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Abstract 
Electrochemical properties of magnetite nanoparticles supported on carbon paste electrodes were investigated by means of 
cyclic voltammetry. The measurements were performed for bare and coated with citrate magnetite nanoparticles in aqueous 
solutions of various electrolytes: NaCl, NaClO4, and Na2HPO4. Cyclic voltammetry curves obtained on bare and citrate 
functionalized Fe3O4 nanoparticles are rather similar indicating that the electrochemical properties of the magnetite nano-
particles are not significantly affected by the citrate coating. Cyclic voltammetry scans reveal the formation of metallic iron 
below −1.2 V. The defective structure of the oxide phases formed by oxidation of metallic iron seems to play an important 
role in the chemisorption of chloride ions and their subsequent oxidation.
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1  Introduction

Magnetite (Fe3O4) is interesting from the electrochemical 
point of view since it contains iron ions in + 2 and + 3 formal 
oxidation states. Fe3O4 can be oxidized to Fe2O3 (hema-
tite, α-Fe2O3, and maghemite, γ-Fe2O3) and to various iron 

oxyhydroxides (goethite, α-FeOOH, akaganeite, β-FeOOH, 
and lepidocrocite γ-FeOOH) or reduced to Fe(OH)2 and 
even to metallic iron depending on the applied potential, 
pH and type of supporting electrolyte [1]. Fe3O4 is suit-
able to be investigated by electrochemical techniques since 
it is a good conductor. Most of the studies on magnetite 
films were performed aimed at understanding the corrosion 
mechanisms of iron and iron alloys in various environments 
[2–4]. The investigation of the redox behavior of magnetite 
and other iron oxide nanoparticles (NPs) is also prompted 
by the prospect to prepare these nanostructured materials by 
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exploiting the oxidation of iron electrodes [5]. Electrodes 
based on Fe3O4 NPs have potential applications in various 
fields such as electricity storage [6], electrocatalysis [7, 8], 
and chemical sensors [9]. Magnetite NPs can be functional-
ized with a variety of molecules to prepare stable dispersions 
in aqueous or non-aqueous environments. If the coating is 
able to modify the electrochemical properties of Fe3O4 NPs, 
this possibility could be of particular interest for the applica-
tion as chemical sensors. The adsorption of citrate anions on 
the surface of magnetite NPs allows one to obtain aqueous 
dispersions stabilized by the electrostatic repulsions between 
negatively charged particles [10–12]. Since the pioneering 
works of Allen et al. [13, 14] electrochemical studies of 
magnetite NPs have been carried out on electrodes consist-
ing of Fe3O4 particles mixed with carbon paste (CP) [15]. In 
a limited number of studies cyclic voltammetry (CV) meas-
urements were performed on dispersions of magnetite NPs 
or on NPs directly supported on other types of electrodes 
[16–18].

In the present work, we investigated by means of CV the 
redox properties of Fe3O4 NPs supported on carbon paste 
electrodes (CPEs). The measurements were performed 
on bare and coated with citrate magnetite NPs at neutral 
(or slightly basic) pH in solutions of NaCl, NaClO4, and 
Na2HPO4. Most of the results reported in the literature on 
the electrochemical properties of magnetite were obtained 
in solutions at extreme acid or basic pH values [19, 20], 
whereas the measurements shown in this work were per-
formed at neutral pH at which the dissolution of Fe3O4 
should not occur. This is one of the novelties of the present 
work. The aim of this study was twofold. One objective was 
to observe the influence of the functionalization with citrate 
ions on the electrochemical properties of Fe3O4 NPs and 
the other one was to highlight influence of the supporting 
electrolytes on the electrochemical processes occurring at 
the solid-solution interface. These aspects are relevant in 
view of the various potential electrochemical applications 
of magnetite NPs.

2 � Experimental

Analytical research grade (Sigma Aldrich) products were 
used in the experiments.

The preparation of Fe3O4 NPs, the functionalization with 
citrate as well as their characterization are described in detail 
in ref. [21]. Shortly, magnetite NPs were synthesized by 
the co-precipitation method from solutions of FeCl3⋅6H2O 
and Fe (NH4)2(SO4)2⋅6H2O (1:2 Fe(II)/Fe(III) molar ratio) 
in double distilled water (DDW) by adding a solution of 
NaOH. The reaction solution was deaerated by N2 bubbling 
and the reaction was carried out at 60 °C. The black precipi-
tate of magnetite NPs was separated from the liquid phase 

by using a magnet, washed several times with DDW and 
dried in a flux of N2. The functionalization of Fe3O4 NPs 
with citrate was carried out following two different meth-
ods. In the “ex-situ” procedure citrate ions were adsorbed 
on magnetite NPs by immersing the NPs in a sodium citrate 
solution. In the “in-situ” procedure, the functionalization of 
magnetite NPs was obtained by co-precipitation in the pres-
ence of citrate. In our previous works bare and citrate coated 
magnetite NPs were characterized by Fourier Transform 
Infrared (FTIR) spectroscopy, Dynamic Light Scattering 
(DLS), X-ray Diffraction (XRD), and X-ray Photoelectron 
Spectroscopy (XPS) [21, 22].These studies showed that the 
“in-situ” procedure leads to citrate coated magnetite NPs 
which have a significantly smaller size (4 nm) than those 
prepared following the “ex-situ” method (10 nm), almost the 
same size of bare magnetite NPs [21]. DLS measurements 
indicated that magnetite NPs form aggregates with a size 
around 100–200 nm.

Materials and apparatus for electrochemical measure-
ments have been described elsewhere [23]. A Ag|AgCl|KCl 
(3 M) electrode and a platinum wire were used as the refer-
ence and as the auxiliary electrodes, respectively. The poten-
tial values reported in text and figures are relative to that 
of the Ag|AgCl|KCl 3 M electrode (0.21 V with respect to 
the normal hydrogen electrode, NHE, potential). All experi-
ments were carried out at room temperature. The scan rate 
of the potential was 50 mVs−1, unless otherwise specified. 
Measurements were performed in DDW solutions of NaCl 
(0.5 M), NaClO4 (0.5 M), and Na2HPO4 (0.10 M). We did 
not use buffered solutions to avoid possible effects on the 
electrochemical properties due to the adsorption of compo-
nents of the buffer on the NPs. The solutions were deaerated 
by bubbling N2 into the cell for at least 15 min. The working 
electrode was prepared by mixing carbon paste (BASi®) 
and Fe3O4 NPs in a mortar until a homogenous mixture was 
obtained. The composition of the mixture used in the experi-
ments was around 20 weight % of magnetite. A portion of 
the prepared mixture was packed into an electrode for car-
bon paste and the surface of the electrode was thoroughly 
rinsed with DDW. An electrode prepared in the same way 
but without adding Fe3O4 NPs served as a blank. Before 
each experiment, the electrode surface was renewed by a 
gentle polishing.

3 � Results and discussion

3.1 � Cyclic voltammetry of bare magnetite NPs

The first seven CV curves of a CPE modified with Fe3O4 
NPs, immersed in a 0.5 M NaCl solution are shown in Fig. 1, 
top panel. Since the range of potential is rather wide, CV 
curves were measured for a CPE without NPs to check for 
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possible contributions of side processes to the current. The 
comparison of the CV curves of the Fe3O4/CPE with those 
of the CPE electrode shows that the contribution to the 
measured current due to reduction of H+ or to oxidation of 
oxygen of water is negligible with respect to the processes 
involving Fe3O4 NPs (Fig. 1S, supplementary info). The CV 
curves of the magnetite modified CPE are a characterized 
by broad peaks resulting from the contributions of several 
processes to the observed features. Indeed, according to 
the iron Pourbaix diagram under these conditions several 
electron transfer processes probably overlap [24]. A tenta-
tive assignment of the observed peaks to specific reactions 
is based on the redox potentials reported in the literature 
[20, 25]. However, since the measurements were performed 
at different pH values, on various types of magnetite sam-
ples (films, particles etc.) the assignment of the peaks in 

the voltammograms is not unambiguous [20]. Actually, the 
reduction of Fe3O4 to Fe(OH)2 and ultimately to metallic 
iron is most likely occurring at potentials too close to be 
discriminated. In the scan #1 the potential is varied from 
0 to + 1.2 V and no peak is observed. When the potential 
is reversed from + 1.2 to −1.4 V, a broad cathodic peak is 
detectable at ca. −0.5 V which could be due to the reduction 
of Fe(III) to Fe(II) (scan #2). A more intense cathodic peak 
is observed at ca. −1.0 V. Features in this region of poten-
tials were reported in previous studies by CV of magnetite 
NPs [16], magnetite electrodes [20] and epitaxial magnetite 
films [26]. This peak was ascribed to the reduction of iron 
ions in magnetite to metallic iron according to the reaction:

(1)Fe
3
O

4
+ 8e

−
+ 4H

2
O → 3Fe + 8OH

−

Fig. 1   Top panel: CV curves of a CPE with bare magnetite NPs. Mid-
dle panel: CV curves of a CPE with citrate functionalized magnetite 
NPs with the “ex-situ” procedure. CV curves of a CPE in a sodium 
citrate solution (1 × 10–2  M) are also shown (black thin lines). Bot-
tom panel: CV of a CPE electrode with citrate functionalized mag-
netite NPs prepared with the “in-situ” procedure. Scans #1, #3, #5, 
and #7 are in the positive potential direction (anodic scans). Scans #2, 
#4, and 6 are in the negative direction (cathodic scans). The support-
ing electrolyte was NaCl 0.5 M. The potentials are relative to that of 
the Ag|AgCl|KCl 3 M electrode. In all the measurements the potential 
scan rate was 50 mVs−1

Fig. 2   Top panel: CV curves of a CPE electrode with bare magnetite 
NPs. Middle panel: CV curves of a CPE electrode with citrate func-
tionalized magnetite NPs prepared with the “ex-situ” procedure. Bot-
tom panel: CV of a CPE electrode with citrate functionalized magnet-
ite NPs prepared with the “ex-situ” procedure. Scans #15, #17, #19 
are anodic scans. Scans #14, #16, #18, and #20 are cathodic scans. 
The supporting electrolyte was NaCl 0.5 M
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Since the measurements reported in the literature were 
performed at basic pH the peak attributed to the formation of 
metallic iron can appear to a different potential in the present 
work in which the CV curves were acquired at neutral or 
close to neutral pH.

When the potential is reversed from -1.4 to + 1.2 V oxi-
dation peaks are observed in subsequent cycles (scans #3, 
#5, and #7). The broad feature after the onset potential 
E = −1.2 V can be attributed to the oxidation of metallic 
iron to Fe(II). It is likely that Fe(II) is present as Fe(OH)2 
at the surface of the NPs [20]. The other two peaks can 
be ascribed to the oxidation of Fe(OH)2 to Fe(III) com-
pounds such as Fe(OH)3 and Fe2O3. The origin of the peak 
at ca. + 0.9 V will be discussed later. When the poten-
tial is scanned from + 1.2 to −1.4 V, the cathodic peak 
moves from -1.0 V in scan #2 to less negative values in 
scans #4 and #6. At the same time, the current of this 
peak decreases. A decrease of the current magnitude at 
−1.4 V (i.e., at the inversion potential) upon increasing the 
number of scans, is also observed. The observed variation 

may be attributed either to a change of conductivity of 
the NPs after reduction of the oxides or to a slowdown of 
the oxidation during the first scans. The decrease of the 
current at the inversion potential parallels the decrease of 
the cathodic peak intensity at ca. −1.0 V. The evolution 
of the CV curves over the last 7 scans is shown in Fig. 2, 
top panel. The peak positions and intensities do not vary 
significantly as the number of scans is increased and a 
steady-state condition is reached (Figs. 2 and 3, top panel).

3.2 � CV of magnetite citrate coated NPs

The first seven CV curves of the CPE modified with citrate 
coated magnetite NPs immersed in a 0.5 M NaCl solution are 
shown in Fig. 1, middle and bottom panels. The CV curves 
of the citrate coated magnetite NPs prepared following the 
two procedures described above exhibit only minor differ-
ences. The main difference is the current which is larger 
for the “in-situ” NPs than for the “ex-situ.” These curves 
are also similar to those measured for bare magnetite NPs. 
CV curves acquired under the same experimental conditions 
for a solution of sodium citrate do not exhibit any redox 

Fig. 3   Complete set of CV scans of a CPE electrode with bare mag-
netite NPs (top panel), a CPE electrode with citrate functionalized 
magnetite NPs prepared with the “ex-situ” procedure (middle panel); 
a CPE electrode with citrate functionalized magnetite NPs prepared 
with the “in-situ” procedure (bottom panel). The supporting electro-
lyte was NaCl 0.5 M

Fig. 4   Area (mV A) of the peak at 0.9 V as a function of the weight 
fraction of magnetite NPs mixed with CP. The linear fitting of the 
data (R = 0.97) is shown
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peak (Fig. 1, middle panel, thin black line). Indeed stud-
ies of citrate adsorption on Pt electrodes did not show any 
peaks attributable to redox reactions of citrate ions [27, 28]. 
Thus, we can conclude that there is no significant change of 
the electrochemical properties either of the magnetite NPs 
or of the citrate ions after adsorption. The observed minor 
differences between the CV curves of the citrate functional-
ized magnetite NPs and those of the bare NPs could be due 
to the different size of the magnetite NPs. As shown in a 
previous study, citrate coated Fe3O4 prepared following the 
“in-situ” procedure have a size smaller than that of both bare 
NPs and of those functionalized with citrate according to the 
“ex-situ” procedure [21].

3.3 � Influence on the CV curves of chloride ions 
in solution

In all the measurements there is a peak around + 0.9 V in the 
anodic curves which cannot be explained taking into account 
the redox reactions of iron [25]. The oxidation of Fe(III) to 
ferrate (FeO4

2−) occurs at higher potentials and ferrates are 
stable only at high pH [29]. On the other hand, we found that 

the area under this peak depends on the fraction of magnet-
ite NP in the CPE as shown by the linear variation of the 
area under the peak at + 0.9 V with the weight fraction of 
magnetite NPs (Fig. 4). Incidentally, this behavior indicates 
that magnetite NPs are homogenously dispersed in the mix-
ture with CP. CV curves were acquired with various scan 
rates of the potential. The peak position shifts monotoni-
cally from + 0.85 to + 1.03 V when the potential scan rate 
is increased from 10 to 200 mV s−1 while the peak current 
shows a linear dependence on the potential scan rate (Fig. 5). 
The linear dependence of the peak current as function of the 
potential scan rate indicates that the oxidized species are 
adsorbed at the surface of the electrode [30, 31].

In literature, an oxidation peak at ca. + 0.9  V was 
observed in the CV curves measured for fine-grained blast 
furnace sludges in a CPE with 1 M HCl as electrolyte [32]. 
Although the origin of this feature was not discussed in 
that paper, it could be ascribed to the oxidation of chlo-
ride ions adsorbed on the iron oxides in the sludge since it 
was observed when the CV measurements were performed 
in HCl solutions. Similarly, in the present case, the oxida-
tion of adsorbed Cl− ions could be responsible for the peak 

Fig. 5   Current (mA) of the peak at ca. 0.9  V as a function of the 
scanning rate (mVs−1). The linear fitting of the data (R = 0.99) is 
shown

Fig. 6   CV curves of a CPE electrode with bare Fe3O4 NPs in a solu-
tion of NaClO4 as supporting electrolyte (top panel) and in a solution 
of NaClO4 with NaCl (bottom panel). Scans #1, #3, and 5 are in the 
positive direction. Scans #2, #4, and 6 are in the negative direction
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at around + 0.9 V in the CV curves. In order to verify this 
hypothesis, CV experiments were repeated with other sup-
porting electrolytes, not containing chloride ions. Actually 
the CV curves obtained with the Fe3O4/CPE in a solution of 
NaClO4 do not show the oxidation peak at + 0.9 V (Fig. 6). 
On the other hand, this peak appears when chloride ions are 
present and the potential has reached values at which the 
formation of metallic iron occurs (Fig. 6). A further evidence 
for the assignment of the anodic peak around + 0.9 V to the 
oxidation of chloride ions is provided by the CV curves in 
solutions of Na2HPO4 as supporting electrolyte in which this 
peak is not observed (Fig. 7, top panel). Neither this peak 
nor that due to the formation of metallic iron are detectable 
after NaCl was added to the phosphate solution (Fig. 7, bot-
tom panel). This observation suggests that phosphate ions 
have an effect on the formation of metallic iron which, in 
turn, plays an important role in chloride ion oxidation. The 
CV curves measured in solutions of Na2HPO4 are similar to 
those acquired in a buffer solution of Na2HPO4 and KH2PO4 
(Fig. 2S, supplementary info). Thus, it seems that in the 
present case the use of buffered solutions does not change 
significantly the measured CV curves. It is worth noting that 
the peak ascribed to the oxidation of chloride ions appears 

only when in the previous cathodic scans the potential has 
reached values low enough to form metallic iron. This 
threshold potential is around −1.2 V for solutions containing 
NaClO4 as supporting electrolyte and NaCl (Fig. 9). These 
results suggest that chloride ions are not chemisorbed at the 
surface of the pristine magnetite NPs since no oxidation 
peak is observed in the first anodic scan. On the contrary 
they are chemisorbed after reduction of the iron oxides to 
Fe(0) and its subsequent re-oxidation to Fe(II) and Fe(III). 
The defective structure of the iron oxides produced by the 
electrochemical oxidation of metallic iron could explain why 
chloride ions are chemisorbed only after a reduction scan 
at potentials negative enough to form metallic iron [33]. In 
order to verify this hypothesis an investigation “in-situ” 
by spectroscopic and/or microscopy techniques would be 
needed. XRD measurements that we performed on the elec-
trode material after the CV measurements did not reveal 
any change in the crystal structure of the magnetite NPs. 
We observed that in the absence of chloride ions in solution 
with NaClO4 as supporting electrolyte the peak ascribed to 
the formation of metallic Fe is not detectable. The formation 

Fig. 7   CV curves of a CPE electrode with bare Fe3O4 NPs in a 
Na2HPO4 solution. Top panel: without Cl−. Bottom panel: with NaCl. 
Scans #1 and #3 are in the positive direction. Scan #2 is in the nega-
tive direction

Fig. 8   CV curves of a CPE electrode with bare Fe3O4 NPs in a 
NaClO4 and NaCl solution. The curves were measured at various 
minimum values of the cathodic scan. Scan2 #1 (black curve) and #3 
(blue curve) are in the positive direction. Scan #2 (red curve) is in the 
negative direction
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iron oxychlorides (for instance FeOCl) or iron chloride com-
plexes requiring less negative reduction potentials than iron 
oxides and hydroxides could explain this result. A faster 
kinetics of the iron chloride complexes in solution might 
also explain why the cathodic peak is observed in the pres-
ence of chloride. Finally, the observation of the chloride 
oxidation peak in the CV curves of citrate coated magnetite 
NPs is consistent with the partial coverage of the surface of 
the NPs with citrate ions found by XPS [22]. Different shifts 
of this peak and variations of the peak current as a function 
of the number of scans are observed by comparing the CV 
curves of the three samples. In the case of bare Fe3O4 NPs 
the peak position does not change upon increasing the num-
ber of scans, whereas the peak intensity increases (Figs. 1 
and 3, top panel). The increase of the current with the num-
ber of scans can be explained considering the increase of 
the area occupied by the iron oxides (and/or hydroxides) 
formed after oxidation of metallic iron, a surface on which 
the adsorption of chloride ions occurs.

Variations of the position of chloride oxidation peak are 
observed also in the case of the citrate coated NPs upon 
increasing the number of scans. For the “ex-situ” sample 
this peak shifts from + 0.89 V in the first scans to + 0.97 V 
in the last scans (Figs. 2 and 3, middle panel). In the CV 
curves of the “in-situ” sample the peak exhibits an opposite 
trend, shifting from + 0.91 V to + 0.86 V upon increasing the 
number of scans (Figs. 2 and 3, bottom panel). As in the case 
of bare magnetite NPs, the CV curves tend to a steady-state 
condition with increasing the number of scans (Figs. 2 and 
3). These variations are more difficult to interpret than in 
the case of bare magnetite NPs (Figs. 1–3). It is likely that 
the adsorption of citrate ions occurs on different crystal-
lographic planes of the NPs depending on the preparation 
procedure. Hence, upon increasing the number of CV scans, 
zones with different structural and compositional defects on 
which chloride ions adsorb can develop.

The oxidation of adsorbed chloride ions can lead to the 
formation of Cl2 [34]:

However the formation of other oxidation products such 
as Cl2O or ClO− is also possible:

(2)2 Cl
−
→ Cl

2
+ 2 e

−

(3)2Cl
−
+ H

2
O → Cl

2
O + 4 e

−
+ 2H

+

(4)Cl
−
+ H

2
O → ClO

−
+ 2e

−
+ 2H

+

4 � Conclusion

In this work CV measurements were performed on CPE 
modified with magnetite NPs in solutions of various support-
ing electrolytes at neutral (or slightly basic) pH. Under this 
condition it was possible to prevent (or at least to reduce) the 
dissolution of Fe3O4 which occurs in particular at low pH. 
The CV curves measured for bare and citrate functionalized 
Fe3O4 NPs are similar indicating that the electrochemical 
properties of the magnetite NPs are not significantly affected 
by the adsorption of citrate ions. CV scans suggest the for-
mation of metallic iron for applied potentials below −1.2 V 
in NaCl solutions. The adsorption of chloride ions on the 
electrode surface appears to be significantly influenced by 
the redox cycle of magnetite NPs. The defective structure 
of the oxide phases formed by the oxidation of metallic iron 
is probably responsible for the chemisorption of chloride 
ions. In future studies electrochemical impedance spectros-
copy will be used to elucidate the different electron transfer 
processes.
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