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Abstract Nickel ferrite nanoparticles were synthesized
by co-precipitation/hydrothermal synthesis. The synthe-
sis temperature of the co-precipitation of the precursor
was studied. At this stage, proper reaction temperature to
synthesize superparamagnetic nickel ferrite nanoparticles
with zero coercivity (H.) was found to be 80 °C. More
importantly, the effects of temperature and time of the
hydrothermal process on the structural and magnetic prop-
erties of the nanoparticles were also investigated. X-ray
diffraction (XRD) and Fourier transform infrared spec-
troscopy were used for the structural analysis. Particle
sizes and shapes were determined by transmission electron
microscopy (TEM). Magnetic measurements were done by
using a vibrating sample magnetometer (VSM). The particle
sizes dxrp, dTem and dysm of nickel ferrite nanoparticles
were calculated from XRD patterns, TEM images and mag-
netic data, respectively. By hydrothermal process, the reac-
tion time is seen to be effective on the properties of NiFe,O4
nanoparticles since the size of the nanoparticles and satu-
ration magnetization (M) increase with the increase of the
time. The effect of reaction temperature on the properties
of nickel ferrite nanoparticles is also slightly observed. It is
seen that the synthesized nanoparticles at 125 °C for 40 h
exhibit a superparamagnetic behaviour (zero H.). And M is
found to be 50.8 emu/g which is a substantially high value.
Also, the limit of superparamagnetic particle size for our
study is ~12 nm since NiFe;O4 nanoparticles bigger than
12 nm show H..
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1 Introduction

Ferrite nanoparticles (MFe,O4, M = Fe, Ni, Co, Mn,
etc.) have various applications in magnetic films [1], mag-
netic fluids [2], catalysis [3], magnetic resonance imaging
(MRI) [4, 5], magnetic hyperthermia [2, 5] and drug deliv-
ery [6, 7]. Also, nickel ferrite (NiFe;O4) nanoparticles
have promising electrical and magnetic properties and are
frequently used in electronic devices [8], high frequency
applications [9], MRI contrast agents [10], etc. Magnetic
nanoparticles can be synthesized by various techniques
including co-precipitation, hydrothermal synthesis, thermal
decomposition, microemulsion and sol-gel [11, 12]. The
co-precipitation is a simple and efficient way to synthe-
size high-yield magnetic nanoparticles [13]. However, a
co-precipitation method cannot solely be used to prepare
NiFe;O4 nanoparticles without further processes, such as
hydrothermal process [14], annealing [15] and calcination
[16].

In the study [16], nickel ferrite nanoparticles are syn-
thesized by a co-precipitation/calcination process. In the
first step, FeEOOH and Ni(OH), are obtained as a precur-
sor and the precursor is calcinated at high temperatures
(650 and 800 °C) for 2 h in air environment. The NiFe;Oy4
nanoparticles obtained in this study show coercivity (H,),
and their saturation magnetization (M) values are 33 and
49 emu/g. In another study [15], NiFe,O4 nanoparticles are
co-precipitated in the first step and annealed afterwards. The
obtained nanoparticles are 17 nm in size. The M of the
sample is 44 emu/g and its H. is 51 Oe. Wang et al. [14]
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Table 1 Synthesis conditions of the precursor, particle sizes and magnetic properties of the final product NiFe;O4 nanoparticles

Sample Temperature (°C) Particle sizes

Magnetic properties

dtgm (nm £ Anm) dxrp (nm) dysym (nm + Anm) My (emu/g) H, (Oe) Magnetic state

Al 20 134 £ 35 52.6 -
A2 40 123 £5.0 16.3 -
A3 60 155 +£5.8 19.3 -
A4 80 10.1 £3.6 10.6 6.9 £0.6

1.12 36 Paramagnetic with a slight ferromagnetic effect
54.4 4 SP with 4 Oe

54.3 2 SP with 2 Oe

48.7 - SP

SP superparamagnetic

4 M value is the maximum magnetization at the highest applied magnetic field for sample Al

b A4 is the same sample with B2 and B7

obtained a colloidal suspension by co-precipitation in the
first step, and this suspension is hydrothermally processed
at 180 °C for 6-48 h. NiFe,O4 nanoparticles obtained in the
co-precipitation/hydrothermal synthesis show H.. Super-
paramagnetic NiFe;O4 nanoparticles are also obtained in
[17]; however, the M, values are highly low. Barreto et al.
[17] obtained superparamagnetic NiFe,O4 nanoparticles by
the co-precipitation/calcination process. The M values of
the nanoparticles are as low as 13 and 15 emu/g. In [18],
NiFe,O4 nanoparticles are synthesized hydrothermally with
and without using surfactants. The M values of the sam-
ple with zero H. is around 35 emu/g, and the sample with
higher Mg (~40 emu/g) shows H, (~17 Oe).

In the synthesis of NiFe;O4 nanoparticles, Albuquerque
et al. [8] and Shi et al. [19] proposed that co-precipitation
only produces the amorphous precursor for the synthesis of
NiFe;O4 in the second step. Furthermore, Shi et al. [19]
regarded the precursor phase as hydroxide. It is known that
hydrothermal synthesis allows controlling the particle size

and crystallinity through the reaction time and temperature
[20]. Thus, hydrothermal synthesis as a second step pro-
vides NiFe,O,4 formation with controlling the particle size
and crystallinity through the reaction time and tempera-
ture. In this study, NiFe,O4 nanoparticles are synthesized
in a two-step co-precipitation/hydrothermal process. The
effect of the temperature on the co-precipitation is inves-
tigated to determine the proper temperature. In the second
step, the effects of the temperature and time are studied.
The structural and magnetic properties of the final product
are investigated. Superparamagnetic NiFe,O4 nanoparticles
with a quite high M, value of 50.8 emu/g, which is close to
the M, value of bulk NiFe,Qy, are obtained.

2 Experimental

NiCl,-6H,O (Riedel-de Haén, > 97 %), FeCl3-6H,0O
(Sigma-Aldrich, > 99 %) and NH4OH (Merck, 25 % of

Fig.1 XRD patterns of samples
Al, A2, A3 and A4
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ammonia) were used in this work. All reagents were of ana-
lytical grade and used without further purification. For the
first step, the co-precipitation process, the precursor was
synthesized under air atmosphere. Ni** and Fe3* were dis-
solved with a 1:2 molar ratio in 25 ml deionized water. Then,
25 ml NH4OH was added into solution under vigorous
stirring. The solution was stirred at 1000 rpm for 45 min.
For the second step, the hydrothermal process, 15 ml of
the precursor was transferred into a Teflon-lined stainless
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Fig. 2 FT-IR spectrum of samples Al, A2, A3 and A4

steel autoclave. The sealed autoclave was put into an oven,
and the reaction temperature was changed between 125 and
200 °C for 40 h to reveal the temperature effect. And the
reaction was performed at 150 °C for 10-80 h in order to
investigate the effect of the reaction time on the properties
of the nanoparticles. When the reaction was completed, the
autoclave cooled down to room temperature naturally and
the resulting black precipitate was washed with deionized
water several times and dried in oven at 60 °C.

The crystal structure of the samples was characterized
by the X-ray diffraction (XRD) technique, using a PAN-
alytical’s X’Pert Pro X-ray diffractometer. Scan was per-
formed between 20° and 80° by using CuK, radiation (A
= 1.54056 A). Fourier transform infrared spectroscopy (FT-
IR, PerkinElmer) was used to obtain the transmittance spec-
trum of the samples at a 3704000 cm ™! range using KBr
pellets. Transmission electron microscopy (TEM) images
were taken by using a FEI Tecnai G2 F30 model high-
resolution microscope. The samples were prepared by plac-
ing a drop of the diluted suspension of the samples on a
carbon-coated copper grid. ImageJ programme was used to
calculate the particle sizes after taking the TEM pictures
of nanoparticles. The magnetic properties were investigated
using a ADE EV9 model vibrating sample magnetometer

(VSM) at room temperature between —20 and +20 kOe by
1-Oe intervals.

3 Results and Discussion

In order to obtain the precursor of the hydrothermal pro-
cess, the first-step reactions were performed at different
temperatures (20, 40, 60 and 80 °C) and the effect of the
temperature on the properties of the final product was inves-
tigated. Synthesis conditions and structural and magnetic
properties of the samples are given in Table 1. The precur-
sor of sample A1 was obtained at 20 °C, and the sample was
hydrothermally synthesized at 150 °C for 40 h afterwards.
For the other samples (A2, A3 and A4), the precursors were
obtained at 40, 60 and 80 °C, respectively, and the sam-
ples were synthesized at the same conditions as Al in the
hydrothermal step. The XRD pattern of sample A1l includes
the peaks of crystal planes (012), (104), (110), (113), (024),
(116), (214), (300), (1010) and (220) at 26 = 24.2°, 32.7°,
36.7°, 40.9°, 49.4°, 54.0°, 62.4°, 64.0°, 71.8° and 75.4°,
respectively (Fig. 1). These peaks correspond to hematite
(JCPDS no. 33-0664). The peak (labelled with asterisk)
observed at 33.2°, near the (104) peak of hematite, may cor-
respond to ferrihydrite (JCPDS no. 46-1315). The intense
peaks were only labelled, and the rest seems to belong
to hematite and/or iron oxide hydroxide phases according

@ Springer



2362

J Supercond Nov Magn (2017) 30:2359-2369

to the JCPDS card nos. 33-0664, 46-1315, 76-2301 and
89-6096. All these peaks imply that the sample is mainly
hematite. It is known that iron oxide hydroxide converts
to hematite by thermal transformation [21]. In our case,
sample Al is mainly hematite according to the structural
analysis and magnetic measurements showing a low mag-
netization value (see Table 1). Black precipitate of NiFe;O4
was obtained at 40, 60 and 80 °C. In the XRD pattern
of sample A2 in Fig. 1, (220), (311), (400), (422), (511),
(440) and (533) peaks are observed at 20 = 30.7°, 36.1°,
43.7°,54.2°,57.7°, 63.4° and 74.9°, respectively. The same
peaks are seen in the XRD patterns of samples A3 and A4.

The observed peaks are the characteristic peaks of NiFe;O4
according to the JCPDS card no. 86-2267. The mean crystal
sizes, dxrp, were calculated from the most intense peaks of
the main phase in the patterns using the Scherrer equation
[22], and the results are given in Table 1. The dxrp of sam-
ple Al is 52.6 nm. The dxrp of samples A2, A3 and A4 is
16.3, 19.3 and 10.6 nm, respectively.

For further information about the structure of the sam-
ples, FT-IR analysis was done and the spectra of all samples
are shown in the 1300-370 cm~! region in Fig. 2. Two
main metal-oxygen bands are seen in the FT-IR spectra. The
highest band, observed at v; = 600-550 cm™ 1, corresponds

Fig. 3 TEM images of samples a Al, b A2 and ¢ A3 (scale bar is 100 nm for Al and 20 nm for A2 and A3)

@ Springer



J Supercond Nov Magn (2017) 30:2359-2369

2363

to intrinsic stretching vibrations of the metal at the tetra-
hedral site (Mier-O), whereas the lowest band at vy, =
450-385 cm™! is assigned to octahedral metal stretching
vibration (Mgc-O) [18, 23]. In the spectrum of Al, the
bands observed at 480 and 562 cm™! imply that the sample

Fig. 4 Magnetization curves of
samples a Al and b A2—-A4.
Inset shows the curves at + 100
Oe

Magnetization (emu/g)

Magnetization (emu/g)

is hematite [24]. The transmittance bands of samples A2, A3
and A4 are observed at about 404 and 600 cm ™!, indicating
that the samples are NiFe,O4 [18, 25].

TEM images of the samples (A1-A3) are given in Fig. 3.
As can be seen from Fig. 3a, sample A1 has cubic particles
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Table 2 Synthesis conditions, particle sizes and magnetic properties of NiFe,O4 nanoparticles

Sample Reaction temperature (°C) Reaction time (h) Particle sizes

Magnetic properties

dtem (nm = Anm) dxgrp (nm) dysy (nm £ Anm)

Mg (emu/g) H (Oe) Magnetic state

Bl 125 40 -

B2 150 40 10.1 £3.6
B3 175 40 -

B4 200 40 114 £3.8
BS 150 10 6.6 £2.9
B6 150 20 -

B7 (B2) 150 40 10.1 £3.6
B8 150 60 -

B9 150 80 11.9£3.9

12.5 8.0+£04 50.8 - Sp
10.6 6.9+0.6 48.7 - Sp
- 73£05 49.5 - Sp
12.5 74 %05 48.5 - Sp
7.9 6.7 £ 0.6 45.6 - Sp
- 7.1£05 48.2 - Sp
10.6 6.9+0.6 48.7 - Sp
- 6.8 £ 0.6 48.9 - Sp
11.8 - 51.7 2 SP with 2 Oe

with high particle size. In the images of samples A2 and
A3, nanoparticles are roundish and particle size distribution
is wider. The physical particle sizes, dTgm, of samples Al,
A2, A3 and A4 are 134 +£ 35, 12.3 £ 5.0, 15.5 = 5.8 and
10.1 £ 3.6 nm, respectively, and are given in Table 1. It is
observed that the calculated drgm value of Al is bigger than
the dxrp value. This difference can be explained by consid-
ering that the particles are polycrystalline and the particle size
is not equal to crystallite size. The drgm of the other samples
shows the same trend with dxrp as the temperature changes.

The magnetization curves of the nanoparticles (A1-A4)
are presented in Fig. 4. Insets show the curves at = 100

Oe. As seen from Fig. 4a, sample Al is almost paramag-
netic with a little ferromagnetic contribution. The maximum
magnetization value (maximum magnetization measured at
the highest applied magnetic field) of the sample is 1.1
emu/g and coercivity (H.) is 36 Oe. Samples A2 and A3
are superparamagnetic with 4 and 2 Oe H., respectively.
And their saturation magnetizations (M) are 54.4 and 54.3
emu/g, respectively. Sample A4 is superparamagnetic with
zero H, and the Mj is 48.7 emu/g. The mean magnetic size,
dmMag, of the sample with zero H, was calculated according
to the equation in [26] and found to be 6.9 £ 0.6 nm (see
Table 1).

Fig.5 XRD patterns of the
nanoparticles synthesized at
different temperatures (B/ 125
°C, B2 150 °C and B4 200 °C)
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In order to investigate the effect of reaction temperature
and time of the hydrothermal process on the structural and
magnetic properties of the samples, the temperature was
changed from 125 to 200 °C and the time was increased
from 10 to 80 h, separately. The precursors of all these
samples were obtained at 80 °C. Samples B1-B4 were syn-
thesized at different temperatures, and samples B5-B9 were
synthesized at different times by using the same precursor.
The samples and synthesis conditions are given in Table 2.
XRD patterns of samples B1, B2 and B4 synthesized at
different temperatures (125, 150 and 200 °C, respectively)
are given in Fig. 5. The (220), (311), (400), (422), (511),
(440) and (533) peaks of the NiFe,O4 are observed in the
patterns at 260 = 30.5°, 35.9°, 43.7°, 54.1°, 57.6°, 63.4°
and 74.7°, respectively. The dxrp was calculated from the
(311) peak in the patterns, and the results are given in
Table 2 as 12.5, 10.6 and 12.5 nm for B1, B2 and B4,
respectively. The particle sizes obtained from XRD patterns
slightly fluctuate with the change of reaction temperature.

B1
B2
%T
(a.u.)
B4
601
397
1300 1000 i 500 370
cm

Fig. 6 FT-IR spectrum of the nanoparticles synthesized at different
temperatures (B/ 125 °C, B2 150 °C and B4 200 °C)

According to the FT-IR spectrum in Fig. 6, the samples (B1,
B2, B4) are NiFe;O4. All samples in the spectrum show
the characteristic bands at around 397 and 601 cm~'. TEM
images of sample B4 in 20- and 5-nm scales are given in
Fig. 7a, b, respectively. The drgm of the samples calcu-
lated from the images is 10.1 & 3.6 and 11.4 £ 3.8 nm
for B2 and B4, respectively. Magnetization curves of the

Fig. 7 TEM images of the nanoparticles synthesized at 200 °C (B4)
in a 20-nm scale and b 5-nm scale
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Fig. 8 Magnetization curves of

the nanoparticles synthesized at -
different temperatures (B/ 125 o Bl RRRRRAR
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and 48.5 emu/g, respectively. M slightly changes according another study [15], NiFe,O4 nanoparticles are obtained by

Fig. 9 XRD patterns of the
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h and B9 80 h)
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Fig. 10 FT-IR spectrum of the nanoparticles synthesized at different
times (B5 10 h, B7 40 h and B8 60 h)

co-precipitation/annealing and the nanoparticles (17 nm)
are ferrimagnetic with M, = 44 emu/g and H, = 51 Oe.
NiFe;O4 nanoparticles synthesized solvothermally in the
study of Wang et al. [14] show high M, values between
37.7 and 53.3 emu/g; however, they show H. from 41.8 to
58.2 Oe. Superparamagnetic NiFe,O4 nanoparticles are also
obtained in [17] by the co-precipitation/calcination process;
however, the M, values are highly low as 13 and 15 emu/g.
In another study [18], hydrothermally synthesized NiFe;O4
nanoparticles show two kinds of magnetic properties. One
of the nanoparticles with zero H. have My =35 emu/g,
and the others show H; 17 Oe and My =40 emu/g. The
M; of sample B1 (50.8 emu/g) is higher than the values of
the superparamagnetic NiFe,O4 nanoparticles in the studies
mentioned above. dysy is calculated as 8.0 &= 0.4, 6.9 £+
0.6, 7.3 = 0.5 and 7.4 £ 0.5 nm for B1, B2, B3 and B4,
respectively. It can be concluded that the reaction tempera-
ture of the hydrothermal process is slightly effective on the
properties of the NiFe;O4 nanoparticles.

The reaction time of the hydrothermal process was
changed from 10 to 80 h, and the effect of the time on the
properties of the nanoparticles was investigated. Figure 9

Fig. 11 TEM images of the nanoparticles synthesized at different
times: a 10 h (BS) and b 80 h (B9) (scale bar is 20 nm)

shows the XRD patterns of the selected samples from BS5 to
B9 series. The patterns include (220), (311), (400), (422),
(511), (440) and (533) peaks at 20 = 30.7°, 36.0°, 43.7°,
54.2°, 57.5°, 63.2° and 75.3°, respectively. Samples were
crystallized in an inverse spinel structure of NiFe,Oy. Crys-
tal sizes, dxrp, were calculated and are given in Table 2.
dxrp of samples B5, B7 and B9 is 7.9, 10.6 and 11.8 nm,
respectively. It can be seen from the patterns in Fig. 9 that
the width of the (311) peak slightly decreases and hence
the crystal size increases as the reaction time increases.
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Fig. 12 Magnetization curves

of the nanoparticles synthesized
at different times (B5 10 h, B6
20 h, B7 40 h, B8 60 h and B9
80 h). Inset shows the curves at
+ 100 Oe
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The FT-IR spectrum in Fig. 10 also confirms the NiFe;O4
nanoparticles by showing the bands around 397 and 598
cm~! for all samples. TEM images of samples BS, B7 and
B9 are given in Fig. 11, and dtgm values of these samples
are 6.6 = 2.9, 10.1 £ 3.6 and 11.9 £ 3.9 nm, respec-
tively. The increase in the physical particle sizes of the
samples is consistent with the increase of crystal sizes. Mj
of the samples increase from 45.6 to 51.7 emu/g as the reac-
tion time increases from 10 to 80 h (Fig. 12). All samples
except for B9 are superparamagnetic with zero H.. Sam-
ple B9 has 2 Oe H.. The dysm was also calculated for
samples B5-B8 and is given in Table 2. Magnetic parti-
cle sizes of the samples are found to be around 7 nm. The
dyswm is also smaller than drgm and dxrp for all samples
since there might be a magnetically dead surface layer on
the nanoparticles as reported in [27]. However, the similar
trend of change is observed in the dxrp, dreEm and dysm. It
is observed that the particle sizes of the samples having H,
are larger than those of the samples with zero H, indicating
the limit of superparamagnetic size for NiFe,O4 nanoparti-
cles. According to the drgm and dxrp values of the samples
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(Tables 1 and 2), it can be concluded that the limit of super-
paramagnetic particle size for our study is about 12 nm since
NiFe;O4 nanoparticles show H..

4 Conclusions

Co-precipitation/hydrothermal synthesis was used to obtain
NiFe;O4 nanoparticles. X-ray diffraction technique, Fourier
transform infrared spectroscopy, transmission electron
microscopy and vibrating sample magnetometer were used
to characterize the nanoparticles. It was observed that the
superparamagnetic NiFe;O4 nanoparticles can be synthe-
sized by using the precursor synthesized at 80 °C. The
effects of temperature and the time of the hydrothermal
process on the structural and magnetic properties of the
nanoparticles were investigated. The reaction temperature
is slightly effective on the properties of the nanoparti-
cles. However, the saturation magnetization (M) increases
with the increase of the reaction time. Superparamag-
netic NiFe,O4 nanoparticles with high M were obtained.
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NiFe;O4 nanoparticles with zero H, show high M of 50.8
emu/g which is close to the value of bulk nickel ferrite.
dysm of the NiFe;O4 nanoparticles was also calculated to
be 8.0 & 0.4 nm.
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