yFe,03/(CgoPd3),, composite at two different

magnifications.

2.2. Electrochemical Investigation of the Fe;O,-yFe,0;/(C4,Pd;),
Composite

2.2.1. Voltammetry

The magnetic material can be deposited at the electrode sur-
face in various ways. In Figure 6, three methods of Fe,O,-
yFe,0,/(CgPd;),, composite deposition are shown. The surface
of the gold electrode can be modified both in solution (panel a)
and out of solution (panels b and c) with a magnetic material. It is
also possible to deposit the material both from the solution (pan-
els a and b) and from the solid phase (panel c). The method of

Macromol. Rapid Commun. 2023, 44, 2300387
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electroactive material deposition on the surface of the magnetic
electrode does not affect its electrochemical properties, as shown
in the voltammograms presented in Figure 6.

The voltammetric responses of the Fe;0,-yFe,05/(CPd;),
composite and (C¢,Pd;),, polymeric material deposited at the sur-
face of the magnetic electrode are compared in Figure 7. The
voltammograms presented in this figure were recorded for thin
films containing the same amount of the (C,,Pd;),, polymer. The
composite was magnetically bonded to the electrode surface. The
pure (Cy,Pd,;),, polymer was weakly mechanically connected with
the gold electrode surface. Both materials are electrochemically
active at negative potentials due to fullerene moiety reduction. In

© 2023 Wiley-VCH GmbH
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Figure 7. Cyclic voltammograms of magnetic electrode coated with a)
(CeoPd3), polymer and b) Fe;O4-yFe,03/(CgoPds3),, composite at 0.1V
s~!in acetonitrile containing 0.1 m (n-C4Hg)4NCIO,. Composites were
formed in 20 mL of benzene containing 0.48 X 1073 M Cgy, 0.72 X 1073 ™
Pd, (dba);-CHCl;, and 10 mg of Fe;O4-yFe, 05 for 10 h. Inset shows the
In i—E relationship for the first 15% of the peak corresponding to the first
electron exchange for the electrode covered with a) (CgqPds),, polymer and
b) Fe;04-yFe,03/(CgoPds),, composite.

the studied potential range, two reduction steps corresponding
to the formation of Cy,~ and Cy,2~ centers in the polymeric back-
bone are observed. The voltammetric signals corresponding to
the first two fullerene moiety-involved charge exchange processes
are much better developed in the case of the composite. The re-
dox processes are also much more reversible in the case of the
magnetic Fe;O,-yFe,0,/(Cq,Pd,;), composite in comparison to
(CgoPd;),,. The rate of the polymeric phase reduction can be ex-
pressed by the slope of the relation between the logarithm of
the reduction current and the potential in the potential range
of the oxidation peak formation (approximately the first 15% of
the high peak oxidation). Such relations are shown in the inset
in Figure 7. The value of the In i ;_ E slope is much higher in
the case of the Fe;O,-yFe,0,/(C,,Pd;), nanocomposite in com-
parison to the one obtained for the electrode modified with pure
chemically formed (Cy,Pd,), polymer.

In Figure 8, the investigation of the sweep rate effect on
the voltammetric behavior of the (C,,Pd,), polymer and Fe,O,-
yFe,0,/(C¢,Pd;), composite is presented. The polymeric phase
reduction current linearly depends on the sweep rate (v), indicat-
ing that the material concentrated at the electrode surface is in-
volved in the electrode processes. The slope of the i, ~ v relation is
higher in the case of the Fe; O,-yFe,0,/(C,,Pd;),, composite indi-
cating a higher degree of the electrochemically active material re-
duction in the case of composite in comparison to pure polymeric
material. Additionally, a much lower separation between peak re-
duction and oxidation potential is observed for the composite. In
lower right panel of Figure 8, the dependence of peak potential
separation on the sweep rate is shown for both studied materials.
Such relations are shown for the first fullerene reduction pro-
cess. In the case of the second reduction step, the voltammetric
peaks are poorly developed, particularly for the (C,,Pd,), poly-
mer, preventing such an analysis. The pure (C¢,Pd,), polymer
exhibits a higher separation between potentials of anodic and ca-
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thodic peak currents. Additionally, the difference in cathodic and
anodic peak current potentials increases much faster with the in-
crease in the sweep rate for the polymer compared to the compos-
ite. Such behavior indicates that the fullerene polymer-involved
charge transfer process is much faster when the polymeric mate-
rial forms a nanoscale composite with the magnetite nanoparti-
cle. The enhancement of the electrochemical performance of the
composite in comparison to the pure polymeric material is re-
lated both to the stronger interaction of the composite with the
magnetic electrode and the nanostructured morphology of the
Fe;0,-yFe,0,/(Cy,Pd;),, material.

In Figure 9, voltammetric responses of the Fe;O0,-
yFe,0,/(C¢,Pd;),, composite formed in solutions containing
different amounts of Fe,O,-yFe,O, nanoparticles are presented.
The voltammograms were recorded in the potential range of the
first fullerene moiety reduction step. The voltammograms were
recorded with the same mass of composite material. The com-
posite was deposited at the magnetic electrode surface from the
solid phase. Even composites with a low content of the magnetic
component are effectively and quantitatively deposited on the
surface of the magnetic electrode. The current corresponding to
the first fullerene reduction step increases with an increase in
the amount of magnetite component in the composite. This is a
rather unexpected behavior because higher currents are observed
for materials containing a smaller amount of polymer phase.
This behavior is the result of a greater degree of active surface
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Figure 8. Cyclic voltammograms (upper panel) of magnetic electrode
coated with a) (CgoPds),, polymer and b) Fe;O4-yFe,03/(CgoPds),, com-
posite at (1) 25, (2) 50, (3) 100, (4) 150, and (5) 200 mV s~ in acetoni-
trile containing 0.1 mL dm™3 (n-C4H4),NCIO,. Dependence of the peak
current of the first Cgy reduction step on the sweep rate (bottom left)
and peak separation potentials on the sweep rate (bottom right) for the
a) (CgoPd3),, polymer and b) Fe;0,4-yFe,05/(CgoPd3),, composite. Com-
posites were formed in 20 mL of benzene containing 0.48 x 1073 m C,
0.72 x 1073 m Pd, (dba);-CHCl; and 10 mg of Fe;O,-yFe,05 for 10 h.
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Figure 9. Cyclic voltammograms of magnetic electrode coated with
Fe;O4-yFe,03/(CgoPds3),, composite formed in 20 mL of benzene con-
taining 0.48 x 1073 m Cqp, 0.72 X 1073 M Pd, (dba);-CHCl;, and a) 2 mg
Fe;O4-yFe,03, b) 5 mg Fe304-yFe, 03, c) 10 mg Fe;O4-yFe, 03, and d)
20 mg of Fe;0,-yFe,O5 for 10 h at 0.1V s~ in acetonitrile containing
0.1 M (n-C4Hy),NCIO,.

area development of the composite containing larger amounts of
magnetite nanoparticles. An increase in the difference between
the reduction and oxidation peak potential of the polymer is also
observed along with the increase in the magnetite content in
the composite resulting from the nonconductive nature of the
magnetite nanoparticles.

The current density of the composite material immobilized at
the electrode surface linearly depends on the amount of mate-
rial deposited at the electrode surface (Figure 10). Such behav-
ior indicates that in the studied surface density mass range, the

220

160 |
100

Current (pA)
)
(=)

-80 |
40 |
200 } . [
AN
-260 1 L L L
-1.3 -1 0.7 -04 0.1

Potential (V vs. Ag/Ag*)

Figure 10. Cyclic voltammograms of the magnetic electrode coated with
the Fe;O4-yFe,03/(CgoPds3),, composite formed in 20 mL of benzene
containing 0.48 x 1073 m Cg, 0.72 x 1073 m Pd,(dba);-CHCl; and
10 mg Fe;04-yFe,O5 at 0.1V s~ in acetonitrile containing 0.1 m (n-
C4Hg)4NCIO,. Composite surface mass densities of a) 204, b) 408, c) 611,
and d) 815 pug cm™2 The inset shows the relation between the cathodic
peak current and the mass of the composite deposited at the electrode
surface.
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whole material undergoes the process of electro-reduction. The
peak potentials of cathodic and anodic processes are shifted to-
ward more negative and less negative potentials, respectively.
Such an effect is probably related to the increasing resistance
of ion transfer processes with increasing composite layer thick-
ness. Despite this potential shift, the voltammetric curves retain
the typical shape for electrode processes involving conductive
polymers.

The method of immobilizing the electroactive phase on the
surface of the electrode affects not only the mechanical durability
of the deposited layer but also the stability of its electrochemical
properties. The (Cy,Pd;), polymer is doped with the cations of
the supporting electrolyte during the reduction process. The in-
corporation of large tetra(alkyl)ammonium cations into the poly-
mer structure causes morphological changes leading to polymer
decomposition. In addition, the negative charge located on the
fullerene units reduces the stability of the polymer chain. The
stability of the film formed from chemically produced (Cy,Pd;),
polymer is very limited. It slowly decomposes during charging
in the potential range of the first two fullerene moiety reduc-
tion steps. Upon multicyclic potential sweep, a gradual decrease
in both reduction and oxidation currents in this potential range
is observed (voltammogram a in Figure 11). Therefore, the cur-
rents of polymer-involved redox charge transfer processes reach
a stable but very low value after the 15th voltammetric cycle. The
magnetic Fe;0,-yFe,0; /(CyPd;), composite exhibits more sta-
ble voltammetric behavior (upper voltammogram of panel b in
Figure 11). In the potential range of the first two electron transfer
steps, this material exhibits stable behavior despite larger charges
related to these electrode processes. Polymer decomposition is
observed during polarization to the potential range of the third
fullerene-involved reduction step (lower voltammogram of panel
c in Figure 11).

Current

-2.3 -1.9 -1.5 -1.1 -0.7 -0.3
Potential (V vs. Ag/Ag*)

Figure 11. Multicyclic voltammograms of magnetic electrode coated with
a) (CgoPd3),, polymer and b) Fe;O4-yFe,03/(CgoPd3),, composite formed
in 20 mL of benzene containing 0.48 X 107> M Cgy, 0.72 X 1073 ™
Pd, (dba);-CHCl; and 10 mg Fe;O4-yFe,O3, in acetonitrile containing
0.1 M (n-C4Hq)4NCIO, for two potential ranges at 0.1V s~
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2.2.2. Impedance

The electrochemical properties of the Fe,O,-yFe,0,/(C¢,Pd;),
nanocomposite were also studied by electrochemical impedance
spectroscopy. Figure 12 presents the imaginary part of
impedance, Z”, as a function of the real part of impedance,
Z’, for the (C¢,Pd,), polymeric material (panel a) and Fe,;O,-
yFe, 0, /(C¢Pd;), composite (panel b) deposited at the magnetic
electrode surface. The Z”’-Z’ responses were obtained for
different reduction potentials. The potential profiles applied
in the faradaic impedance studies are shown in an inset in
panel a of Figure 12. The measurement of the impedance for
each measured frequency of potential changes at a constant
reduction potential of the polymer E; was preceded by keeping
the electrode at the potential E;, enabling the polymer to return
to its nonreduced form. The composite/electrolyte interphase
can be represented by the equivalent circuit shown in panel b
of Figure 12 (inset). R, is a solution resistance, R, represents
the charge transfer resistance related to the (Cy,Pd,), polymer
reduction, and Cy; is the double-layer capacitance of the external
interphase between the composite and electrolyte. The C; ca-
pacitance represents the capacitance of the internal interphase
between the electrode surface and solution inside the micropores
and Zy, is the Warburg impedance related to counterion transport
accompanying the polymer reduction process expressed by the
following equation:

1
Zy = —— M)
Y, Vjo

where w = 2zf and Y|, is the diffusion admittance expressed as
follows:

3R
-2
0 L

In this equation R, represents the resistance related to the ion
transport process within the pores of electroactive material.

This equivalent circuit can be used to describe the electrode
processes taking place in both the composite material and poly-
mer. The solid lines presented in Figure 12 represent impedance
changes simulated for the equivalent circuit. The correlation be-
tween the experimentally and theoretically obtained Z"-Z’ rela-
tionships shows that the proposed theoretical model provides an
accurate description of our material. The values of the equivalent
circuit components used for the experimental data simulation for
the pure polymer and Fe;O,-yFe,0,/(C,,Pd;),, composite are dis-
played in Table 3.

A significant difference between the impedance responses
of the electrode coated with the (C(,Pd;), polymer (panel a of
Figure 12) and the magnetic electrode modified with the Fe,O,-
yFe,0,/(C¢Pd;), composite (panel b of Figure 12) is observed.
The impedance responses of the electrode coated with the com-
posite are dominated by the capacitance properties of the mate-
rial. The imaginary part of impedance increases rapidly with a de-
crease in frequency (panel a of Figure 12). In the high-frequency
range, the semicircle related to the charge transfer resistance is
very poorly developed due to the low charge transfer resistance
and high contribution of the capacitance component. As a conse-
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quence, the determination error of the R, value is relatively high
(Table 3). As expected, the R values decrease with the shift of
potential toward more negative values.

In the case of pure polymeric material, three frequency ranges
corresponding to different electrode processes can be selected.
In the high-frequency range (inset in panel a of Figure 12), a
poorly developed semicircle corresponding to the charge transfer
resistance is observed. The charge transfer resistance values
obtained for the Fe;0,-yFe,0; /(CyPd,;), composite are lower
than those obtained for the pure (Ci,Pd,), polymer, which is
not magnetically bound to the electrode surface. This charge
transfer frequency range is followed by the frequency range of
counterion diffusion which depends on the diffusion coefficient
of the ions incorporated into the polymeric phase. The slope
of the Z’-Z" responses is close to 45° (dashed straight line in
the insert graph). The Warburg impedance for this process is
approximately an order of magnitude lower for the pure polymer
than the composite. This indicates much easier transport of the
base electrolyte ions into the electroactive phase in the compos-
ite material. Finally, the imaginary part of the frequency starts
to increase due to the dominant share of capacitive processes.
Large differences in the Warburg impedance are also observed. It
should be noted that the capacitance properties of the composite
are enhanced in comparison to the (C,,Pd,), polymer-modified
electrode.

3. Conclusions

The magnetic composite material Fe;O,-yFe,0,/(C,Pd,), was
used as a model system to investigate its deposition on a mag-
netic electrode and its electrochemical properties. The nanopar-
ticle magnetite ensures both the magnetic activity of the com-
posite and its nanostructured morphology. Both of these factors
are responsible for the enhancement of the electrochemical activ-
ity of the polymer phase forming the composite in comparison
to the pure polymer material deposited on the same magnetic
electrode. In the magnetic field of the electrode, the composite
undergoes permanent and strong bonding with the surface of the
electrode. This allows easy manipulation of the electrode, trans-
ferring it from one solution to another without losing the elec-
troactive material from the electrode surface. This is of particular
importance when such a magnetic electrode is used in the for-
mation of electrochemical chemo(bio)sensors.

Significant changes in the electrochemical properties of the
Fe,0,-yFe,0,/(CyPd;), composite immobilized on the surface
of the magnetic electrode in comparison to the redox properties
of the pure (C¢,Pd,),, polymer are observed. Under cyclic voltam-
metry conditions, the composite exhibits much more reversible
redox properties in the potential range of the fullerene moiety
reduction than that of the pure polymer. In the case of the com-
posite, the current related to polymer phase reduction is also en-
hanced. This effect is related to the greater efficiency of doping
the composite material with counterions from the electrolyte so-
lution in addition to the reduction of the thin polymer layer de-
posited on the magnetite aggregates. The potential range of stable
electrochemical behavior is also wider for the composite than for
the pure polymer.
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Table 3. Faradaic impedance data for the magnetic electrode coated with Fe;O4-yFe,03/(CgoPd3),, composite and (CgoPd3),, polymer.

Potential R [Q] Cy [mF] R, [Q] Y, C, [mF]

Fe30,-yFe,03/(CgoPd3),, composite

600 mV 125 (19%) 0.051 (8%) 17.2 (12%) 0.33 x 1072 (15%) 0.637 (4%)
650 mV 131 (1%) 0.072 (6%) 12.5 (15%) 0.36 x 1072 (28%) 0.554 (3%)
700 mV 132 (1%) 0.090 (9%) 9.2 (27%) 039 x 1072 (22%) 0.42 X 102 0.506 (6%)
750 mv 132 (2%) 0.134 (7%) 42 (55%) 0.42 x 102(18%) 0.452 (4%)

(CeoPd3),, polymer

600 mV 112 (13%) 0.004 (5%) 130 (40%) 0.19x107 (6%) 0329 (25%)
650 mV 109 (29%) 0.008 (12%) 110 (32%) 0.27x107* (3%) 0312 (13%)
700 mV 119 (3%) 0.014 (7%) 75 (24%) 0.47x107* (3%) 0.506 (25%)
750 mV 105 (3%) 0.029 (7%) 40 (55%) 1.02x1073 (6%) 0.472 (229%)

Both enhancement of electrochemical activity and stability un-
der cyclic charging and discharging are particularly important for
application of Fe;0,-yFe,0,/(C¢,Pd;), composite immobilized
on the surface of the magnetic electrode in charge storage de-
vices. The results of faradaic impedance measurements indicate
that the impedance responses of the electrode coated with the
composite are dominated by the capacitance properties of the ma-
terial. The high electrical capacity of the Fe,O,-yFe,0,/(Cy,Pd;),
composite immobilized on the surface of the magnetic electrode
and fast charge transfer processes within the composite show
that the composite material can act effectively as an electroactive
material in electrochemical capacitors. These issues are the sub-
ject of ongoing work.

4. Experimental Section

Materials:  FeCl,-4H,0, FeCl;-6H,0, 0.5% NH; solution, ace-
tone, ethanol, tetra(n-butyljammonium hydroxide, (n-C4Hg)4,NOH,
NaCl, acetonitrile, dichloromethane , and (n-C4Hg),NCIO, were
used as received for the synthesis of Fe;O, nanoparticles and its
composite with (CgoPd;), from Aldrich Chemical Co. Fullerene Cgp
(99%), tris(dibenzylideneacetone) dipalladium(0)-chloroform adduct,
Pd, (dba);-CHCl;, and benzene (99.8%) used for coordination fullerene
polymer synthesis were purchased from Aldrich Chemical Co. and used
without additional purification. A Milli-Q/Millipore system was used to
obtain deionized water with a resistivity of 18.2 MQ cm.

Instrumentation: ~ Cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) experiments were performed using an AUTOLAB
(Utrecht, Netherlands) computerized electrochemistry system equipped
with a PGSTAT 12 potentiostat and FRA response analyzer expansion cards
with a three-electrode cell. The AUTOLAB system was controlled with the
GPES 4.9 software provided by the system manufacturer. A silver wire
was immersed in an acetonitrile solution of 0.01 M AgNO; and 0.09 M
(n-BuyN)ClO, and separated from the substrate electrode by a ceramic
frit from Bioanalytical Systems, Inc., which served as the reference elec-
trode. The potential of this electrode is equal to 0.043 V with respect to
the ferrocene/ferrocene™ redox couple, which corresponds to 0.725 V with

respect to a normal hydrogen electrodFrom a e (NHE). The counter elec-
trode was a platinum tab with an area of ~0.5 cm?.

The design of the working electrode is shown in Figure 13. The surface
of a gold disc plate served as the working electrode. This gold disc, 2 mm
thick and 5 mm in diameter, was immobilized in a Teflon tube. The Teflon
tube also contained a neodymium magnet ensuring the deposition of the
magnetic material on the outer surface of the gold. The magnet had a re-
manence of 1290—1320 Tesla and a force of 2.2 kg. The design of the elec-
trode made it possible to remove the magnet from the inside of the Teflon
tube when cleaning the electrode. To limit the magnetic deposition of the
material on the Teflon surface surrounding the gold disc, an additional
Teflon restraint was used. Prior to the electrochemical measurement, this
limiting ring was removed from the electrode surface, ensuring that only
the gold surface was covered with magnetic material. Prior to the experi-
ments, the electrode was polished with fine Carborundum paper and then
with a 0.5-um alumina slurry. Subsequently, the electrode was sonicated
in water to remove traces of alumina from the gold surface, rinsed with
water, and dried.

TEM images were obtained using a Tecnai G2 20 X-TWIN microscope
(FEI Company, Hillsboro, OR, USA) with a LaB6 emitter and an HAADF
detector operating at 200 kV.

SEM experiments were carried out using an INSPECT S50 microscope.
The accelerating voltage of the electron beam was 20 keV.

TGA in an atmosphere of purged nitrogen (0.1 dm? min~') was per-
formed using a Mettler Toledo Star TGA/DSC system. Two milligrams of
sample were weighed, placed in aluminum pans, and heated from 20 °C
to 1050 °C at 10 °C min~".

FT-IR spectra were recorded using a Magna IR 550 Series Il spectrom-
eter with a spectral resolution of 4 cm'.

Powder diffraction studies were carried out using a Supernova diffrac-
tometer (Agilent Technologies) operating at 50 kV and 0.8 mA and
equipped with a CCD detector and a source: CuKa 1 (4 = 1.54056 A). The
distance between the sample and detector was 158 cm.

Méssbauer measurements were performed at room temperature us-
ing a spectrometer operating in a constant acceleration mode with a *”Co
source in Rh matrix. The velocity scale was calibrated using a-Fe standard
foil at room temperature.

Synthesis of Magnetic Iron Oxide Particles and (CgyPd;3), Nanocompos-
ite:  Fe;O4-yFe,O3 nanoparticles were produced according to the mod-
ified synthesis described by Yazadani and Seddigh .[**] At room temper-
ature, 50 mL of 0.1 M Fe3* solution and 25 mL of 0.1 M Fe2+ solution

Figure 12. Nyquist plots of the magnetic electrode coated with a) (CgoPd;),, polymer and b) Fe;O4-yFe,053/(CgoPd;),, composite formed in 20 mL of
benzene containing 0.48 x 1073 m Cg, 0.72 x 1073 M Pd, (dba);-CHCl;, and 10 mg Fe;0,-yFe, 05, at (1) =600, (2) —650, (3) —700, and (4) —750 mV
in acetonitrile containing 0.1 M (n-C4Hg)4NCIO,. Marks represent experimental data, and the solid lines present impedance changes for the equivalent
circuit. The upper inset in panel a shows the Z"-Z’ relationship in the higher frequency range at —700 mV. The lower inset in panel a presents the potential
change diagram during faradaic impedance measurements. The inset in panel b shows an equivalent circuit representing the composite/electrolyte

interphase.
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Figure 13. Schematic illustration of the magnetite electrode and real photo of the test electrode disassembled into parts.

were added to 350 mL of deionized water under an argon atmosphere
and vigorously stirred. Next, 35 mL of 1 M NaOH solution was added to
the reaction vessel and the mixture was stirred for 3 min. The resultant
dark residue was separated from the solution with a permanent magnet.
In the last step, the obtained magnetic nanoparticles were washed a few
times using deoxygenated deionized water and dried to a powder form
in a vacuun oven for 12 h at 80 °C. Due to the possibility of easy oxida-
tion of magnetite nanoparticles to maghemite, in this paper the iron oxide
nanoparticle material will be designated as Fe;O,-yFe,O3.

In the next step, magnetite nanoparticles were dispersed in 10 cm?® of
degassed benzene containing 15 mg of Pd, (dba);-CHCl;. Next, 10 cm?
of dissolved benzene containing 7 mg of C¢y was added. The synthesis
was carried out at different times (2-24 h) in an argon atmosphere. Under
such conditions, the (CgoPds),, polymer, which exhibits a 3-D structure,
was precipitated on the magnetite nanoparticle surface.
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