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ABSTRACT: The electrochemical behavior of magnetite (Fe;O,)
aggregates with submicrometric size is investigated. Specifically,
cyclic voltammetry tests were performed in both acidic (pH ~ 4.5)
and alkaline (pH ~ 12.8) solutions, exploiting a conventional three-
electrode cell. In the first case, the working electrode was made of a
glassy carbon substrate loaded with magnetite nanoaggregates,
forming a continuous film. In a second configuration, magnetite
nanoaggregates were dispersed in solution, kept under stirring, as a
fluidized electrode. The latter approach showed an increase in the
electrochemical response of the particles, otherwise limited by the
reduced active area as in the former case. Electrochemical-atomic
force microscopy (EC-AFM) investigation was carried out in an
acidic environment, showing the topography evolution of nano-
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aggregates during the electrochemical characterization. X-ray diffraction (XRD) analysis was carried out to evaluate the
microstructural variation in the Fe;O, electrodes after cathodic polarization tests in an alkaline environment.

1. INTRODUCTION

Magnetite (Fe;O,) nanoparticles possess unique properties,
such as high saturation magnetization,l’2 biocompatibility, and
stability, making them suitable for biomedical applications as
electrochemical sensors,” > cancer treatment,”’ or medical
imaging.8’9 Moreover, magnetite nanoparticles have been
investigated in catalysis,lo’11 supercapacitors,u’13 energy
storage,'* and wastewater remediation.'°”"® Together with
the wide range of applications, the use of large-volume and
low-cost fabrication methods, such as co-precipitation,'”™*’
makes magnetite even more attractive and worth to be
investigated. The definition of the electrochemical behav-
ior’*™° is thus the first step toward the assessment of the
potential effectiveness of such a material. However, dealing
with nanoparticles may result in practical problems connected
to the intrinsic health hazard of nanoparticles themselves,””
particularly true when a large volume of material is involved,
e.g., in the recovery of metal ions from large volumes of plating
baths. The use of submicrometric aggregates with a high active
surface area is a compromise between the performances, some
of which are strongly connected to this parameter, and their
ease of handling. Therefore, in the present study, the
electrochemical activity of magnetite aggregates with the
submicrometric size is investigated in both acidic and alkaline
media. To assess the potential use of magnetite aggregates in
large-volume applications, such as in electrochemical-based
wastewater remediation, a dispersed active material config-
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uration is investigated. The results are compared with the
traditional configuration, which comprises the active particles
supported on an inert electrode.

2. RESULTS AND DISCUSSION

Magnetite nanoaggregates synthesized by the co-precipitation
method were characterized by transmission electron micros-
copy (TEM) and X-ray diffraction (XRD) analyses. Figure la,b
shows the TEM images of micrometric aggregates formed by
small nanoparticles, having an average diameter of about 8—10
nm. These characteristics result in magnetite clusters that can
be easily handled, avoiding the main drawback of nano-
particles, yet having a large surface area, a desired feature for
electrochemical applications. The selected area electron
diffraction (SAED) pattern obtained indicated the presence
of Fe;0, (Figure 1c). The result was also confirmed by the
XRD pattern, obtained using a conventional Bragg—Brentano
configuration, which showed the formation of pure magnetite
(Figure 1d). No secondary iron oxide phases were detected
from the XRD analysis. In addition, the high peak intensity-to-
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Figure 1. (3, b) TEM images. (c) TEM diffraction pattern. (d) Diffraction pattern collected with XRD apparatus for magnetite aggregates.
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Figure 2. Cyclic voltammetry of magnetite aggregates supported on GC under acidic conditions (H,SO,, pH 4.5, room temperature). (a)
Cyclability study at 25 mV s™'. (b) Effect of different scan rates at (25, 50, 100) mV s~".

peak width ratio suggested the high crystallinity of the Fe;O,
clusters.

2.1. Electrochemical Characterization in an Acidic
Environment. Cyclic voltammetries were first carried out in
an acidic electrolyte, at room temperature, in a supported
electrode configuration. A 10 g L' of Fe,O, concentrated
solution was drop-cast (S uL) on the glassy carbon (GC)
electrode surface. The resulting loading of nanoaggregates onto
the GC electrode was 0.71 mg cm ™. Once the solvent was
evaporated, particles were covered with 5 uL of Nafion
solution, both to prevent their dissolution in acidic electrolyte
and to guarantee their adhesion to the GC substrate, according
to the procedure reported by Murugappan et al.”® As it can be
seen from the results collected at 25 mV s™', shown in Figure
2a, significant electrochemical activity was detected in both the
cathodic and anodic branches. In particular, the reduction peak
was centered at +0.28 V vs Ag/AgCl, while the corresponding
oxidation one at +0.44 V vs Ag/AgCl, resulting in a peak-to-

26881

peak distance of ~0.16 V. Furthermore, the peak intensity
increased during the cycles both for the cathodic and the
anodic sweeps. This trend may be attributed to better
activation of the Nafion coating, gradually achieved over
time, allowing a better diffusion of hydrogen ions through the
protective film, thus improving the electrochemical response.
The redox reactions are expected to be limited by the diffusion
of protons through the Nafion layer.”® By keeping the particles’
load constant, the same experiment was performed with
increasing scan rate, from 25 to 50 mV s~! and 100 mV s

The first cycle for the three different scan rates is shown in
Figure 2b, and the peak-to-peak distance increased with the
scan rate, suggesting that a quasi-reversible process was
involved, as already demonstrated in previous studies.*’
Specifically, the peak-to-peak values (AV) measured for the
different scan rates were AV,s = 0.16, AV, = 0.19, AV oo =
0.23 V. The percentage of the effectively electroactive particles,
in the supported configuration, was calculated by combining
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the moles of the particles electrochemically active, determined
by charge exchanged during the cyclic voltammetries, with the
amount of Fe;0, effectively loaded onto the GC surface by
drop-casting. In particular, the first value was extrapolated by
integration of the redox peaks in the CV curves, considering
Faraday’s law, while the latter was experimentally determined
by knowing the solution concentration and the drop-cast
volume (SI). Therefore, considering the loading of particles on
the WE and the exchanged charge by peaks integration, the
actual percentage of electroactive particles is equal to 0.0026%,
for a calculated specific capacity of 0.039 mAh g ~'. To
understand how the percentage of effectively electroactive
particles changed with the drop-cast volume, cyclic voltamme-
tries were performed at different Fe;O, loadings. Specifically,
the drop-cast volume of the concentrated solution was varied
from 1 to 7 uL while a scan rate of 100 mV s™* was selected.
The results reported in Table 1 show the increasing percentage

Table 1. Percentage of Electroactive Particles as a Function
of Drop-Cast Volume on the GC Electrode in Acid Solution
(H,S0,, pH 4.5, Room Temperature)

1
N

3
0.08

S
0.003

7
0.002

drop-cast volume (uL)

active particles (%)

of electroactive particles with decreasing drop-cast volume.
This behavior suggested that only the aggregates in intimate
contact with the electrolyte interface contributed to the
electrochemical reaction, approximately 5% of particle
utilization for 1 uL of concentrated solution, corresponding
to a specific capacity of 7S mAh g~".

The chemical and electrochemical stability of the particles in
the weakly acidic environment was then investigated using EC-
AFM analysis recording particles’ topography before and after
the electrochemical activity: S uL of a solution containing 10 g
L™ aggregates was drop-cast onto a gold electrode. For this
experiment, the particles were not coated with the Nafion
protective film to assess the stability of the bare Fe;0,. The CV
was performed again in a dilute solution of sulfuric acid at pH
4.5 using Pt wire as the reference electrode (RE) and counter
electrode (CE). Results in Figure 3 show that the supported
particles, before the electrochemical activity, were character-
ized by a relatively rough surface; after the CV (Figure 3b), the
topography completely changed, becoming flat, due to

desegregation and dissolution phenomena induced by acidic
pH and the applied potential. As expected, the results
suggested the limited applicability of the Fe;O, particles in
acidic solutions. Due to this limitation, the electrochemical
characterization of the magnetite particles was carried out
under alkaline conditions.

2.2. Electrochemical Characterization in an Alkaline
Environment. Cyclic voltammetry experiments in an alkaline
electrolyte were performed using diluted NaOH solution at pH
12.8, at room temperature and different scan rates, i.e., 25, 50,
and 100 mV s™'. The pH value was chosen to fit the
experimental conditions in which iron-based particles are
usually carried out in sensing applications.” Moreover,
considering the chemical stability of magnetite in an alkaline
environment, the use of Nafion coating was not necessary, as
previously explained. The CVs were performed analogously to
the tests carried out in the acidic solution: the potential was
scanned to —1.5 V vs Ag/AgCl to 1 V vs Ag/AgCl at different
scan rates (Figure 4a,b). In the first case, S yL of magnetite
nanoaggregate concentrated solution was drop-cast onto the
GC surface. Referring to the iron Pourbaix diagram®* and
considering the environmental conditions, several reactions
could be observed. In particular, the first broad cathodic peak
of current, centered at —0.9 V vs Ag/AgCl, suggested that
different reduction reactions were involved. The reduction of
Fe;O, to iron hydroxide and, eventually, to metallic iron is
probably occurring at potentials too close to be discriminated.

Looking at the anodic branch, the current peak centered at
—0.54 V vs Ag/AgCl could be attributed to the reverse
electrochemical reaction i.e., oxidation to Fe;O,. As in the case
of acidic conditions, redox peaks are here shifted with the scan
rate: AV,s = 0.4V, AV, = 047 V, AV, = 0.63 V. To study
the variation of the percentage of effectively electroactive
particles with the volume drop also for the alkaline case,
electrochemical experiments involving different volumes, 1-7
UL, were performed at 100 mV s~ in NaOH solution at pH
12.8 (Figure S). Results in Figure 5 show that the percentage
of electroactive particles again increased by decreasing the
drop-cast volume, confirming that only the nanoaggregates
close to the electrode surface take part in the electrochemical
process. For the alkaline case, 10% of particle utilization was
reached for 1 uL of concentrated solution, for a specific
capacity of 156.6 mAh g~'. The increase in the percentage of
particle utilization for the alkaline study can be ascribed to the
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Figure 3. EC-AFM of magnetite nanoaggregates before (a) and after (b) cyclic voltammetry in acidic solution (H,SO,, pH 4.5, room temperature)

and cyclic voltammetry at 100 mV s™' collected during the analysis.
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Figure 4. (a) Cyclic voltammetry (100 mV s™') at room temperature of magnetite nanoaggregates under alkaline conditions (NaOH, pH 12.8,
room temperature). (b) Cyclic voltammetry (25, 50, 100 mV s™') at room temperature of magnetite particles under alkaline conditions (NaOH,

pH 12.8, room temperature). Supported electrode configuration.
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Figure S. Percentage of electroactive particles as a function of drop-
cast volume on GC electrode under acidic (H,SO,, pH 4.5, room
temperature) (red) and alkaline (NaOH, pH 12.8, room temperature)
(black) conditions. The inset shows the SEM micrograph of 7 uL of
concentrated solution drop-cast on the GC electrode. Scale bar: S ym.

absence of the Nafion coating, needed to carry out tests in an
acidic environment to guarantee the particles’ stability.
Because of the limited exploitation of the material due to the
intrinsic constraints on the experimental setup, a different
configuration was investigated. Specifically, the magnetite
aggregates were dispersed in the solution rather than being
in continuous contact with the current collector. By keeping
the solution under stirring, the active particles eventually hit
the surface of the electrode, contributing to the electro-

chemical reactions. Therefore, the use of magnetite particles as
dispersed active materials was introduced to enhance the
electrochemical activity by taking advantage of the continuous
collisions of the particles with the WE (Figure 6a). Using the
same electrolyte, the CV was recorded in dispersed
configuration, and considering the same amount of magnetite
particles used in the supported one, the potential sweep was
run from 0 V vs Ag/AgCl to —1.5 V vs Ag/AgCl. As shown in
Figure 6a, the positions of the peaks were unaffected by the
configuration used, suggesting that the same redox reactions
occurred. Nevertheless, higher current density values were
recorded for the dispersed particles, suggesting that the
number of electrochemically active species indeed increased
thanks to aggregates collisions with the WE (Figure 6b).

By comparing the dispersed electrode case with the
supported one, it was possible to demonstrate the effective
improvement of the percentage of active particles by a factor of
10, from 0.17 to 1.47%, for the same amount of nanoaggregates
considered. This suggests the possibility of better utilization of
the electroactive material in the dispersed case compared to
the supported case. Moreover, the dispersion of the active
material would allow the potential exploitation of Fe;O,
particles electrochemistry on the industrial scale. In fact, in
this context, the supporting apparatus would significantly limit
the amount of active material exploited (Figure 7).

2.2.1. Fe;0, Electrochemical Reactions. Additional tests
were carried out to highlight the electrochemical reaction
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(b)
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Dispersed particles
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Figure 6. (a) Three-electrode configuration cell for dispersed electrode case where glassy carbon is used as WE, Pt wire as CE, and pseudo-RE. (b)
Cyclic voltammetry (100 mV s™!, T = 25 °C) of magnetite nanoaggregates in supported (black) and dispersed (red dot) configurations under

alkaline conditions (NaOH, pH 12.8, room temperature).
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temperature) conditions for supported (full) and dispersed (line
pattern) nanoaggregates configurations calculated using eqs S1 and S2
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occurring at the magnetite nanoparticle surface. The Fe;0,
dispersion was drop-cast on fluorine-doped tin oxide (FTO)-
coated soda lime glass, used as the working electrode (WE).
The electrochemical behavior agreed with the previous result
on the supported configuration. In the cathodic scan, two
different peaks may be identified, suggesting two different
reduction reactions to occur (Figure 8a). To further clarify the
entity of such processes, potentiostatic tests were carried
followed by microstructural analysis. The j—V characteristics of
the polarization suggested a capacitive behavior up to —1.1 V
vs Ag/AgCl On the other hand, at —1.3 V vs Ag/AgCl, the
current density stabilized at hundreds of A cm™, suggesting

the occurrence of an electrochemical reaction (Figure 8b). X-
ray diffraction was carried out on the Fe;O,/FTO electrode,
showing the partial reduction of the magnetite to metallic iron
(Figure 8c), as indicated by the diffraction peak at 20 = 45°, at
high cathodic potentials. On the other hand, no micro-
structural changes were observed at —1.1 V vs Ag/AgCl, as
confirmed also by Raman spectroscopy (Figure 8d), showing
the characteristic peaks of magnetite.

An additional test was carried out to evaluate the reactivity
of Fe;O, at an extended polarization time. Specifically, the
supported electrode (Fe;0,/FTO) was polarized for 5 h, at
—1.3 V vs Ag/AgCl. The sample was then analyzed by XRD, in
analogy to the previous test. The result obtained agreed with
the 10 min test; no significant differences were observed in the
magnetite pattern, while a small reflection peak associated with
metallic iron was detected (Figure 9). This suggested the
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Figure 9. XRD pattern of the Fe;0,/FTO electrodes at different
polarization times (10 min and S h) at —1.3 V vs Ag/AgClL
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Figure 8. (a) Cyclic voltammetry (25 mV s™!, T = 25 °C) of magnetite nanoaggregates supported on FTO, in a pH 12.8 solution. (b)
Potentiostatic polarization curves (j—V graph) at varying electrode potential. (c) XRD pattern of the Fe;O,/FTO electrodes before and after
polarization test. (d) Raman spectra of Fe;O,/FTO electrodes before and after polarization test.
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reaction to be surface-limited. Despite the polarization for a
longer time, a limited portion of the iron oxide was converted:
the formation of an external iron shell is expected. This
interpretation agrees with the intensity of the metallic iron
diffraction peak, which remained unchanged after 5 h of
polarization. Once the external iron layer is formed, the iron
oxide core is expected to react until it is no longer in contact
with the electrolyte. At the same time, the iron external layer is
cathodically polarized and reduction reactions, involving the
solvent, are eventually occurring on the surface.

3. CONCLUSIONS

The electrochemical behavior of magnetite nanoaggregates was
investigated in both acidic and alkaline media by cyclic
voltammetry, exploiting a three-electrode configurations.
Overall, the percentage of active magnetite aggregates
increased with decreasing drop-cast volume, for maximum
utilization of 5% for the 1 pL case in acidic medium, showing
an intrinsic limitation of the supported electrode setup. On the
other hand, by dispersing the nanoaggregates in the alkaline
electrolyte under stirring, the electrochemical response was
increased more than two times. The dispersed active material
approach allows taking advantage of a higher number of
magnetite nanoaggregates collisions with the current collector,
improving the electrochemical activity. XRD analysis after
polarization tests showed the reduction to metallic iron at a
high cathodic potential (<—1.3 V vs Ag/AgCl). The results
suggested the formation of a core-shell structure, where the
external Fe layer avoided further reaction of the inner Fe;0,
core.

4. MATERIALS AND METHODS

Magnetite nanoparticle aggregates were synthesized by Captive
System S.rl, following a co-precipitation method previously
reported.” It is worth noticing that the process parameters and
chemicals used for particle preparation can greatly affect their
aggregation properties, which depend on the mixing rate of the
acidic and alkaline solutions and organic coating thickness.
Therefore, in this study, the mixing rate was carefully kept
constant (25 mL min~") to have nanoparticle aggregates with
the same size for all electrochemical characterizations. The
magnetite aggregates were obtained by a co-precipitation
reaction in a basic environment described as follows. First, a
solution of Fe(II) chloride and Fe(III) chloride (commercial
grade, Brenntag) in a molar ratio of 1:2 was prepared. The
alkaline solution was obtained by dissolving sodium hydroxide
in distilled water. The as-prepared Fe(II—III) chloride solution
and the basic solution were directed using two syringe pumps
with a flow rate of 25 ml min™' into a mixing device that
ensures a turbulent flow. Subsequently, multiple cycles of
washing using distilled water and centrifuge (Sorvall ST 8
Benchtop Centrifuge, Thermo Fisher Scientific) were
performed aiming to remove the excess of NaOH. The
washing procedure was repeated until the pH of the rinsing
bath was neutral. Finally, the particles were recovered by
filtration (Figure 10). A transmission scanning microscope
(TEM) (PHILIPS CM200) was employed to determine the
dimension and morphology of the as-produced magnetite
aggregates. Particle morphology was studied through scanning
electron microscopy (SEM) (Zeiss EVO S50 EP). X-ray
diffraction (XRD) (Philips model PW1830. Ka;¢, = 1.54058
A) was used to define the microstructure of the oxide. The as-

Fe;O, nanoaggregtes

L FeCl; acidic solution
v\'
L FeCl; acidic solution

« ¥

Figure 10. Schematic representation of magnetite aggregates used in
this study and chemical precursors used for particle synthesis.

obtained nanoparticles were then used to prepare a
concentrated solution dispersing 10 g L™' in demineralized
water. The concentrated solution was thoroughly stirred for 2
h and sonicated for 1 h at 40 kHz to avoid further
agglomeration.

The electrochemical activity was characterized by cyclic
voltammetry (CV) at 25, 50, and 100 mV st using an AMEL
2550 potentiostat/galvanostat. A conventional three-electrode
cell was considered where a platinum mesh was used as the
counter electrode (CE), Ag/AgCl 3 M KCl as the reference
electrode (RE), and glassy carbon (GC) electrode (3 mm
diameter) as the working electrode (WE). The electrochemical
tests were carried out in two different WE configurations. In
the supported electrode configuration, 1-7 uL of the
concentrated solution (Fe;O, 10 g L™') was drop-cast on a
mirror-polished glassy carbon and the solvent was allowed to
evaporate for 30 min; a Nafion solution was obtained by
thoroughly mixing 10 wt % Nafion perfluorinated resin
solution (S wt % in a mixture of lower aliphatic alcohols and
water that contains 45 v/v % water, Sigma-Aldrich) in 2-
propanol (Sigma-Aldrich), and S uL of the solution was then
drop-cast onto the electrode surface and dried at room
temperature for 1 h. On the other hand, in the dispersed active
material configuration, the same amount of magnetite
nanoaggregate concentrated solution was added directly into
the electrolyte forming a suspension. In this case, a platinum
pseudo-reference electrode was employed as RE to avoid any
detrimental diffusion issues of the magnetite particles through
the ceramic frit of the Ag/AgCl electrode. Therefore, the
curves obtained in the dispersed configuration were shifted
according to the potential difference between platinum and
Ag/AgCl, experimentally determined by measuring the open-
circuit potential in a two-electrode cell. The measure was
performed in both acidic and alkaline solutions considered.
The electrochemical activity of the nanoaggregates was first
investigated in a H,SO, (Sigma-Aldrich 95—98%) solution at
pH 4.5 for both the configurations; the magnetite supported
on the GC electrode was protected with a Nafion ionomer
coating to avoid their dissolution due to the acidic environ-
ment. The electrochemical stability of magnetite particles,
without Nafion coating, was investigated with EC-AFM
(Keysight 5500 apparatus). AFM images were collected in
contact mode before and after cyclic voltammetry in the acidic
electrolyte. The electrochemical behavior was later assessed in
NaOH (Sigma-Aldrich 97%) solution at pH 12.8 to compare
the dispersed and supported configurations also in an alkaline
environment. No Nafion coating is employed in this last
configuration since magnetite particles are known to be stable
in al%(zaline pH, in agreement with the Pourbaix diagram of
iron.
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