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78000 San Luis Potośı, SLP, Mexico
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Magnetic composites with silver nanoparticles bonded to their surface were successfully prepared using a simple chemical method.
By means of a sol-gel technique, nickel ferrite nanoparticles have been prepared and coated with silica to control and avoid their
magnetic agglomeration. The structural and magnetic properties of the nanoparticles were studied in function of the annealing
temperature. Then, silver nanoparticles were incorporated by hydrolysis-condensation of tetraethyl orthosilicate, which contains
silver nitrate on the surface of the nickel ferrite-SiO

2
core/shell. Sampleswere characterized usingX-ray diffraction, IR spectroscopy,

SEM, and magnetometry. Results show that the silica covered the nickel ferrite nanoparticles and the silver nanoparticles remain
stable in the surface of the composite.

1. Introduction

Nickel ferrite is an important magnetic material with a
variety of applications, such as fabrication of ferrofluids,
catalysis, and magnetic refrigeration [1, 2], and is one of the
most important soft ferrites with high electromagnetic per-
formance, low coercivity, good mechanical hardness, and
chemical stability [3].

The nickel ferrite is obtained by sol-gel process followed
by thermal treatment above 1000∘C, which is the temperature
of crystallization reported in previous works [4, 5]. The
crystal structure of the obtained ferrites is neither a simple
NaCl-type nor a simple spinel type. The average structure
can be described in the space group Fd3m, but additional
octahedral sites, with respect to the spinel structure, are
partially occupied whenever an excess of divalent cation is
used [6]. Instead of getting materials of formula NiFe

2
O
4
,

some irons may be missing and some extra divalent cations

have been incorporated, the final formula can be expressed
as Ni
1+𝑥

Fe
2−2𝑥/3

O
4
, with 𝑥 being 0.43 [6, 7].

The nickel ferrite presents similar magnetic properties to
magnetite and maghemite [4]. However, these nanoparticles
tend to agglomerate and oxidize. In order to avoid this, a coat
of silica or some polymers is used to cover the nanoparticles
[5, 8–10]. In this sense, sol-gel is a simple method that
produces stable nanoparticles embedded in a silica matrix,
simultaneously providing the synthesis of nickel ferrite and
their silica cover, so that any coating technique on magnetic
nanoparticles is unnecessary.

On the other hand, the silver nanoparticles have attracted
considerable attention because of their catalytic, optical,
and transport properties and bactericidal activity against
Escherichia coli, Staphylococcus epidermis, andBacillus subtilis
[11, 12].

Given the bactericidal property of Ag nanoparticles,mag-
netic composites functionalized with these nanoparticles in
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their surface could be efficiently used for cleaning and purifi-
cation of aqueous medium and environmental remediation.
Also, these composites can be easily recovered using a mag-
netic field avoiding the negative effect of the nanoparticles
on ecosystems. In addition to these two characteristics,
they might exhibit strong microwave adsorption and SERS
phenomena and could be candidates for cancer therapy and
so on [13–19].

The use of a magnetic carrier has become a promising
choice for the isolation and removal of environmental con-
taminants or undesirable substances in water or other media,
with the advantage that themagnetic composite used to disin-
fect can be recovered using an external magnetic field, which
inhibit its impact on the environment. In this workwe present
a simple chemical method to incorporate silver nanoparticles
to a composite formed by the nickel ferrite covered with SiO

2

and obtain an antibacterial agent fixed to a magnetic carrier.

2. Experimental

2.1. Nickel Ferrite-SiO2 Preparation. The samples were pre-
pared by sol-gel method using tetraethyl orthosilicate,
Si(OC

2
H
5
)
4
(TEOS), as a precursor of the silica [20]; distilled

water and ethanol (Et-OH) were also used in the preparation
stage. Considering that the silica structure strongly depends
on the H

2
O/TEOS ratio and according to previous results a

proportion of H
2
O = 1/TEOS = 11.6/Et-OH = 4 was used to

ensure a full hydrolyzation [21]. On the other hand, nickel
chloride (NiCl

2
⋅6H
2
O) and iron chloride (FeCl

3
⋅6H
2
O) were

used in order to form the nickel ferrite phase. To prepare
the nickel ferrite-SiO

2
composite, first 10.2mL of TEOS was

mixed with 10.45mL of ethanol and the solution was stirred
for 10 minutes and then another solution containing 1.1715 g
of NiCl

2
⋅6H
2
O, 1.332 g, FeCl

3
⋅6H
2
O, and 8.0mL of distilled

water is prepared to finally mix this second solution with the
first one and stirred during 5 minutes. Thereafter the sample
was left to gelation at room temperature for several hours.

The obtained gel was annealed for 1 h at 400, 800, and
1100∘C of air temperature. Samples were identified as follows:
without heat treatment (A) and annealing at 400∘C (B), at
800∘C (C), and at 1100∘C (D). A direct relationship between
obscuration and temperature increase is observed which
happens to be an indicator of the crystallization of the
nickel ferrite. In Figure S1 of the Electronic Supplementary
Information (S1-ESI) (see Supplementary Material available
online at http://dx.doi.org/10.1155/2015/678739) amicrograph
of the nickel ferrite, with a small cover of silica and before the
functionalization with Ag, is shown.

2.2. Nickel Ferrite-SiO2/Ag Preparation. Once the nickel fer-
rite nanoparticles were formed with their coat of SiO

2
, the

Ag nanoparticles were adhered to the composite surface by
a simple chemical method which involves reduction of the
Ag nanoparticles and binding them on the SiO

2
surface. This

process begins by mixing and stirring 4mL of tetramethy-
lammonium hydroxide (TMAOH) and 0.8mL of tetraethyl
orthosilicate (TEOS) with 0.1 g of the composites formed
by the nickel ferrite and the silica during 10min.Then, 6.0mL
of silver nitrate at 0.01M is added and stirring continues for

Ni ferrite-SiO2
Ni ferrite-SiO2-Ag

AgNO3 + NaBH3

Figure 1: Incorporation of silver particles to silica coated nickel
ferrite.

over 30 minutes. Finally, to reduce the Ag nanoparticles,
6.0mL of sodium borohydride (NaBH

4
) at 0.2M was added

and stirred for 30min. Thereby when the NaBH
4
is added,

an effervescent reaction between the silver nanoparticles and
the surface of the composites occurs and theAg nanoparticles
grow on the SiO

2
surface of the composites. Finally, compos-

iteswerewashed several timeswith deionizedwater and dried
at room temperature.

Although the mechanisms allowing silver to adhere to
the surface of SiO

2
are not completely understood yet, the

evidence indicates that these nanoparticles are not covered
by the silica and therefore the antibacterial activity of the Ag
remains present on the nanoparticles as shown in (Figure S2,
ESI).

Thus we can obtain nickel ferrite-SiO
2
composites, where

clusters of nickel ferrite nanoparticles are in the core with a
cover of SiO

2
, and the Ag nanoparticles would then incor-

porate on the surface of the composite, as is schematized in
Figure 1.

2.3. Characterization. The structural properties and the
incorporation of Ag on the composite were studied using
X-ray diffraction, the patterns were obtained using a GBC-
DifftechMMAdiffractometer with filtered CuK𝛼 (𝜆 = 1.54 Å)
radiation. The refinement was fitted using the MAUD pro-
gram [22]. In the initial model of the refinement, the nonstoi-
chiometric nickel ferrite (Ni

1.43
Fe
1.7
O
4
) with cubic symmetry

and spatial groupFd-3m:1 is used in agreementwith the infor-
mation provided in [6]. In addition, the trigonal structure and
spatial group P3

1
2
1
are assumed for the amorphous phase of

silica (SiO
2
). The silica coating was analyzed by IR spectra

which also corroborated the Ag incorporation. IR spectra
were obtained using Nicolet Avatar 360 as equipment, and a
potassium bromide pastille with approximate 5% volume of
sample was prepared. The behavior of the nickel ferrite
was studied by magnetometry using an alternating gradient
magnetometerMicromag, AGM 2900 of PrincetonMeasure-
ments, through which the hysteresis loops were obtained.
SEM examinations and EDS analysis were carried out by
using an XL-30 SEM (Philips, Netherlands) and a DX-41
(EDAX), respectively.

3. Results and Discussion

In the coated samples with silica, the X-ray patterns,
Figure 2(a), show a broad peak around 23∘ which shifts left
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Figure 2: X-ray diffractograms of silica coated nickel ferrite at (a) various calcination temperatures and (b) Rietveld refinement of sample D.

when temperature increases; this broad peak corresponds
to the SiO

2
amorphous phase [4, 23]. This behavior is an

indication that the amorphous structure is rearranged due to
annealing temperature [24, 25].

In sample (A) there is no evidence of any crystalline
structure; only the amorphous behaviour of the silica is
identified. For sample (B) incipient peaks were identified at
36.5∘, 44∘, 57∘, and 63.5∘; these peaks match with the nickel
ferrite, Ni

1.43
Fe
1.7
O
4
, but their intensity is low. When the

temperature of the heat treatment increases above 800∘C,
samples (C) and (D), we can see well-defined peaks at
positions which correspond to these iron oxides, in particular
those peaks corresponding to the nonstoichiometric nickel
ferrite (Ni

1.43
Fe
1.7
O
4
) [6, 7]. The peaks associated with the

nickel ferrite are more intense, sharp, and well defined when
sintering temperature is about 1100∘C, indicating an incre-
ment of the nickel ferrite crystallinity, and due to the growing
of the clusters conformed by the nickel ferrite nanoparticles.

Rietveld refinement analysis has been shown to also work
well while calculating the amorphous/crystalline fraction in
composites with crystalline phases, as in the current case [23].
In any case, very good agreement between experimental and
calculated amorphous/crystalline fraction of composites was
obtained [26].

Figure 2(b) shows the Rietveld refinement wherein the
amorphous phase has a trigonal structure and the good
adjustment indicates the presence of a silica covering. The
presence of these two phases is confirmed by the Rietveld
refinement for amorphous SiO

2
. Using the above refinement

process, the Bragg pattern and the position of the peaks in the
diffractograms correspond to the phases identified according
to the spatial group Fd3m:1, with cubic symmetry for the
nickel ferrite Ni

1.43
Fe
1.7
O
4
, and P3

1
2
1
, with trigonal symme-

try for the quartz-like amorphous SiO
2
.

The crystal structure was refined using the Rietveld
method being very well fitted with a lattice parameter of
the nickel ferrite of 8.3490 ± 0.0006 Å and a crystallite size
of 47.5 nm. The weight percentage of phases calculated by

Rietveld refinement were 94.35 ± 2.3% of SiO
2
and 5.63 ±

0.33% of nickel ferrite. The 𝑅 factors for the final refinement
were 𝑅wp = 4.62%, 𝑅p = 3.54%, and 𝑅wpnb = 20.4%,
although the quality of the Rietveld fit can be best determined
by considering both the observed and calculated graphically,
which ensure that the model is chemically plausible [27].
In addition, the results obtained from the refinement of the
nickel ferrite are in good agreement with the results obtained
previously for this structure [6].

IR analysis was made to study the absorption bands
of the nickel ferrite-SiO

2
core-shell at various heat-treated

temperatures. Therefore the IR spectra shown in Figure 3
describe the bands located around 450, 800, and 1070 cm−1
each that are associated with the vibrations in the Si-O of
rocking, bending, and stretching bonds, respectively [28].
Sample (D) shows extended well-defined bands in the range
from 450 to 770 cm−1; these bands have been assigned to
vibrational modes of Fe-O bonds in Fe

2
O
3
[4, 29]. These IR

features indicate the formation of the iron oxide species at this
annealing temperature. In the spectra we observed that the
peaks at about 480 cm−1 are very sharp; this fact and the pres-
ence of the peaks at about 426, 560, 622, 776, and 837 cm−1,
Figure 3(b), indicate the formation of spinel phase, according
to X-ray results and previous results of Ni ferrite embedded
in silica xerogel matrix [30], among the features observed
about 690 and 730 cm−1 due to structural effects over the
SiO
2
caused by the presence of nickel ferrite.

With respect to the band observed around 1070 cm−1,
sample (A) has a shoulder around 1200 cm−1 which, when
temperature increases, incorporates to the main band; at the
same time, the band located at 950 cm−1, assigned to the
stretching vibrations of silanols groups [Si-(OH)] [31], incor-
porates to the band located at 1070 cm−1 when temperature
increases. This forms a broad band around 1070 cm−1 which
is attributed to the formation of colloidal oxide particles in
the SiO

2
matrix [32]; their introduction produces structural

disorder, reflected in the broadening of the IR band in the
stretching region [21] and the appearance of rings in the
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Figure 3: IR spectra of nickel ferrite-SiO
2
at (a) different heat treatment temperatures and (b) IR spectra in the range from 400 to 900 cm−1

for sample D.
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Figure 4: Hysteresis loop obtained for the samples: (A) without heat treatment, (B) calcined at 400∘C, (C) calcined at 800∘C, and (D) calcined
at 1100∘C.

structure of the silica xerogel [28]. On the other hand, the
asymmetric band situated at 1630 cm−1 at spectra A has two
components assigned to the deformation of the molecular
water, which are probably trapped inside the voids [33, 34],
and contribution about 1650 cm−1 that can be assigned to
residual ethanol. The presence of this band indicates a high
presence of hydroxyls; the band intensity decreases under
heat treatment. We can observe that this band has a strong
presence on samples at low annealing temperatures.

There is another band situated in 560 cm−1 which appears
from sample (B); this band corresponds to vibrations of Fe-
O and tends to shift up to 606 cm−1 for sample (D) that is
attributed to an increment of the nickel ferrite crystallinity
when sintering temperature increases [3].

Figure 4 shows the hysteresis loops of the nickel ferrite
particles coated with silica.Themagnetic saturation was nor-
malized at maximum applied field (12 kOe). Samples without
heat treatment (A) and calcined at 400∘C (B) both show ferro-
magnetic behaviour, while sample (C), heat-treated at 800∘C,
does not reach the saturation, due to a structural inhomo-
geneity since nickel ferrite is not well formed yet. In the case
of sample (D), saturation is reached at 5 kOe. Also, a super-
paramagnetic behaviour is observed in these two samples,
which is attributed to the formation of the nickel ferrite phase.

These results are in agreement with the structural analysis
made by X-ray diffraction and IR spectroscopy and confirm
the formation of the nickel ferrite phase with high crys-
tallinity at 1100∘C.On the other hand, samples with annealing
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temperature below 400∘C present a ferromagnetic behaviour,
which is attributed to the presence of 𝛾-Fe

2
O
3
and some

nickel phases before forming the nickel ferrite.
According to structural and magnetic results, sample

(D) has the best magnetic properties in addition to high
crystallinity degree. Therefore this sample was selected to
incorporate the Ag nanoparticles, according to the experi-
mental procedure shown in Section 2.2.

The X-ray diffractogram (Figure 5) shows the incorpora-
tion of silver to the composite formed with the nickel ferrite
and SiO

2
; the peaks corresponding to the nickel ferrite were

overshadowed by the intensity of the peaks corresponding to
elemental silver, represented by the peaks located at 38∘, 44∘,
65∘, and 78∘. In this diffractogram the peaks of nickel ferrite
are obscured by the presence of the silver nanoparticles which
grow in the surface of the composite [35, 36]; however, the
presence of the nickel ferrite in this stage is better corrobo-
rated by the superparamagnetic properties shown in Figure 4.
This superparamagnetism also indicates that nickel ferrite
particles are in nanoscale size. In the refinement, we can
observe the nickel ferrite peaks wherein intensity is low, due
to the presence of silica as the cover shell; however, because
nickel ferrite remains in the core of the composites, these
nanoparticles remain untouched during the growth of silver
in the SiO

2
surface of the composites.

The structural parameters for Ag are calculated by
Rietveld refinement, in which the spatial group Fm-3m was
used, leading to a lattice parameter of 4.0926±0.0006 Å and a
crystallite size of 27.4 nm, whereas for the nickel ferrite phase
we obtained a particle size of 47.5 nm, with lattice parameters
of 8.3490 ± 0.0006 Å, similar to the values obtained for nickel
ferrite in SiO

2
, which indicates the stability of the composite.

For the final composites, the weight percentage of phases
calculated by Rietveld refinement was 78.04 ± 4.67% of SiO

2
,

3.46 ± 0.21% of nickel ferrite, and 18.49 ± 1.11% of Ag.
According to the preparation procedure, the Ag nanopar-

ticles are located over the silica coat formed to cover the
nickel ferrite nanoparticles. This configuration serves a dual
purpose. On one hand, the antimicrobial agent on the surface
interacts with the environment, while it is linked to the
magnetic particles. On the other hand, through application of

magnetic field it is possible to recover the particles. In this
sense, there are some groups working on functionalizing
superparamagnetic nanoparticles such as magnetite and
cobalt with antibacterial agents [11, 36, 37]. However prepa-
ration and functionalization of nickel ferrite nanoparticles
represent an easier process.

Figure 6 shows an SEM image in a large range where the
formation of nickel ferrite-SiO

2
-Ag is observed. The bright

grains correspond to Ag particles over the nickel ferrite-SiO
2
.

Dark zone corresponds to nickel ferrite-SiO
2
, with a lower

presence of Ag. From the EDS results, the quantity of ele-
ments calculated for the former case indicates that the content
is mainly Si, followed by O and then, in similar proportion,
Ag and Fe and finally Ni, as we can observe at Figure 6(c).

In Figure 6(b), we show an isolated aggregate inwhich the
structure of the nickel ferrite-SiO

2
/Ag can be observed.

Thus, using an easy chemical route, as it is in the sol-
gel technique, we can obtain the formation of nickel ferrite
nanoparticles embedded in xerogel matrix. These aggregates
have a core-shell structure wherein nickel ferrite nanoparti-
cles are in the core, covered with the SiO

2
. When incorpo-

rating Ag nanoparticles over these structures, the size of the
aggregates is around 50 micrometers.

4. Conclusions

Sol-gel process provides a successful synthesis of nickel ferrite
superparamagnetic nanoparticles coated and functionalized
with antimicrobial agents, such as the silver nanoparticles.
The characterization of samples at different temperature
indicates that heat treatment at 1100∘C is needed to obtain
high structural crystallinity of the nickel ferrite and this
crystallinity has a positive impact on themagnetic properties.
The nickel phase obtained by this process was Ni

1.43
Fe
1.7
O
4
.

Among that we obtain aggregates; these are formed with
magnetic nanoparticles acting as support agents to fix the
Ag nanoparticles over the shell. This configuration allows the
composites to be recovered.

Finally, we can conclude that, in order to incorporate
silver to the ferrite, our method is simple and results show a
successful incorporation; in this sense the possibility to study
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Figure 6: SEM micrographs of nickel ferrite-SiO
2
/Ag (a) and (b) and EDS of isolated aggregates (c).

this composite as a disinfectant is clear, with the advantage
that it is easily recoverable.
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