A green approach to magnetically-hard electrically-conducting
polyaniline/CoFe>O4 nanocomposites

Cristina Della Pina, Anna Maria Ferretti,? Alessandro Ponti,>” Ermelinda Falletta®”

2 Dipartimento di Chimica, Universita degli Studi di Milano, e ISTM-CNR, Via C.
Golgi, 19 - 20133 - Milano (Italy), e-mail: cristina.dellapina@unimi.it,
ermelinda.falletta@unimi.it

b |aboratorio di Nanotecnologie, Istituto di Scienze e Tecnologie Molecolari, Consiglio
Nazionale delle Ricerche, Via G. Fantoli, 16/15 - 20138 - Milano (Italy), e-mail:
anna.ferretti@istm.cnr.it, alessandro.ponti@istm.cnr.it

Corresponding authors. Ermelinda Falletta, Dipartimento di Chimica, Universita degli
Studi di Milano, Via C. Golgi, 19 - 20133 - Milano (ltaly), Tel: +39 0250314410,
ermelinda.falletta@unimi.it. Alessandro Ponti, Istituto di Scienze e Tecnologie
Molecolari, Consiglio Nazionale delle Ricerche, Via C. Golgi, 19 - 20133 - Milano

(Italy), Tel: +39 0250314280, alessandro.ponti@istm.cnr.it

Abstract

Magnetically-hard, electrically-conducting polyaniline/CoFe204 nanocomposites were
prepared by ene-pet oxidative polymerization of N-(4-aminophenyl)aniline using
molecular oxygen or hydrogen peroxide as the oxidants and magnetic CoFe204
nanoparticles, both uncoated and oleic acid-coated, with the double role of
polymerization catalyst and magnetic filler. Oleic acid-coated nanoparticles showed
higher catalytic activity than uncoated ones, especially under aerobic conditions. The
size of the nanoparticles did not undergo significant changes during the polymerization
process. The nanocomposites are magnetically hard with large remanence/saturation
ratio, very large coercivity (8-15 kOe at 5 K) and do not display superparamagnetic

effects even at RT. The addition of Fe3* as a further oxidant allowed to tune the
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electroconductive properties of the materials, with conductivity ranging from 7.3-10°°

S/cm to 5.5-10°2 S/cm.

Keywords: A. Nano composites, A. Nano particles, A. Polymer-matrix composites

(PMCs), B. Magnetic properties, Polyaniline.

1. Introduction

Nanocomposite materials combining an electrically conducting polymer (ECP) and
magnetic nanoparticles (NPs) have been intensively investigated for their fascinating
application as electrochromic devices, [1, 2] electromagnetic interference shields, [3, 4]
non-linear optical systems, [5] and microwave absorbers. [6] Among ECPs, polyaniline
(PANI) is particularly interesting for its high conductivity, easy synthesis, low cost, and
good environmental stability, which make it a promising candidate for many
applications. PANI is unique for its tunable electrical conductivity. Among the forms
that PANI can assume (reduced leucoemeraldine, half-oxidized emeraldine and oxidized
pernigraniline), only the half-oxidized, half-protonated emeraldine salt is electrically
conductive. In general, PANI/magnetic-NP composites are prepared by multi-step
approaches involving separate NP synthesis and aniline polymerization. The latter
requires strong stoichiometric oxidants, such as (NH4)2S20s or metal ions in high
oxidation state [7], and the resulting inorganic by-products represent a serious drawback
related to waste management [8]. Up to now, PANI/CoFe204 nanocomposites were
prepared by these approaches. [9-19] They comprised PANI in the conductive form and
were only moderately hard [9-13] despite CoFe20a is the magnetically hardest cubic
ferrite. Applications as EMI shielding materials, [10, 11, 13] photocatalysts, [14, 16]
bactericides, [17, 18] and supercapacitors [19] were demonstrated.

Recently, we reported on the use of eco-friendly oxidants, such as Oz and H202, with the
aid of suitable catalysts as a “green” alternative to produce ECPs. [20-24] In particular,

FesO4 NPs resulted to be active catalysts in the oxidative polymerization of N-(4-



aminophenyl)aniline (aniline dimer, AD), leading to electrically conductive,
superparamagnetic PANI/Fe3O4 nanocomposites. [24] We herein report on the behavior
of CoFe204 NPs as a polymerization catalyst and magnetic nano-filler for the
preparation of PANI/CoFe204 nanocomposites. CoFe204 NPs were proven to be an
effective catalyst allowing to achieve magnetically hard nanocomposites with high
magnetization and coercivity. The electrical conductivity of the nanocomposites could

be tuned by adding a further environmentally-friendly oxidant.

2. Material and methods

2.1. Reagents and instruments

All chemicals were used as received without any purification. FT-IR spectra (400-4000
cm™) were recorded by a JASCO FT/IR-410 spectrophotometer using pellets of samples
dispersed 1:100 w/w in KBr. UV-Vis spectra were recorded on a Hewlett Packard 8453
spectrophotometer using 0.087-0.353 mM solutions in N,N-dimethylformamide. For
transmission electron microscopy (TEM, Zeiss LIBRA-200FE), a drop of NP dispersion
(toluene) or nanocomposite suspension (acetonitrile) was evaporated on a carbon-film
grid. Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku D IIIMAX
horizontal-scan powder diffractometer with Cu K, radiation. The metal content of the
NPs and nanocomposites was determined by atomic absorption spectroscopy (AAS) on
a AAS 3100 PerkinElmer spectrophotometer after sample mineralization in aqua regia.
EDS (Energy Dispersive X-ray Spectroscopy) characterization was carried out on a
Hitachi TM1000 SEM microscope. The electrical conductivity was measured by an
AMEL 338 multimeter as detailed in Sec. 2.5. A Quantum Design MPMS XL-5 SQUID
magnetometer was used to measure the magnetic properties of NPs and nanocomposites
as detailed below (Sec 2.3.6).

2.2. Preparation of CoFe204 NPs

2.2.1. Preparation of uncoated CoFe204 NPs. According to the method of Kang, [25]

aqueous solutions of FeCls:6H20 (0.30 M, solution A) and CoCl2-6H20 (0.15 M,



solution B) were prepared dissolving the appropriate amount of salts in 0.4 M ag. HCI.
10 mL of each solution (Fe/Co = 2, atomic ratio) were mixed and stirred for 20 minutes
at 80°C under nitrogen. Then, 1.5 M aq. NaOH was quickly added until reaching pH 13
under vigorous stirring. After 2 hours the product was magnetically decanted, washed
repeatedly with distilled water until neutral pH and dried at 70°C in oven (yield 91 %).
2.2.2. Preparation of oleic acid-coated (OAC) CoFe204 NPs. Oleic acid (0.2 g) was
added to dried uncoated CoFe204 NPs (0.75 g) and stirred in 63 mL of toluene to obtain
a uniform suspension. The concentration of CoFe204 in the suspension was measured
by AAS (11.9 mgcore2o4/ml).

2.3. Synthesis of PANI/CoFe204 nanocomposites

2.3.1.0xidative polymerization reaction by molecular oxygen. 460 mg (2.5 mmol) of N-
(4-aminophenyl)aniline (AD) were dissolved in 40 mL of 0.03 M aqg. HCI. Different
amounts of uncoated or OAC CoFe204 NPs were added (AD/CoFe204 =5, 10, 50 molar
ratio). The suspension was stirred under molecular oxygen (po2 = 2 bar) for 72 hours at
80°C. The resulting dark solid was collected by filtration, washed with water and
acetone and dried at 383 K overnight. A blank test was repeated in the absence of
CoFe204 NPs and no solid product was obtained.

2.3.2. Oxidative polymerization reaction by hydrogen peroxide. 460 mg of AD (2.5
mmol) were dissolved in 40 mL 0.03 M aqg. HCI. Different amounts of uncoated or
OAC CoFe204 NPs (AD/CoFe204 = 5, 10, 50 molar ratio) and 0.77 mL of agq. H202
(30%, w/w) were added (H202/AD = 3, molar ratio). The reaction mixture was stirred at
RT for 24 hours. The product was collected by filtration and treated as above (section
2.3.1). The reaction was repeated in the absence of CoFe204 NPs and, as previously
reported, [21, 24] a green solid material, identified as emeraldine salt (ES), was
obtained (sample 1).

2.3.3. Oxidative polymerization reaction by hydrogen peroxide and Fe3* as-co-catalyst.
The reactions were carried out as described in section 2.3.2 in the presence of CoFe204

NPs and adding FeCls (AD/Fe = 1000, molar ratio) into the mixture (sample 11).



2.4. Synthesis of leucoemeraldine
Leucoemeraldine was prepared as described in ref. [26]. 1 g of sample 1 was de-doped
with 20 mL of 1.5 M ag. NaOH, obtaining emeraldine base (EB). The latter was filtered
and washed with water until neutrality of the mother liquors. 300 mg of EB were
dispersed in 5 mL of ag. hydrazine (35%). After 5 hours the product was filtered,
washed with acetone, dried under vacuum and stored under nitrogen (sample 2).
2.5. Conductivity measurements
For conductivity measurement, 200 mg of finely powdered sample (ES (sample 1),
leucoemeraldine (sample 2), and PANI/CoFe204 nanocomposites) were pressed
between 13 mm anvils with force 10 ton for 30 minutes. The resulting disk was next
pressed with force 2 kg for 30 minutes. Resistance R was measured by an AMEL 338
multimetre and conductivity ¢ was obtained as

o = (UR) (¢/A) Q)
where € is the thickness of the disk, R is the resistance and A is the area of the disk base.
2.6. Magnetic measurements
Weighted amounts of powdered samples were packed in Teflon ribbon and set in the
magnetometer sample space. Magnetization isotherms M(H) were measured between
+50 and —50 kOe at 5 K after field cooling (FC, Hcool = +50 kOe) from 295 K. The
temperature dependence of the magnetization M(T) was measured between 5 and 300 K
using a measuring field Hmeas = 10 Oe in both zero-field cooling (ZFC) and FC (Hcool =

10 Oe) modes. The raw data were corrected for diamagnetic contributions.

3. Results and Discussion

3.1. Catalytic polymerization of AD

As demonstrated by Wei et al., [27] owing to the higher oxidation potential of aniline
with respect to AD, the slowest step of polyaniline synthesis consists in the aniline
monomer oxidation into AD. Recently, we demonstrated that this kinetic bottleneck can

be overcome by using AD as reagent since it can be easily polymerized by mild



oxidants (H20: or O2) in the presence of suitable catalysts. [23, 24] As previously
observed by us for FesO4 NPs, [24] both uncoated and OAC CoFe204 NPs exhibited
catalytic activity (Table 1). The reaction yield was calculated according to Equation 2:
Yield%= (Zmass insoluble materials/ Xmass reagent) X 100 2
where Xmass reagent = AD+HCI+CoFe204+0leic acid. To compare the NP activity between
reactions involving Oz or H20z, it is useful to subtract from the yield of the reaction
carried out in the presence of H20: the yield observed in the same conditions but in the
absence of NPs, as the latter arises from NP-independent polymerization. Considering
the yield values in brackets in Table 1, it is clear that the NPs resulted to be more active
under aerobic conditions than in the presence of H20z, in agreement with literature. [8]
Furthermore, whereas similar catalytic activity was observed for both CoFe204 NPs
types using Oz, in the presence of H202 OAC NPs exhibited higher catalytic
performances than uncoated NPs. This behavior could be ascribed to the ability of cubic
ferrites (in particular, MnFe204 and CoFe204) to decompose H202, [28] decreasing the
oxidant concentration in the reaction mixture and thus producing polymer in lower
yield. The coating of OAC NPs probably reduces the H202-NP interaction thereby
leading to higher yields (Table 1). In order to exclude any catalyst leaching, the
inorganic content of the nanocomposites was analyzed by AAS and EDS. The results
confirmed that CoFe204 NPs were mostly incorporated in the insoluble nanocomposites
with no change of Fe/Co ratio. This suggests that CoFe204 NPs acted as a true
heterogeneous catalyst since their performance cannot be attributed to corrosion
phenomena in solution. We conclude this section by comparing the present results with
those obtained using FesO4 NPs. [24] CoFe204 NPs are more active than FesO4 NPs by
about 10% in yield when uncoated NPs are compared, irrespective of the used oxidant;
the reverse occurs for OAC NPs. Both FesO4 and CoFe204 NPs are more active when
used in conjunction with Oz, provided that NP-catalyzed yield only is considered. The
higher yield for OAC vs. uncoated NPs when H20: is used was not observed for Fe3Oa

NPs, which are less effective in decomposing H202. Hence, similar polymer yield can



be obtained by a suitable choice of NP coating and oxidant that compensates for
replacing Fe?* with Co?" in the ferrite structure.

3.2. Spectroscopic characterization

CoFe204 NPs were characterized by XRD, TEM, AAS, and EDS. The diffractogram in
Figure 1a corresponds to the cobalt ferrite phase with cubic spinel structure. [29] This
diffractogram was analyzed by the Rietveld method as implemented in the MAUD
software [30] to evaluate the crystallite size. The sample was modeled as a collection of
randomly-oriented CoFe204 NPs with log-normal size distribution. The best-fit mean
crystallite size was Dxrp = 16.0(4) nm. Electron diffraction (Figure 1b) confirmed that
the NPs are crystalline, have spinel structure, and are randomly oriented. TEM images
(Figure 1c,d) revealed that CoFe204 NPs formed agglomerates even after treatment with
oleic acid. The individual NPs range in size from 3 to 25 nm, in reasonable agreement
with the Dxrb, showing that the NPs are single crystals. The smaller NPs have
spheroidal shape while the larger ones appear polygonal in the TEM images. The Fe/Co
molar ratio, measured by AAS and EDS in two different CoFe204 NPs batches for each
preparation type, was in good agreement with the stoichiometric ratio (Fe/Co = 2). In
fact, for uncoated NPs the Fe/Co atomic ratio measured by AAS (EDS) resulted to be
1.96 (1.92) and 2.11 (1.90) for the first and second batch, respectively. Similarly, for
OAC NPs it was 1.98 (1.95) for the first batch and 2.08 (1.97) for the second one.

The XRD patterns of PANI/CoFe204 nanocomposites (Figure 1a) revealed the presence
of CoFe204 NPs inside the PANI matrix. Rietveld analysis showed that the mean
crystallite size of CoFe204 NPs did not significantly change during polymerization
[Dxrp = 16.1(4) nm for sample 9" and 15(6) nm for sample 10“"]. Since uncoated and
OAC CoFe204 NPs led to very similar patterns, we decided to limit FT-IR and UV-Vis
spectroscopic investigations to the nanocomposites obtained using uncoated NPs. The
PANI matrix of the nanocomposites was characterized by FT-IR and UV-Vis
spectroscopy (Figure 2). The ratio between the FT-IR bands at 1570 cm™* (quinoid band,

Q) and 1498 cm* (benzenoid band, B), as well as the intensity of the band at ca. 1144



cm* (electronic-like band) are strictly related to the conductive behavior of the
polymer. [31] The Q/B intensity ratio (Table 2) gradually decreases passing from sample
1 to 6"" and 2 showing that PANI in nanocomposite 6""° has intermediate oxidation
state between the half-oxidized emeraldine salt (sample 1) and reduced leucoemeraldine
(sample 2). Moreover, the electronic-like band, typical of conducting emeraldine form,
is very strong for sample 1, weak for sample 2, and again intermediate for
nanocomposite 6" (see Figure 2). UV-Vis spectroscopy confirmed these observations.
All the UV-Vis spectra reported in Figure 2 showed two characteristic broad bands, at
ca. 300 nm (band 1) and ca. 600 nm (band 2). Band 1 is associated with a -n*
transition of the conjugated ring system, whereas band 2 can be assigned to a benzenoid
to quinoid excitonic transition. [32, 33] Therefore, the intensity ratio of the two bands
indicates the oxidation state of PANI. [34] Table 2 summarizes the UV-Vis
spectroscopic parameters (wavelength of band maximum, A, and molar extinction
coefficient, €). The e1/e2 ratio increases passing from sample 1 to 6"" and 2 thus
confirming that PANI in nanocomposite 6" has intermediate oxidation state. The
spectroscopic characterization clearly show that FesO4 [24] and CoFe204 NPs led to
different oxidation states of PANI matrix, despite exhibiting similar catalytic behavior
in the oxidative polymerization of AD. Accordingly, FesO4 NPs yielded
nanocomposites comprising PANI in its conductive emeraldine form, whereas CoFe204
NPs led to nanocomposites featuring a more reduced PANI matrix.

Even though reduced PANI forms find application in several areas, such as
electrochromic devices and Li-PANI batteries, [35] emeraldine salt is the most
investigated and used form of PANI. While investigating PANI/CoFe204
nanocomposites, we found that the addition of Fe3*, a cation able to complete the
oxidation process, [23] allowed us to obtain nanocomposites (sample 11) containing
conductive emeraldine salt, as confirmed by FT-IR and UV-vis spectroscopy. Indeed,
nanocomposite 11 presents FT-IR (Q/B = 0.99, strong electronic-like band) and UV-Vis

(e1/e2 = 1.82) spectra close to those observed for emeraldine salt (sample 1).



3.3. Conductivity measurements
The conductivity values of sample 1 (emeraldine salt), sample 2 (leucoemeraldine) and
PANI/CoFe204 nanocomposites (samples 6" and 11) are in good agreement with FT-
IR and UV-Vis results. As expected, PANI/CoFe204 nanocomposites (sample 9°4€ and
1094y displayed a conductivity (7.3-10° and 4.9-10° S/cm) intermediate between
sample 1 (3.5-10 S/cm) and sample 2 (1-10 S/cm). However, the nanocomposite
synthesized in the presence of Fe3* (sample 11) exhibited a conductivity of 5.5-10°3
S/cm, very similar to the value obtained for sample 1 and comparable to those reported
for PANI/Fe3O4 nanocomposites. [24] The conductivity of emeraldine salt prepared by
AD oxidative polymerization was found to be lower than that of PANI prepared from
aniline (typically 4.4 S/cm). [36] This is in agreement with the pioneering investigations
of Kitani and Geniés [37, 38] who attributed such behavior to the different length of the
polymeric chains, which are shorter in PANI from AD than in traditional PANI.
3.4 Magnetic properties
The ZFC/FC and isothermal magnetization curves of OAC CoFe204 NPs and related
nanocomposites are shown in Fig. 3. The principal magnetic parameters are reported in
Table 3. The ZFC/FC curves of OAC CoFe204 NPs overlap in the 5-300 K range and
both Mzrc and Mrc increase on cooling, similarly to bulk ferrites. [39] Although some
of the NPs are expected to be superparamagnetic (SPM) since the blocking diameter for
non-interacting CoFe204 NPs is 9 nm at 300 K and 2 nm at 5 K, [40] there is no
evidence of SPM behavior with its characteristic FC-ZFC bifurcation and blocking-
unblocking processes. [41] To confirm that the magnetization has bulk-like behavior, we
fitted the Mrc data to a generalized form of the Bloch T%2 law [42]

M(T) = M(0) [1 — (T/To)"]. (3)
The experimental data could be very well fitted to the model. The best-fit parameters b
=1.91+0.01 and To = (746+3) K are close to the bulk CoFe204 values, i. e., bbulk =2

and Topuik = 797 K. [42] Our To value is different from those obtained for



solvothermally produced 3-11 nm CoFe204 NPs (1100-1500 K), which have strong
surface effects. [42] The low-field behavior of OAC CoFe204 NPs is thus close to that
of random-anisotropy polycrystalline bulk CoFe204, without significant SPM or surface
effects. The individual CoFe20O4 nanocrystals are strongly coupled by inter-particle
exchange interaction, which are effective since the NPs are in direct contact, as shown
by TEM images. Similar conclusions can be drawn for the nanocomposites, which have
similar ZFC/FC magnetization curves and b, To parameters. Partial SPM behavior is
observed for sample 9°A€ which shows the typical increase of Mzrc between 5 and 60 K
due to thermal unblocking of magnetization and, less clearly, for 6°A¢ where the thermal
unblocking occurs between 250 and 300 K.

The maximum-field magnetization Msat observed in the FC isothermal magnetization
curves of the OAC CoFe204 NPs and nanocomposites synthesized with Oz is less than
the bulk CoFe204 value (93.9 emu/g at 5 K), a behavior commonly observed in ferrite
nanoparticles and attributed to intrinsic surface-related effects. [43] Unexpectedly,
nanocomposites synthesized with H202 have large Msat, even higher than the bulk value.
This behavior cannot be attributed to the presence of impurities since (i) XRD ruled out
inorganic phases with non-spinel structure and (ii) impurities with spinel structure
cannot increase Msat as C03O4 is antiferromagnetic at 5 K [44] and FesOa4 has a low-
temperature saturation magnetization of 98 emu/g. [45] Therefore, the increasing trend
of Msat with decreasing NP content is related to CoFe204 NPs and suggests that inter-
particle interactions play a role in the reduction of Msat. Such interactions probably are
of magnetostatic origin since exchange interaction enhances magnetization by
competing against the random-axis anisotropy. [46] Concentration dependence is clearly
revealed by the Mrem/Msat ratio (see Table 3). The Mrem/Msat ratio of OAC CoFe204 NPs
is unusually higher than the value 0.5 generally accepted for NPs and not far from the
value 0.832 calculated for cubic Stoner-Wohlfarth NPs with iron-type (K1 > 0)
anisotropy. [47] The Mrem/Msat ratio is lower in nanocomposites, mainly because of the

increase of Msat at lower NP content, but still in the 0.25-0.5 range.
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A dependence on the CoFe204 content is also observed for coercivity Hc. OAC CoFe204
NPs have a very high coercivity at 5 K, which is a sizeable fraction of the coercivity Heo
= 0.479 Han = 39 kOe predicted for randomly-oriented Stoner-Wohlfarth CoFe204 NPs
at 5 K, where Han = 2K1/Msat is the anisotropy field. Similarly large coercivity has been
reported for aggregated CoFe204 NPs. [48, 49] Such a coercivity and the absence of
SPM even at low field can be explained by an effective exchange coupling between NPs
in direct contact. In this case, coercivity reduction can be expressed as [46]

Hc = Han (D/5)° (4)
where D is the NP size and 6 = 20 nm is the CoFe204 Bloch wall width. [40] Inserting
the experimental value Hc = 18.2 kOe, one obtains D = 16 nm, in good agreement with
XRD and TEM data. In summary, OAC CoFe204 NPs behave as Stoner-Wohlfarth NPs
with reduced coercivity due to inter-particle exchange interaction in the medium
coupling limit where D is comparable to &. The coercivity of nanocomposites is smaller
but still very high and their Hcr values are at most 10% lower than that of the pure NPs,
showing that the nanocomposites are magnetically hard and retain the barrier to
irreversible magnetization inversion of the pure NPs. The coercivity decrease in the
nanocomposites is explained by assuming that some aggregates were separated in
smaller fragments during polymerization, as probably occurred in sample 9°A¢ that
shows blocking-unblocking behavior at low field.

A comparison with similarly synthesized PANI/Fe3O4 nanocomposites [24] is of
interest. PANI/CoFe204 nanocomposites have similar Msat and Mrem (referred to
composite mass) and about 100-fold larger coercivity with respect to PANI/Fe3O4
nanocomposites, thus demonstrating that the former are magnetically much harder. A
curious behavior shared by these nanocomposites is the large Msat observed when the
oxidant is O2. Msat is even larger than in the case of pure NPs and close to (sometimes
larger than) the bulk value. With respect to those previously reported, [9-13] our

PANI/CoFe204 nanocomposites have higher coercivity. Only two nanocomposites
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described in Ref. [12] have comparable coercivity (= 10 kOe) but display lower Msat
than the present nanocomposites. In this case, in fact, the presence of PANI increases
Msat Whereas it decreases Msat in the nanocomposites of Ref. [12]. In summary, our
PANI/CoFe204 nanocomposites are magnetically harder than those previously reported.
4. Conclusions

The catalytic behavior of CoFe204 NPs in the oxidative polymerization of N-(4-
aminophenyl)aniline to polyaniline is herein described for the first time. CoFe204 NPs
have good catalytic activity, especially when OAC NPs are used. At variance with
previously reported cases, [9-19] the PANI matrix of the nanocomposites is obtained in
an intermediate oxidation state between emeraldine and leucoemeraldine. However, the
addition of Fe®* as further oxidant induces the formation of PAN1/CoFe204
nanocomposites where PANI is in the conducting emeraldine form. The magnetic
behavior of the CoFe204 nano-filler is dominated by the interparticle exchange
interaction that overshadows size and surface effects. The nanocomposites are
magnetically hard and have high specific magnetization and coercivity. In summary, our
PANI/CoFe204 nanocomposites bear the following advantages: (i) environmentally
friendly synthesis, (ii) high coercivity, and (iii) tunable electrical conductivity. The high
polymerization yield attainable with both CoFe204 and Fe3O4 NPs (provided suitable
NP coating and oxidant are selected) and the ability to tune the PANI/CoFe204 electrical
conductivity allow one to prepare PANI/ferrite nanocomposites with desired electrical
and magnetic properties to meet the demand of the considered application.
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Table 1. Catalytic polymerization of AD by Oz or H202. The superscripts ‘unc’ and

‘OAC’ refer to uncoated and oleic acid coated (OAC) CoFe204 NPs, respectively.

Uncoated CoFe204 NPs

O2 as oxidant

H20:2 as oxidant

CoFe204/AD

(molar ratio)

Sample Yield (%)

Sample Yield (%) ®

0 3une 0 7une 40
0.02 func 59 gune 53 (13)
0.10 5une 70 gune 70 (30)
0.20 gunc 74 1Qune 83 (43)
OAC CoFe204 NPs O2 as oxidant H20: as oxidant
CoFe204/AD

(molar ratio)

Sample Yield (%)

Sample Yield (%) #

0

0.02

0.10

0.20

3OAC 0
40AC 67
50AC 75
6OAC 81

7OAC 39

goAC 80 (41)
QoAC 89 (50)
100AC 98 (59)

8 The value in brackets is the catalytic yield only due to the CoFe204 NPs.
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Table 2. IR and UV-Vis spectroscopic parameters of emeraldine salt (sample 1),

leucoemeraldine (sample 2), and PANI/CoFe204 composites 6" and 11.

€1

€2

Sample QB A(m) Micm?)  Ae(mm) Mlitcem?)  eve
1 11 316 1994 601 1096 1.82

2 0.29 275 2128 557 108 19.7
gun° 0.76 300 6630 584 1913 3.46
11 0.99 316 1992 600 1092 1.82
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Table 3. Magnetic parameters of OAC CoFe204 NPs and PANI/CoFe204

nanocomposites calculated from FC magnetization isotherms at 5 K.

Msat ab Mrem a

Sample (emu/g)  (emu/g) Mrem/Msat  Hc (kOe) Her (kOe) ¢ Her/He
OAC CoFe;04NPs  37.1 27.1 0.73 18.5 20.0 1.1
5OAC 58.9 14.3 0.24 8.7 18.7 2.1
GOAC 57.8 28.4 0.49 14.5 18.3 1.3
QOAC 109.6 27.2 0.25 8.2 19.1 2.3
100AC 88.6 35.7 0.40 13.5 19.3 1.4

3 Mass magnetization M is referred to the NP mass (not composite mass). ® Msat is the
magnetization at the maximum attainable field H = +50 kOe. ¢ Calculated by the AM

method.[50]
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T {511}, {333}

Figure 1. Diffractometry and morphology of pristine uncoated CoFe204 NPs and
nanocomposites. (a) XRD patterns of pristine uncoated CoFe204 NPs (top), sample 9"
(middle) and sample 10“"¢ (bottom). The peaks are labeled with reference to the spinel

structure. (b) Electron diffraction and (c,d) TEM images of OAC CoFe204 NPs.
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Figure 2. FT-IR and UV-vis spectra of samples: 6" (0.092 mM,), 2 (0.353 mM), 1

(0.217 mM) and 11 (0.087 mM,).
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Figure 3. Magnetization of OAC CoFe204 NPs and PANI/CoFe204 nanocomposites.
Left: ZFC (solid circles) and FC (hollow circles) magnetization; right: magnetization
isotherms (FC, T = 5 K). a) OAC CoFe204 NPs, b) sample 6°4€, ¢) sample 10°4€, d)

sample 594, ) sample 9°AC,



