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Abstract
Nanoparticles of Al0.1Fe2.9O4 (AFO) were synthesized using a simple cathodic electrochemical deposition technique. Struc-
tural, morphological, and magnetic properties of AFO were systematically studied. The X-ray powder diffraction analysis 
indicated the formation of a sample in a single-phase cubic spinel structure. Morphological data analysis of the specimen 
showed that the AFO sample has a nanoparticle structure with an average diameter of ~ 8 nm. The magnetization measurement 
as a function of the magnetic field at room temperature confirmed the existence of a superparamagnetic behavior. Addition-
ally, frequency dependence of AC susceptibility analysis indicated a weak interaction between AFO magnetic nanoparticles.

1  Introduction

In the past few decades, ferrites have attracted attention due 
to their remarkable magnetic properties and applications 
[1]. They are classified as magnetic materials as a result of 
their ferrimagnetic nature. Normally, ferrites can be divided 
into the following types because of having different crystal 
structure, namely: (1) spinel ferrite, (2) garnet, (3) ortho-fer-
rites and (4) hexagonal ferrites (hexaferrites). Ferrites with 
different structures have various applications, in medicine, 
industry, magnetic sensors, magnetic memories, magnetic 
shielding and permanent magnets [2]. These applications are 
based on different parameters such as saturation magnetiza-
tion, electrical resistivity, and chemical stability. Among fer-
rites, spinel and hexaferrites have significantly been studied 
because of their novel and practical usage [3–16].

Physical properties of spinel ferrite nanoparticles (NPs) 
matter more that of their bulk materials owing to their novel 

applications [17]. An impressive factor in their properties is 
the particle size, in which upon decreasing the particle size, 
particle shifts toward a single domain. Spinel ferrites are 
found to be the best candidate for investigation of the Néel 
and Brownian relaxation models because of their novel phys-
ical properties as well as their potential industrial and medi-
cal applications [18, 19]. In addition, these materials have 
extensively been used in various technological devices [20, 
21]. As a result, their optimum physical properties including 
magnetization, thermal conductivity, electrical resistivity, 
magnetic relaxation times can be attained by doping in a 
spinel structure [22].

This work introduces a new method for preparing the 
metal ion (Al3+)-doped Fe3O4 nanoparticles using the 
cathodic electrodeposition (CED) procedure. It is worth 
to remark that we have recently recognized that the pure 
phase of Fe3O4 in fine sizes of 10–15 nm is readily possi-
ble by CED method from an additive-free aqueous solution 
of mixed iron (III)nitrate/iron(II) chloride [23–25]. In this 
regard, the metal oxide/hydroxide film is prepared on the 
cathode surface through base electro-generation [26].

Up now, various synthesis strategies including co-pre-
cipitation, thermal decomposition, hydrothermal and solvo-
thermal have been reported for the preparation of mono-dis-
persed iron oxide nanoparticles (IONs) in the solution media 
[27, 28]. In these chemical-based strategies, the quality of 
the obtained IONs (i.e., size, phase, and morphology) is con-
trolled by optimizing the acidity, temperature, additives, pre-
cursor type, and concentration. However, fabrication of the 
crystalline, single phase and uniform size is more difficult 
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via these methods, where the obtained IONs have irregular 
morphology, mixed phases (i.e., Fe3O4 with γ-,α-Fe2O3), 
broad size distribution, and aggregated forms [2]. In this 
regard, electrochemical deposition has been developed as 
a one-step alternative procedure for the synthesis of super-
paramagnetic IONs and it was proven that pure, single-phase 
and uniform IONs could be prepared at the simple condi-
tions by this method [29–31].

As far as we know, the electrochemical synthesis of 
metal-doped Fe3O4 nanoparticles has not been studied yet. 
Therefore, some characteristics such as crystallite size, par-
ticle size, lattice constant, unit cell volume, magnetization, 
and chemical bonding characteristics were systematically 
investigated.

2 � Experimental procedure

2.1 � Materials

Aluminum chloride (AlCl3·6H2O, 99.5%), ferrous chloride 
tetrahydrate (FeCl2·4H2O, 99.5%), and ferric nitrate nonahy-
drate (Fe(NO3)3.9H2O, 99.9%) were bought from Sigma-
Aldrich company.

2.2 � Electrosynthesis of nanoparticles

The cathodic electrodeposition method, formerly used in 
synthesizing the magnetite nanoparticles (MNPs) [26, 32], 
is applied for the preparation of Al3+-doped Fe3O4 nanopar-
ticles. The schematic of the considered platform is demon-
strated in Fig. 1, in which the applied electrochemical setup 
entails a (316 L, 5 cm × 5 cm × 0.5 mm) stainless-steel sheet 

located in the center of two parallel graphite plates. The 
deposition bath was prepared by mixing the 2 g Fe(NO3) 
3. 9H2O +1 g FeCl2·4H2O and 0.4 g AlCl3·6H2O in 1 L 
deionized water. The deposition processes were carried out 
by an electrochemical workstation system (Potentiostat/
Galvanostat, Model: NCF-PGS 2012, Iran) having a cur-
rent density of 10 mA cm–2. Moreover, the deposition time 
and bath temperature were chosen to be 30 min and 25 °C, 
respectively. As can be observed in Fig. 1, by removing the 
steel sheet from the electrolyte and rinsing it with deion-
ized water for several times, the deposited black film was 
scrapped from the surface and then was washed with water 
after the deposition process. Ultimately, after dispersing it in 
deionized water and centrifuging at the rate of 6000 rpm for 
20 min, the deposit was separated by a magnet from water 
solution and dried at the temperature of 70 °C for 1 h. The 
resultant dry black powder, labeled as AFO, was studied 
from the structural and magnetic points of view.

2.3 � Characterization analysis

The structural properties of the obtained specimen were 
studied using X-ray diffraction (XRD, Phillips PW-1800) 
facilitated with a Cu Kα radiation. The Thermogravimetric 
Analyzer (TGA) analysis was performed using a Mettler-
Toledo TGA/SDTA 851 instrument. Additionally, the mor-
phology of AFO powder was evaluated by Transmission 
electron microscopy (TEM) Zeiss EM 900 with an accelerat-
ing voltage of 80 kV). The Fourier-transform infrared spec-
troscopy (FT-IR) spectrum was acquired by a Bruker Vector 
22 Fourier transformed infrared spectroscopy. The magnetic 
parameters were evaluated using a vibrating-sample mag-
netometer VSM (model: Meghnatis Daghigh Kavir, Iran), in 

Fig. 1   The applied CED platform for synthesizing the Al3+-doped Fe3O4 nanoparticles. The inset shows (1) the electrochemical and (2) chemical 
procedures of Al-Fe3O4 formation on the cathode surface
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the range of – 20,000 to 20,000 Oe at room temperature. AC 
magnetic susceptibility of the samples was measured using 
a Lake Shore AC Susceptometer model 7000.

3 � Results

3.1 � Structural and morphological analysis

The XRD pattern of the Al-doped Fe3O4 nanoparticles is 
demonstrated in Fig. 2. Considering the most intense dif-
fraction peak of the pertained XRD pattern, that is (311), the 
crystallite size is estimated by the following formula [33]:

where β is the full width at half maximum of a diffraction 
peak (FWHM), λ is the wavelength of utilized X-ray beam 
( �Cu = 1.54 Å, and θ is the Bragg angle for the actual diffrac-
tion peak. With the help of FULLPROF software, the lattice 
constant (a) as well as the volume of the unit cell (V) of the 
sample were acquired and collected in the Table 1.

All shown diffraction peaks in the XRD pattern are in 
accordance with the characteristic of Al-ferrite (JCPDS No. 
22-1012) and the observed reflections in Fig. 2, which cor-
responds to a cubic spinel phase with Fd-3 m space group 
(JCPDS No.73-1960). Notably, the main diffraction peak 
[i.e., (311)] is well matched with the characteristic diffrac-
tion peak of magnetite phase of iron oxide, as presented in 
the magnified section of Fig. 2, and also is in agreement with 
the reported (311) diffraction location in other literature [24, 
34]. Accordingly, the lattice parameters and unit cell values 
are found to be smaller for the doped sample as compared 
to those reported for the un-doped one [35]. Also, further 

(1)D = 0.9�∕� cos (�)

decrease in these values has been found upon increasing 
the Al3+ substitution. This may be justified with the smaller 
ionic radius of the Al3+ ions (0.52 Å) than those of the Fe3+ 
(0.67 Å) ions [36, 37]. Hence, from XRD diffraction analy-
sis, it is proved that the prepared Al-doped iron oxide sample 
has magnetite (Fe3O4) phase, where all the observed dif-
fraction peaks in the XRD pattern of sample were readily 
assigned to the pure cubic phase of Fe3O4 (JCPDS 01-074-
1910). Furthermore, the absence of extra diffractions other 
than magnetite phase verified that the sample has pure 
magnetite phase. Magnetite phase of iron oxide has a cubic 
inverse spinel ferrite structure, where Fe3+ cations are only 
located in the octahedral sites, but the tetrahedral sites are 
occupied by both Fe2+ and Fe3+ cations [38–40]. As can be 
seen in Fig. 2, all diffractions of Al-doped sample have no 
shifts as compared with peaks of un-doped MNPs, which 
can be related to the similar sizes of ionic radius of Al3+ cati-
ons and Fe3+ cations (i.e., 52 pm vs. 60 pm). As a result, it is 
specified that Al(III) cations are located in some octahedral 
and/or tetrahedral sites related to the iron(III) cations in the 
magnetite crystal structure.

Figure 3 demonstrates the FT-IR spectrum of the sample 
that shows the characteristic bonds of nano-sized magnetite 
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Fig. 2   XRD pattern of the electro-synthesized Al-doped Fe3O4 nano-
particles

Table 1   Structural and fitting parameters for Al0.1Fe1.9O4

Parameters Value

⟨D⟩XRD (nm) 6.82
a (Å) 8.3050
V (Å3) 572.82
⟨D⟩TEM (nm) ± �

D
8.38 (± 1.86)
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Fig. 3   FT-IR analysis for the electrodeposited Al3+-doped Fe3O4 nan-
oparticles
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[41, 42]. The two eminent peaks at the wavenumbers 567 and 
637 cm−1 are attributed to the splitting of the ν1 bond of the 
Fe–O and the other one at 435 cm–1 is assigned to the ν2 bond 
of the Fe–O and/or Al–O bonds [41, 42]. Also the existence 
of absorption peaks near 1635 and 3441 cm−1 pertains to the 
stretching and deformation vibrations of the surface-absorbed 
O–H groups and H2O, respectively [41].

As shown in Fig. 4, based on thermo-gravimetric (TG) 
analysis, no sharp weight loss peak is observed in the range of 
25–600 °C, confirming the stability of the sample. The exclu-
sive 3.8% weight loss below 200 °C is assigned to the deple-
tion of the surface-absorbed H2O molecules [34, 43].

Figure 5 exhibits the morphology of the sample according 
to the TEM technique. The particles’ diameter was calculated 
by Digimizer software (version: 4. 1. 1. 0, MedCalc Software). 
After that, using the log–normal function, the acquired data 
were fitted [44]:

where D0 and σ are the average diameter and data disper-
sions, respectively. The inset in Fig. 5 illustrates the dis-
persion histogram. Accordingly, the average diameter ⟨D⟩ 
and standard deviation �D were acquired considering the 
obtained results from fitting the data by Eqs. (2), (3), and 
(4) [33, 45, 46].
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�

(4)�D = ⟨D⟩[exp(�2) − 1]
1∕2

Therefore, the average diameter of particles ⟨D⟩TEM was 
found to be 8.38 (± 1.86) nm. The calculated ⟨D⟩TEM is close 
to ⟨D⟩XRD obtained from the XRD result, indicating the pos-
sibile presence of single-domain particles. Notably, it was 
reported that oxygen vacancies lead to decrease of average 
grain size [47, 48]. The fine grain size of our sample may 
be due to this effect.

3.2 � Magnetic properties

Magnetic properties of Fe3O4 (FO) and AFO were studied 
by a VSM at room temperature. In Fig. 6, the magnetization 
versus magnetic field curves are illustrated. Since there is not 
any remnant magnetization or coercivity in these curves, the 
superparamagnetic (SPM) behavior can be inferred at this 
specific temperature. Solano et al. reported similar results for 
MnFe2O4, Fe3O4, and NiFe2O4 nanoparticles [49]. Thanks to 
the Langevin function (Eq. 5), we have fitted the hysteresis 
loops [21, 50], and the calculated data are listed in Table 2.

where Ms is the saturation magnetization, μp is the mean 
(superspin) moment, L(x) = coth(x) − 1/x is the Langevin 
function, kB is the Boltzmann constant, and χ is the surface 
spins susceptibility [51, 52]. The Ms, remnant magnetization 
(Mr), and coercivity (Hc) are 16.07 emu/g, 0.13 emu/g, and 

(5)M = Ms L
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Fig. 4   TG curve of the electrodeposited Al3+-doped Fe3O4 nanopar-
ticles

Fig. 5   TEM image of Al-doped iron oxide nanoparticles
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8.73 G for AFO, and 66.65 emu/g, 0.95 emu/g, and 14.61 
G for FO nanoparticles, respectively. Notably, it was proven 
that the oxygen vacancies and meta-cations substitution in 
magnetite phase destroys the grains and lowers the satura-
tion magnetization of the prepared ferrite powder [47, 48]. 
In the case of our prepared Al-doped Fe3O4 sample, it is 
observed that the saturation magnetization is lowered with 
Al3+ cation doping, where the Ms value of the un-doped 
Fe3O4 (with particle size of 10 nm) has been reported to be 
72.96 emu/g [53, 54].

The results of the fitting parameters are presented 
in Table  2. As it can be seen, Ms and Hc values have 
decreased by doping MNPs with Al. Therefore, it seems 
that Al3+ occupies octahedral (B) rather than tetrahedral 
(A) sites [14, 55]. According to Neel’s two-sublattice 
model of ferrimagnetism, the magnetic moment per for-
mula unit (M) is expressed as follows:

where MB and MA are the B and A sublattice magnetic 
moment, respectively. Actually, the net magnetic moment 
determines the Ms value.

(6)M = MB −MA

This reduction in the Ms can also be attributed to the 
presence of a nonmagnetic surface layer or to a non-col-
linear spin arrangement on the surface of the particles [56, 
57]. Moreover, oxygen excess and deficit can, respectively, 
increase and decrease the oxidation degree of 3-d met-
als. The variations in a charge state of 3-d metals, due 
to the changes in the oxygen content, changes such mag-
netic parameters as the total magnetic moment. Besides 
that, the oxygen vacancies have an impact on exchange 
interactions, in which as a result of the increment in the 
concentration of oxygen vacancy the intensity of exchange 
interactions decreases. In complex oxides, there is only 
indirect exchange. Exchange near the oxygen vacancies 
is found to be negative based on Goodenough–Kanamori 
empirical rules [58, 59].

It worth to remark that the fundamental reason for 
interactions in any given system containing single-domain 
nanoparticles is the existence of dipole–dipole interaction 
between superspins [60, 61]. This hypothesis is consid-
ered in the systems of magnetic nanoparticles which have 
no contacts. However, this seems to be unreasonable for 
the ones with direct contact, due to the presence of some 
exchange interaction in the nanoparticles shells which is 
important in the magnetic behavior.

To find the existing interaction between magnetic nan-
oparticles and heat generation in an AC magnetic field, 
two different relaxation mechanisms including Néel (play 
the main role in heat generation at high frequencies) and 
Brownian (at low applied frequencies) relaxations have 
been proposed [62].

For instance, in a non-interacting SPM system, the rela-
tion between blocking temperature (TB) and relaxation 
time is given by Néel–Brown model [63–65]:

where τ value is the measured frequency (τ = 1/2πf), KB is 
magnetic anisotropy constant, �0 is associated with the jump 
attempt frequency of the magnetic moment of nanoparticle 
between the opposite directions of the magnetization easy 
axis. In the SPM system, the related range of �0 is found to 
be 10−9-10−13 s [66, 67].

To specify the inter-particle interactions between mag-
netic nanoparticles, AC susceptibility measurements have 
been carried out with an AC magnetic field of 10 Oe at 
different frequencies in the range of 33–1 kHz. The real 
and imaginary parts of AC susceptibility vs. temperature 
are presented in Fig. 7. In this figure, an increasing trend 
is observed from 33 to 1 kHz range.

The linear diagram of Ln(f) vs. the reciprocal of 
blocking temperature (1/TB ) is provided in Fig. 8a. The 
obtained values of �0 and Ea are obtained from fitting the 

(7)� = �0 exp

(
Ea

KBTB

)

-20000 -10000 0 10000 20000
-100

-80
-60
-40
-20

0
20
40
60
80

100
AFO

FO
langevin fit AFO
langevin fit FO 

M
 (e

m
u/

g)

Applied Field (Oe)

Fig. 6   Hysteresis loops of the un-doped and Al-doped iron oxide nan-
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Table 2   Magnetic fitting parameters

Parameters AFO FO

Hc (Oe) 8.73 14.61
Mr (emu/g) 0.13 0.95
µP (µB) 539340 572800
Ms (emu/g) 16.07 66.65
χ (emu/gOe) 1.49 × 10−4 4.60 × 10−4
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experimental data using the Néel–Brown equation, which 
is presented in Table 3. As inferred from Table 3, the cal-
culated value of �0 is 3.9 ×10−19 (s) for AFO confirms the 
interactions between MNPs of the sample. Similar result 
has been reported for Mn–Zn ferrite nanoparticles sample 
[68].

On the other hand, the magnetic relaxation behavior in 
interacting (weak interaction) nanoparticles can be studied by 
Vogel–Fulcher law [69]:

where T0 is an effective temperature which represents the 
existence of the interaction between nanoparticles. Fitting 
results based on the Vogel–Fulcher law are presented in 
Fig. 8b and the obtained results from this analysis are col-
lected in Table 3. To classify the strength of interaction, 
useful parameters of c1 and c2 are usually used [70, 71].

(8)� = �0 exp

(
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where Δ TB is the existing deviation between TB values 
obtained at the frequency Δ(log10f  ) intervals f that specifies 
the AC magnetic field frequency, TB is the average value of 
blocking/freezing temperature in the applied frequencies, 
and T0 is the equivalent temperature of the Vogel–Fulcher 
model. Also C1 is the relative movement of TB per decade of 
frequency and C2 is applied for comparing the TB changes 
between different systems. Obviously, 0.1 < C1 < 0.13 and 
C2 = 1 are considered to be related to non-interacting sys-
tems, while 0.03 < C1 < 0.06 and 0.3 < C2 < 0.6 pertain 
to weak interacting particles, and 0.005 < C1 < 0.02 and 
0.07 < C2 < 0.3 are assigned to strongly interacting systems 
[70]. In this regard, weak interaction of nanoparticles can be 
easily concluded by comparing the C1 and C2 values with 
those just given above.

Conventional critical slowing down model is suggested 
according to the AC magnetic sensitivity to investigate the 
probability of spin-glass behavior [72].

where Tg is the static (f = 0 Hz) freezing temperature,�0 is 
the relaxation time of individual particle magnetic moments, 
and zv is the dynamic-critical exponent that presents the 
inter-action strength in the range of 4–12. An excellent lin-
ear dependency of the external frequency (f) on the reduced 
temperature ((Tg/TB) − 1) is confirmed. Table 3 presents the 
attained results for �0 , Tg and z. As observed, in spin-glass 
systems the typical values of �0 and zv are found to be in the 
range of 10−9 − 10−13 s and 4–12, respectively [70]. In con-
trast, smaller values have been observed in interacting nano-
particle systems. Moreover, in interacting nanoparticles of 

(10)c2 =
T̄B − T0

T̄B

(11)� = �0

(
TB

Tg
− 1

)−z�

�-Fe2O3, the corresponding values of �0 ≈ 10−9 and zv = 10 
are reported [73].

Considering the evaluated values of zυ and τ0 for our sam-
ple, the behavior of a spin-glass system and the existence of 
a phase transition to a superspin glass state below the peak 
temperature are expected [74, 75].

The loss power density of nanoparticles is extensively 
studied as a valuable factor in the hyperthermia-based ther-
apy method [18]. The resultant heat from magnetic nanopar-
ticles is acquired by the magnetic moment, field, frequency, 
and particle volume explained by loss power density. One of 
the main ideas behind the usage of this parameter is deter-
mining the heat generated by magnetic nanoparticles which 
is formulated as below [67, 76, 77]

where �0 is the vacuum permeability, f is the utilized fre-
quency and H is an external magnetic field. The P values 
vs. temperature in the sample at the different frequencies of 
33, 66, 111, 222, 333, 500, 666, and 1000 Hz are provided 
in Fig. 9.

The pertained P values of specimens are evaluated based 
on the relation (12). These values are probable to be affected 
by various factors such as the applied field and frequency, 
anisotropy, magnetic interactions, size distribution, and 
surface effects. The impact of size distribution on the loss 
power density is theoretically explained by Rosensweig [76, 
77]. The increase of the frequency results in the increment 
of the loss power density [77–79]. In the case of our sample, 
the resonant frequency is also increased approximately on 
the 1.5 GHz at the bias field increase on the 1 kOe. It should 
be noted that in contrast to perovskites and spinels, the real 
part of the dielectric constant for diamagnetically substituted 

(12)P = �0��
��H2

Table 3   Obtained parameters from Néel–Brown, Vogel–Fulcher as 
well as critical slowing down laws

Model Parameter AFO

Neel–Brown �
0
(s) 3.9 ×10−19

E
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Vogel–Fulcher �
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Fig. 9   Presentation of the Loss power density of the AFO vs. tem-
perature
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M-type hexaferrites decreases more slowly at low frequen-
cies and almost monotonically with diamagnetic substitu-
tion. And the real and imaginary parts of the permeability 
have a peak near 50 GHz, which is determined by the level 
of diamagnetic substitution [79, 80]. Hence, the increase of 
the resonant frequency at the bias field increase is observed 
since the internal anisotropy field increases [81, 82].

4 � Conclusions

This paper has concentrated on the impact of Al doping on 
the magnetic properties of an ensemble of agglomerated 
Al0.1Fe2.9O4 nanoparticles. According to the magnetic hys-
teresis curves, the saturation magnetization is decreased by 
Al doping. Two key factors including a surface spin disorder 
in the larger magnetic nanoparticles and the lower surface 
spin canting have led to more increment of magnetization 
due to the reduction in the particle size. The dynamic proper-
ties of these nanoparticles were studied by different models 
including Neel–Brown, Vogel–Fulcher, and critical slowing 
down models in spin glasses by AC magnetic susceptibility 
measurements. By doping MNPs with Al, weak interaction 
between MNPs was observed. It is worth to remark that the 
control of the heat generated via nanoparticles is useful in 
the hyperthermia application.
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