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performed on maghemite and ferrite nanoparticles of core-shell type MFe.0:@y-Fe.0s (where M = Mn*, Co*, Cu®* or
Zn*), dispersed in aqueous media. The potential position of iron (Ill) reduction peak identified in SWV measurements does

not depend on the core chemical composition. No variations with size and polydispersity are detected. The shift of the

reduction peak observed in coordinated configurations is related with iron oxidizing strength. The electrolysis performed

at a controlled potential of NPs indicate that only a fraction of iron (1) is reduced. Using the individual net charge deduced

from Controlled Potential Coulometry measurements, we determine the thickness of the surface shell, which is

electrolyzed.

Introduction

Magnetic nanoparticles (NPs) and ferrofluids (FFs) are a class
of materials broadly known due to their functional and
properties to sophisticated applications in
biotechnological and biomedical fields.22 In the case of
hyperthermia applications, the use of NPs, such as mixed

relevant

ferrites or core-shell ones, open the panorama to target the
magneto-thermic properties to specific therapies.3* In this
context, aqueous FFs based on core-shell NPs rise as good
precursors for this kind of applications, since it brings together
magnetic, flow and colloidal properties.

Several studies have focused on the significant changes and
new features on the magnetic properties of spinel ferrite NPs
that emerge from the core-shell structure.5>® Recent
investigations on exchange bias properties of core-shell
MnFe,04@y-Fe;03 > and CoFe;04@y-Fe;03 ¢ based FFs have
demonstrated that the magnetic coupling between such soft
or hard ferrite cores with the maghemite (y-Fe,0s) shell can
give a Dbetter the conversion of
electromagnetic energy into heating efficiency in magnetic NP
hyperthermia.1%13 Also for CoFe,Os@MnFe;04 NPs, a recent
study has shown that due to the core-shell exchange-coupling,
the specific loss power values (parameter which categorizes
the NP hyperthermia) are larger than
conventionally used iron-oxide nanoparticles, evidencing the
this kind of systems for advanced
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nanotechnological applications.* Indeed, several NPs
properties are influenced and directed related to the detailed
structure and the core-shell composition. Previous
investigations of the chemical composition and structure of
core-shell NiFe,04@y-Fe,0s3, CuFe,0,@y-Fe,03 and
ZnFe,04@y-Fe,03 NPs” 8 demonstrate that the heterogeneous
composition of these particles seems to present no distortions
in the crystalline spinel ferrite structures. Moreover, the shell
thickness and the tunable core composition of NPs appear as
very important parameters for the effective magnetization
properties of these systems.

In parallel to the internal NPs structure and composition, the
interface of particle/carrier solvent is an important point for
the properties of core-shell based FFs systems, such as
colloidal stability and interparticle interactions. The
characteristics of NPs surface provide the ability to form well-
dispersed systems, even in acidic, alkaline or neutral pH
medium. In such a context, we have recently shown that
electrochemical techniques are useful to study the acid-base
equilibrium between particle surface and electrolytic free
solution.1> So simultaneous potentiometric and
conductometric titrations, for aqueous FFs, have allowed us to
determine the NP surface charge density. The results also
reveal that the surface charge depends on the particle sizes;
the surface acidity is mainly related to the composition and
crystalline organization of the NP shell.

Moreover, regarding the electrochemical behavior of NP based
aqueous dispersions have
investigated polarography and voltammetry of nanosized

colloidal Heyrovsky et alt6-20
particles. The results have shown that the particle and size
distribution plays a very important role on the electrochemical
properties of these materials. It yields different diffusion
coefficients, different Faradaic charge, and an asymmetry on
the reduction/oxidation peak potential.
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Previous research studies with magnetic NPs21.22 reported
voltammetric reduction of basic and citrated maghemite
nanoparticles on mercury working electrode. The authors have
shown that metallic iron is formed by the electrochemical
reduction and that this iron interacts with the mercury
electrode due to its wetting properties, leading to conductive
magnetic fluids. They also determined the iron reduction
potentials that lie between -0.4 to -1.2 V vs. SCE (Saturated
Calomel Electrode) for Fe3*/Fe2* and between -1.5 to -1.8 V vs.
SCE for Fe?*/Fe® depending on the nature of supporting
electrolyte.

Furthermore, a recent review presents some nanoparticle
voltammetry techniques, where systems in which the NPs
mediate an electrochemical process are discussed.?> As an
example, the stripping voltammetry, which considers the
direct oxidation or reduction of the nanoparticles, has shown
that, for metallic NPs, the peak potential varies with the
amount of electroactive material on the electrode surface.?*
Moreover, for Ag NPs of two different sizes supported on a
carbon-fiber microelectrode with two different coverages, the
peak potential of anodic stripping varies with both the NPs size
and the total surface coverage. The authors enlighten that
these features are consisted with a change in the
thermodynamics of the NPs due to the influence of the altered
surface energy.2> Conversely the partial oxidation or reduction
have been reported in such experiments, a problem that the
authors overcame by applying a nano-impact technique.2®
Recent investigations, by using nano-impacts have been
presented as a method of sizing metal oxide NPs.?” The
authors evaluated the impact of suspended Fe3;O4 NPs against
a solid working electrode surface during an anodic or cathodic
controlled potential coulometry. Depending on the used
potential, the whole NP structure is oxidized or reduced, thus
yielding small faradaic charges, which can be related to the
mean size of particles.

In this context, the main goal of the present work is to study
behavior
heterogeneous core-shell magnetic NPs by electroanalytical

the electrochemical of pure maghemite and
methods performed on acidic and neutral FFs. Square-wave
voltammetry (SWV) was applied in order to investigate the
as the influence of the NPs’
composition on diluted cobalt, manganese, copper, zinc and

surface reactivity as well
maghemite ferrite based FFs. Afterwards, bulk electrolysis on
maghemite and on cobalt ferrite FF based were performed
using a mercury pool working electrode of a homemade
electrolysis cell. The results are discussed in terms of a core-
shell analysis in which the slightly different local structure of
each phase is accounted.

Experimental Section
Reagents

The following pro analyse (P.A.) grade reagents, supplied from
Vetec Quimica Fina, were used for NPs elaboration: FeCls-6H,0
(purity 99%), Fe(NOs)3-9H,0 (purity 99%), (NH4)2Fe(S04),-6H,0
(purity 99%), Co(NOs3),:6H,0 (purity 98%), MnCl,-4H,0 (purity
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98%), CuCl:2H,0 (purity 98%), ZnCl;'H,O  (purity 99%),
CsHsNaz07-2H,0 (purity 99%), NaOH (purity 99%), (CH3)aNOH
(25% in water) and HNOs; (63% in water). The aqueous
solutions were prepared with deionized water Type | (Millipore
Milli-Q. Gradient quality).

Synthesis of electrostatically stabilized aqueous ferrofluids

The aqueous ferrofluids were prepared by following a well-
synthesis method, which has been described
elsewhere.?8-30 The first step corresponds to the hydrothermal
alkaline coprecipitation of ferrite nanoparticles. In this stage
the size and the nanoparticle composition can be tuned by
changing the hydroxide concentration of the synthesis medium
or the chemical nature of the divalent metal.3% 31 Maghemite
NPs were obtained at room temperature where acidic
stoichiometric mixture of FeCl, and FeCls are alkalinized in
order to precipitate magnetite (FesO4) NPs. Subsequently, the
oxidation of Fes30; was performed by a hydrothermal
treatment with Fe(NOs)3 0.5 mol L? solution at 100 °C, yielding
v-Fe2Os NPs. Core-shell ferrites NPs were also obtained
through the coprecipitation method by alkalinizing 1:2
mixtures of M?* and Fe3* salts at 100 °C, where M?* = Co?%,
Mn2*, Cu?* or Zn?*.6 9. 28, 29, 32-35 Right after the coprecipitation
step, the synthesized MFe;04 nanoparticles are chemically
stable with time, but if we disperse them in aqueous acid
medium they tend to slowly dissolve and the ferrofluids are no
longer viable.

Then, a hydrothermal treatment with iron (Ill) nitrate
(Fe(NOs)s) at 100 °C is performed, as firstly proposed by
Tourinho et al?8, in order to ensure the long term stability of
the NPs in acidic medium. This protective treatment leads to
the formation of the core-shell NPs structure and it has been
described in detail elsewhere.” The model, which accounts for
core-shell NPs based on different ferrite cores, has been tested
by chemical and magnetic measurements performed at the

known

various steps of the synthesis. More recently, X-ray absorption
spectroscopy measurements performed on core shell NPs
based on ZnFe,0, core, have shown that undercoordinated
divalent (zinc) cations are removed from the surface layer after
the surface treatment®. A reduction of the coordination of iron
ions is also observed since they are mainly located onto the
NPs surface. The improvement of the NPs thermodynamical
stability in acidic medium is a puzzling question. However, it
can be observed that the ionic radius of M?* is always larger
than that of Fe3* and thus Fe3*—0O bonds will be shorter and
than MZ2*—0 ones.3®* Then, because the acid
dissolution of iron oxide involves the breakdown of both kind
of bonds, replacing divalent metal by Fe3* cations would
protect the NPs surface. In the future it would be interesting to
perform X-rays photoelectron spectroscopy (XPS)
measurements as in ref. 37 since it is a highly surface specific
technique, able to characterize the electronic state of each
constituting atom of these materials.

In the final step of the ferrofluid synthesis, the NPs were
conveniently peptized in aqueous acid medium by pH and ionic
strength adjustments using HNOs solution. This procedure

stronger
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ensures an electrostatic repulsion between the NPs that is a
consequence of a surface charge equilibrium, which leads to
an electric double-layer formation.% 38 As a matter of fact, NPs
surface behave as a diprotic Bronsted acid, and present a
globally positive charge in acidic medium and a globally
negative charge in basic medium. At the point of zero charge
(PZC), which is close to 7 for these type of NPs, the overall
surface charge is zero.1> 38 Here we have prepared acid FFs at
pH =3 with different compositions, namely maghemite
(y-Fe203-NP) and core-shell NPs: CoFe,04@y—Fe;03 (Co-NP),
MnFe204@y—Fe203 (Mn—NP), CUF6204@'Y—F8203 (CU-NP) and
ZnFe204@y—Fe203 (Zn—N P)

We have also prepared FFs stable at pH=7 based on
CoFe,04@y—Fe203 NPs. The NPs surfaces were coated with
citrate ligand by applying the method described in ref. 3940, A
mass of sodium citrate (CeHsNasO7-:2H,0) was added in such a
way that the molar ratio citrate to iron is 1:10 and the reaction
was maintained for 30 minutes at 100 °C. After washing steps,
at room temperature, in order to remove undesirable ions and
reduce the ionic strength, the pH was controlled to 7 by adding
drops of concentrated TMAOH, resulting in a stable citrate
coated FF (Co-NP-Cit). The colloidal stability is ensured by the
steric and electrostatic repulsive barrier of the ionized layer of
citrate coating on NPs*l. Besides citrate, other stabilizers have
been used in the preparation of aqueous FFs as humic acid*?,
sodium tartrate*?, poly(vinlypyrrolidone), trisodium citrate and
maleic anhydride.*3

X-Ray powder diffraction (XRD), TEM and HRTEM

The crystalline structure and the mean size of the synthetized
NPs were evaluated from X-ray diffraction measurements on
powder samples, obtained after the evaporation of the carrier
liquids of FFs. These measurements have been performed at
the Institute of Chemistry of University of Brasilia (Brazil). An
X-ray diffractometer D8 Focus from Bruker was operated at
40 kV/30 mA with Cu-Ka radiation (A = 0.1541 nm) selected by
a Ge 111 monochromator. The XRD patterns were obtained
typically within 20°< 28 < 80° interval, with 0.05° step and
0.1° min! scan rate. Morphology and size distribution were
investigated by Transmission Electron Microscopy (TEM,
HRTEM), the pictures are obtained with a JEOL JEM- 2100
microscope under an accelerating voltage of 200 kV. These
measurements have been performed at the Institute of Physics
of University de Goiania (Brazil).

New Journal of Chentistry

Flame atomic absorption spectroscopy (FAAS) and chemical core-
shell model

Samples compositions as well the amount of particles in
solution were derived from the determination of metal ions in
digested FF. Flame atomic absorption (FAAS) measurements
were made on a Buck Scientific 200A spectrometer in solutions
prepared from the FFs digested in hydrochloridric acid and
diluted with deionized water.

In order to determine the volume fraction of NPs (¢gyp) into the
FFs, a chemical core-shell model was introduced in ref. 7. For
pure maghemite sample (y-Fe,03-NP) the ¢np are determined
directly from [Fe]. However for all others synthesized NPs, that
can be described as a core of stoichiometric ferrite surrounded
by a shell of maghemite y-Fe,03, the volume ratio @shen/ gne can
be calculated from the molar fraction Xy, = [M2*]/([M?2*]+[Fe])
and allow us to determine the shell thickness ts.

Square-wave voltammetry (SWV)

We performed voltammetric measurements using standard
cells C3 and CGME from BASi, remotely controlled from a
CV-50W potentiostat, with operation mode selected on
Square-Wave Voltammetry (SWV). We have applied the SWV
technique due to its reduced scan time, increased signal-to-
noise ratio and higher accuracy and sensitivity compared to
the Normal Pulse Voltammetry and Differential Pulse
Voltammetry. In order to characterize and compare the
electrochemical behaviour of iron in different systems, a study
of iron (lll) to iron (ll) reduction was made with ionic solutions
of iron (lll) nitrate (Fe(NOs)3) and iron(lll) citrate (Fe3*—Cit),
using HNO3 103 mol L't and NasCit 103 mol L'! as supporting
electrolyte, respectively. We performed these experiments
with a glassy carbon working electrode (GCE) and an
Ag/AgCl/NaCl 3M electrode as reference (0.209 V vs. SHE —
Standard Hydrogen Electrode). All the samples were purged
nitrogen flux for 10 minutes. In the case of acid FFs we used
these same experimental conditions. For the citrated FF
sample we used NasCit 103 mol L'! as supporting electrolyte
and the pH was maintained around 7. We performed the
measurement using a hanging mercury drop electrode (HMDE)
as working electrode to account for the shift of the reduction
peak expected in functionalized FFs.

Table 1. Experimental results arising from physicochemical analysis of the samples investigated. dxzp is the XRD mean
diameter. ¢np is the volume fraction of FFs. @shen/@np is the ratio of the volume fraction of maghemite shell to the total volume
in heterogeneous core-shell NPs, ts, is the thickness of the superficial layer.

Sample dxro (nNM) drem (nm) OTem e (%) Gehe/ Pnp tsnh (nm)
Co-NP 12.9 10.7 0.25 8.5 0.25 0.66
Mn-NP 9.1 11.2 0.29 10.4 0.27 0.53
Cu-NP 7.6 6.3 0.24 5.9 0.65 1.21
Zn-NP 7.3 6.6 0.24 6.2 0.45 0.72
v-Fe203-NP 8.2 6.8 0.24 8.3 - -

This journal is © The Royal Society of Chemistry 2016
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Figure 1. (a) X-ray powder diffraction patterns of core-shell maghemite, Co-, Mn-, Cu- and Zn- ferrites based NPs. The interplanar
spacing positions for cubic spinel crystalline structure were extracted from PDF-2: 00-004-0755. (b, c): Typical TEM (b) and high-
resolution HRTEM (c) images of core-shell ferrite NPs for sample Co-NP. (d) is the normalized histogram of the NP size
distribution deduced from transmission electron microscopy (TEM) measurements together with its corresponding Fourier

Transform.

Bulk electrolysis: controlled potential coulometry

We performed controlled potential coulometry electrolysis
measurements using a homemade bulk electrolysis cell
remotely controlled with a CV-50W potentiostat. The
experiments were realized using a mercury pool working
electrode with a large surface area in order to enhance the
rate of electrolysis. In each measurement, a small volume of
mercury was placed inside a cylindrical shaped cell of 3.5 cm of
diameter and with a platinum contact at the bottom. A
magnetic bar was used to constantly stir the solutions and
renew the mercury surface during the electrolysis. The
platinum coil auxiliary electrode was isolated from the analyte
solutions with a glass tube that has a porous ceramic frit. For
all measurements, we used 5 mL of HNOs3 103 mol L?! as
supporting electrolyte, which was systematically purged with
nitrogen flux for 10 minutes and then electrolyzed in order to
subtract its current effect. The bulk electrolysis potential was
chosen according to the SWV results of the FF samples. Then

4 | New J.Chem., 2016, 00, 1-3

10 pL of each FF sample was added to the electrolysis cell
corresponding to final volume fraction of around 0.02%. The
measurements were carried out under constant stirring and
slight nitrogen flow until the complete stabilization of the
current.

Results and discussion

Structural characterization and mean diameter determination —
XRD and TEM/HRTEM

Fig. 1a presents the diffractograms of all the samples
investigated here, the spinel structure (Fd3m space group) is
confirmed. The average lattice parameters are calculated from
the six most intense lines [220], [311], [400], [422], [511], [440]
and [533], analysed through the well-known Bragg’s law.
These results are in good agreement with the International
Centre for Diffraction Data (ICCD) patterns for spinel ferrites.
Nanocrystals sizes were evaluated by Scherrer’s formula%*

This journal is © The Royal Society of Chemistry 2015
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Figure 2. (a) Square-wave voltammograms performed on a glassy carbon electrode (GCE) with cobalt ferrite NPs. The dashed line
corresponds to the supporting electrolyte [HNOs] = 103 mol L2, the green lines to the successive additions of Co-NP based FF;
inset shows the linearity of peak currents in different volume fractions; (b) Comparison of the electrochemical behavior with
reduction of superficial =Fe3* in Co-NP, Mn-NP and y-Fe,03-NP (see text for details).

applied to the most intense [311] line. The determined mean
diameters (dxgp) are presented on Table 1.

Fig. 1b, displays a typical image of the NPs, here represented
by Co-NP. The images of the particles indicate that they have
most predominantly spherical shape.

Fig. 1c presents a typical high-resolution (HRTEM) image of a
single nanoparticle for sample Co-NP together with its
corresponding Fourier Transform. It enabled the observation
of the (220) plane of the crystal lattice and that the NPs
present good crystallinity. The lattice spacing can be directly
measured from the image, and the projected symmetry is
revealed by the Fourier transformation. It is then possible to
determine the lattice plane spacing of the order of 2.9 A that
corresponds to the Miller indices (220) for both, cobalt ferrite
and maghemite phases. It is indeed, in good agreement with
the International Centre for Diffraction Data (ICCD) patterns
for spinel ferrites. In order to evaluate size distribution of the
NPs investigated here a histogram based on about 200-particle
size is obtained for each sample.

Fig. 1d shows the histogram for sample Co-NP. The size

distribution is well accounted for by a Log-normal law. Fitting
of the histogram yields the median diameter (do=10.7 nm)
and polydispersity (o =0.25) for sample Co-NP. The results of
mean diameter (do) and size distribution (o) for all the samples
investigated here are listed on Table 1

Volume fraction of NPs and thickness of NPs shell

The concentration of metals (iron and bivalent ones), given in
mol L1, into NPs can be expressed in terms of volume fraction
(éve, which relates the volume of the NPs with the volume of
the dispersion) using the molar volume (Vy) of ferrites.*> In the
case of pure maghemite, the volume fraction is then given as
dne = [Fe](mol L) Vp7Fe29, while in heterogeneous core-shell
based FFs the volume fraction is expressed as the sum
(dve =Peoret Psnen) the volume fractions of the central ferrite,
Peore = [M]VMFe204 and of the surface,
@shenn = [Fe]V7Fe203 = 0.5([Fe]-2[M]) Vp7Fe2937 The obtained
values of the volume fractions and of the thickness of NPs shell
are summarized in Table 1

Table 2. Peak potentials (E,) for all samples investigated in this work compared to the values obtained for iron (lll) nitrate

(Fe(NOs)3) and iron(lll) citrate (Fe3*—Cit).

Sample Supporting Electrolyte Working Electrode Half-Reaction E, (V vs. Ag/AgCl/NaCl 3M)
Fe(NOs)3 HNOs pH =3 GCE Fe3*+ e>Fe?* +0.49
Fe3*-citrate HNOs pH =3 GCE Fe3*-Cit+ e >Fe?*-Cit +0.16
Co-NP HNOs3 pH =3 GCE =Fe3*+ e >=Fe?* -0.59
Mn-NP HNOs pH =3 GCE =Fe3*+ e>=Fe?* -0.63
Cu-NP HNOs3 pH =3 GCE =Fe3*+ e >=Fe?* -0.64
Zn-NP HNOs3 pH =3 GCE =Fe3*+ e >=Fe?* -0.65
v-Fe203-NP HNOsz pH =3 GCE =Fe3*+ e>=Fe?* -0.60
Co-NP-Cit NasCit ImM pH=7 HDME =Fe3*+ e >=Fe?* -0.68
=Fe3*-Cit+ e>=Fe?*—Cit -1.21
=Fe?*+2 e>=Fe -1.38

This journal is © The Royal Society of Chemistry 2016
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Analysis of the square-wave voltammetry curves

As described in the experimental section, the SWV method has
been applied for Fe3* and Fe3*—Cit ionic solutions and we
evaluated the reduction peaks as +0.49V and +0.16 V (vs.
Ag/AgCl/NaCl 3M) for the pairs Fe3*/Fe?* and Fe3*/Fe?*—Cit,
respectively. These results indicate that it is more difficult to
reduce iron in the complex Fe3+—Cit that in free Fe3*. We
describe in the following the results obtained for FF samples
using the same experimental parameters values, which have
been fixed by the standard procedure.

The voltammograms presented in Fig. 2a show that the core-
shell CoFe,04@y-Fe,03 ferrite nanoparticles are electroactive.
The reduction peak located at a cathodic potential equal
to -0.59V (vs. Ag/AgCl/NaCl3M) corresponds to the one
observed at -0.86V (vs. Ag/AgCl/KCls) in ref.46 and the
cathodic current is attributed to the reduction of the iron (lll)
of the nanocrystal according to the reaction:

3y-Fe,0,+2H" +2e —>2Fe,0,+H,0. (1)
The variations between the values of the reduction potential
found here and in ref. 46 are due to differences in the
experimental conditions of each voltammetric measurement
(working and reference electrodes, pH and supporting
electrolyte). When compared to the free iron reduction, the
value of -0.59 V corresponds to a large shift of the order of 1 V.
It shows that the reduction of iron (lll) is also more difficult in
the nanocrystal lattice than in true solutions. This is due to the
basic difference of electron transfer process in these two
systems.20 In the electroreduction of NP, electrons from the
electrode are transferred to the electron conduction band of
the semiconducting NP whereas in the electroreduction of free
ions the electrons are transferred to atomic orbitals. Thus, the
comparison of the three systems, Fe3*, Fe3*—Cit ionic solutions

and our NPs dispersions, shows that the peak potential of iron
reduction is shifted towards more cathodic electrochemical
region, due to iron (lll) decreasing oxidizing strength, as
predicted by the Nernst formalism,*” when the environment
goes from true solutions to coordinated configurations.
Moreover, no contribution is observed around +0.49 V (vs.
Ag/AgCl) demonstrating that FF dispersions do not contain any
free iron ions. The inset of Fig. 2a exhibits the current intensity
measured as a function of NP volume fraction. It clearly
indicates that the magnitude of the peaks is directly
proportional to the NP concentration showing therefore that
the cathodic current originates from the NP.

Fig. 2b presents the voltammograms of y-Fe,03-NP, Co-NP and
Mn-NP samples. The peak potentials are very close to the
same value, around -0.6 V (vs. Ag/AgCl). In the case of Cu-NP
and Zn-NP samples, not shown here, the reduction peak is also
encountered at the same position, as presented in Table 2,
which lists the peak potentials for all samples investigated in
this work compared to the values obtained for both iron (lll)
solutions. The slight shift of the peak for Mn-NP is related to
the increased polydispersity of this sample, as observed for
other nanoparticles.*®50 These results demonstrate that the
NP peak potential is very weakly affected by the chemical
composition of the core indicating that the reduction
phenomena occur at the surface of the NP. It is clearly a
property that reflects the crystalline organization of the
particle shell. As in all our NPs the surface layer is the same,
made of y-Fe,03, the surface iron (lll) ions will present similar
oxidizing strength. Additionally, although the characteristic
size of all investigated NPs samples are different (see Table 1)
it does not seem to affect the NPs electroactivity, which here
would be more related to the similar surface of the core-shell
NPs. However, more experiments performed on samples with
lower polydispersity would better enlighten this question.

Fig. 3 exhibits the voltammograms of Co-NP-Cit sample

& =Fe’*/=Fe**
Co-NP-cit N N E=-068V  _povpe
= 2 /2 E=-138V
= [+ # B i g K
o Lt =Fe*'/=Fe .
15 = 1 1 1 1
= (NP) 0 0005 0010 0015
= =Fe3t/=Fe?" ¥ ¢ (%)
- 1.0 (Cit)
' =Fet/=Fe
0.5
00 ——— SRR o i — i e

04 06 08 -10
E (V vs. Ag/AgCI/NaCl 3M)

Figure 3. Square-wave voltammograms of Co-NP-Cit sample for three volume fraction of NPs. The inset displays the peak

current (/p) as a function of @yp. On the right side, schematic representation of the NPs surface reduction for the same sample.
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Figure 4. Curves current-time obtained by the electrolysis
of diluted acid FFs (¢ = 0.02%) through controlled potential
coulometry performed on a mercury pool working
electrode and supporting electrolyte [HNOs] = 103 mol L.
Red line corresponds to the y-Fe,03-NP and black line to
the Co-NP.

obtained for three volume fractions of NPs. All present two
well-defined reduction peaks. Regarding the experimental
conditions of measurements (pH, supporting electrolyte and
working electrode), we consider here that the first peak,
located at -0.68 V (vs. Ag/AgCl), is associated to the reduction
of NPs iron (lll). We also assume that the second one, at a
more cathodic potential around -1.21 V (vs. Ag/AgCl), is related
to the citrated iron (lll) sites of the NPs, since ligands in
coordinative bond transfer electron density to the metal ion,
shifting the electrode potential to lower values. It therefore
means a coexistence of non-citrated and citrated metallic sites
onto the NPs surface. Then, the peak located at -1.38 V (vs.
Ag/AgCl), of lower intensity, would be related to the Fe?*/Fe®
redox couple, as predicted by previous determinations in
similar FF system.22. 46 |n ref. 22, the authors attribute the
observed peaks of their voltammograms, in the region -0.4
to -1.2 V (vs. SCE), to a partial reduction of the maghemite NPs
leading to a release of iron (ll) ions into the bulk solution. It
was not observed in our case, since probably the pH and
supporting electrolyte of our experiments are different from
those of ref.22 and would change the kinetics of the NPs
iron (ll) release. Moreover, in our
measurements, as in ref. 22, the peak current is proportional to
the volume fraction of NPs as exhibited in the inset of Fig. 3.
This result indicates that the reduction peaks observed here
more correspond to electroactive species from the NPs

dissolution and

surface.

This journal is © The Royal Society of Chemistry 2016
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Electron diffusion at the NP/electrode interface

In this experiment, the purpose is to
electrolysis of iron (lll) in spinel ferrite NPs at controlled
potential (Controlled Potential Coulometry). The potential
value has been chosen equal to -0.95V (vs. Ag/AgCl), more
cathodic than that of the voltammetric reduction peak of
ferrites NPs, in order to take into account the overvoltage and
to ensure bulk electrolysis conditions. During the
measurement, a whitening of the solutions occurs, from
reddish or blackish to almost transparent, for y-Fe,03-NP and
Co-NP samples, respectively. However, no visual modifications
seem to appear at the mercury electrode.

Fig. 4 presents the decay time of the current intensity I,
corresponding to electron diffusion at the NP/electrode
interface. At the end of the electrolysis, which occurs after
about 1 hour, the integration of / vs. t curve leads to the net
charge Qrinvolved in the reduction of NPs iron (IIl). According
to Faraday’s Law,

investigate the

Q, = [idt = zFn, 2)

where F is the Faraday constant (F=96485 C mol?l). In our
case, z=1 to account for the number of exchanged electrons
in the reduction of NPs iron (lll) and n is its number of moles.
The total net charges Qr deduced from integration are 2.105
and 3.209 coulombs for 7y-Fe;03-NP and Co-NP samples,
respectively. Then we determined in each case the moles
number of reduced iron ne2* using Eq. (2) and the values are
listed in Table 3. Both are lower than the values of the moles
number of total iron ngtot? determined from FAAS
measurements. One can therefore conclude that only a
fraction of iron (lll) present in the NPs was reduced at the
NP/electrode interface leading to the formation of hybrid
nanoparticles composed by a ferrite core and a shell of
electrolyzed material.

We will take into account this result in a model that considers
that the electrochemical reduction homogeneously occurs in a
surface layer of each individual NPs. Indeed, during the
cathodic controlled potential coulometry, all individually
dispersed NPs are at contact with the Hg electrode surface,
inducing redox process over a fraction of each NP structure.
Then, as in ref. 27, the individual net charge Qr can be
correlated to the volume that contains all the reduced iron.
We thus calculate here the volume V. of the surface layer
associated to the partial electrolysis of a single spherical
particle and its thickness t.; as:

v, 4
V, =Vy, = (g e )7,“ = 57”3 |:l_[
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Figure 5. Schematic representation of the controlled potential coulometry device and the model for the composition of the
electrolyzed ferrites NPs. An Ag/AgCl/NaCl 3M electrode was used as reference (R.E.) and a platinum coil as auxiliary electrode
(A.E.). The measurements were carried out under constant stirring and slight nitrogen flow until the complete stabilization of
the current. The electrolysis process occurs on the surface of a mercury pool working electrode (W.E.) only over a fraction of
each NP structure, which produces hybrid nanoparticles composed by a ferrite core and a shell of electrolyzed material with a
tes thickness. For the y-Fe;03-NP sample, the electrolyzed shell corresponds to magnetite (black) while for the Co-NP sample the
shell consists of two phases: an outer one of magnetite and an intermediary layer (gray) wherein all iron cations are in the Fe?*

state.

where r is the radius of the NPs and V) is the molar volume of
the non-reduced fraction of the NP material. Using the radius
values determined from XRD measurements, the molar
volume of maghemite or cobalt ferrite equals to
32.86 cm3 mol? and 44.67 cm3 mol?, respectively, and one can
deduce the fraction of the electrolyzed shell and its thickness
listed in Table 3.

Our model equally considers the reduction of iron in both
types of spinel sites, tetrahedral and octahedral ones. Only
41% of the whole volume of y-Fe,03-NP (radius 4.1 nm) is
reduced, a value that corresponds to a thickness associated to
the partial electrolysis of the NPs of 0.7 nm. This is of the order
of magnitude of the maghemite lattice cell (g =0.833 nm). On
the other hand, the larger Co-NP (radius 6.5 nm) have 76% of
its volume reduced using the same conditions (working
electrode, supporting electrolyte and pH) leading to a
thickness of 2.4 nm.

This larger value when compared to maghemite NPs can be
enlightened by considering that the number of iron ions per
cubic cell is smaller in cobalt ferrite when compared to
maghemite. Then, the volume fraction of the shell containing
the reduced iron ions should be expected to be larger in core-
shell NPs based on cobalt ferrite than in homogeneous
maghemite NPs.

Fig. 5 exhibits the schematic representation of the controlled
potential coulometry device and the model for the
composition of the electrolyzed ferrites NPs. In the case of the
v-Fe;03-NP sample, the formed hybrid nanoparticles are
composed by a maghemite core surrounded by a shell of
magnetite, according to the redox reaction described in

8 | New J.Chem., 2016, 00, 1-3

equation (1). For the Co-NP sample, the magnetic nanohybrids
present a cobalt ferrite core and a shell of electrolyzed
material which consists of two phases: an outer one of
magnetite and an intermediary layer wherein all the iron
cations are in the FeZ* state. In this phase, the stabilization of
the divalent iron cations into the spinel lattice induces
deviation from stoichiometry and creation of vacancies to
account for electroneutrality.

The electrochemically assisted elaboration of hybrid magnetic
nanoparticles has been very recently reported by Wang et al.
51 The authors have used a sequenced in-situ redox of metal
ions and/or precipitation of metal oxides to obtain varieties of
gradient core-shell nanohybrids composed by CoM, FeM, AuM,
AgM (M =2Zn or Al) alloys as cores and transition metal
gradient-doping ZnO or Al,O3; as shells. This new synthesis
strategy has endowed the nanoparticles with unique magnetic
and optical properties. In such a context, we intend to perform
further experiments under closely controlled conditions in

order to not only monitor our magnetic nanohybrids

Table 3. Characteristics of electrolyzed ferrites NPs
(nanohybrids). netote! corresponds to the total amount of
iron added to the electrolysis cell, neg2* is the total amount
of reduced iron, Ve, /Vip is the ratio of reduced NP per its
total volume and t.. is the thickness of an electrochemical
reduced shell.

Sample neefe® (umol)  nee?* (umol)  Ve/Vie  ter (nm)
v-Fe203-NP 52 22 0.41 0.7
Co-NP 43 33 0.76 2.4

This journal is © The Royal Society of Chemistry 2015
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elaboration, but also investigate their

behaviour and accurate chemical composition.

physicochemical

Conclusions

In this work, we have investigated the electrochemical
reduction of iron (lll) in a series of maghemite and core-shell
ferrites NPs of ferrofluids dispersions. Each NPs sample
presents different chemical composition of the core as well as
different median sizes and polydispersity. These ferrite NPs are
electroactive and their voltammograms present a reduction
peak that lies, for all samples, at a cathodic potential
between -0.59V and -0.65V (vs. Ag/AgCl/NaCl3M). It is
attributed to the reduction of iron (lll) of the NPs surface since
the intensity of the peak is proportional to the particles
volume fraction and completely vanishes after addition of salt
and consequent NPs coagulation. Neither the chemical
composition of the core, nor the size distribution (mean size
and polydispersity) seems to have a significant influence on
the peak location. When compared to the reduction peak of
free iron in ionic solutions, the NPs reduction peak of magnetic
colloids is shifted about 1 V. This expected result manifests the
different electron transfer process in each system and shows
that (1) oxidizing strength decreases when iron
environment goes from ion solutions to coordinated
configurations. When the nanoparticles surface is coated by
citrate ligands, the obtained voltammograms indicate a
coexistence of non-citrated and citrated metallic sites onto the
NPs surface.

We also investigate the electrolysis of iron (lll) in maghemite
NPs and core-shell NPs based on cobalt ferrite at a controlled
potential (-0.95V (vs. Ag/AgCl)) in order to ensure bulk
electrolysis conditions. In each sample, only a fraction of the
iron (lll) contained in the NPs is reduced leading to the
formation of a nanohybrid. We account for this result by
considering that iron (lll) reduction occurs, for each particle,

iron

only in a superficial layer. Then, the individual net charge
deduced from the integration of current-time curves is
correlated to the volume of this surface shell. For maghemite
NPs, the thickness of the shell is about the cubic cell size of the
spinel structure. For cobalt ferrite based NPs, the thickness is
larger, which is probably related to the lower number of iron
cobalt ferrite cubic cell
maghemite.

ions per when compared to
Further experiments, performed on less polydisperse samples,
on core-shell NPs with variable maghemite shell and on
different characteristics time will be of great importance in the
next future along with the investigation of the physicochemical
properties of the hybrid nanoparticles.
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The electroactivity of MFe,0,@y-Fe,0; (M = Mn, Co, Cu and Zn) nanoparticles occurs at the
surface layer and reflects the surface environment.
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