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a  b  s  t  r  a  c  t

Magnetic  Co-Fe-Si-B  amorphous  nanoparticles  were  successfully  synthesized  by  chemical  reduction
method.  ICP,  XRD,  DSC,  and  TEM  were  used  to investigate  the composition,  structure  and  morphol-
ogy  of  Co-Fe-Si-B  samples.  The  results  show  that the Co-Fe-Si-B  samples  are  amorphous,  which  consist
of  nearly  spherical  nanoparticles  with  an  average  particle  size  about  23 nm.  VSM  results  manifest  that
the  saturation  magnetization  (Ms)  of  Co-Fe-Si-B  samples  ranges  from  46.37  to 62.89  emu/g.  Two  kinds  of
ferrofluids  (FFs)  were  prepared  by dispersing  Co-Fe-Si-B  amorphous  nanoparticles  and  CoFe2O4 nanopar-
ticles  in  kerosene  and silicone  oil,  respectively.  The magnetic  properties,  stability  and  viscosity  of  the  FFs
were  investigated.  The  FFs  with  Co-Fe-Si-B  samples  have  a  higher  Ms  and  lower  coercivity  (Hc) than  FFs
morphous nanoparticles
agnetic property

tability
iscosity

with CoFe2O4 sample.  Under  magnetic  field,  the  silicone  oil-based  FFs  exhibit  high  stability.  The  viscosity
of  FFs  under  different  applied  magnetic  fields  was  measured  by  a rotational  viscometer,  indicating  that
FFs with  Co-Fe-Si-B  particles  present  relative  strong  response  to an  external  magnetic  field.  The metal-
boride  amorphous  alloy  nanoparticles  have  potential  applications  in  the preparation  of  magnetic  fluids
with  good  stability  and  good  magnetoviscous  properties.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Magnetic fluids are stable colloidal dispersions of magnetic par-
icles dispersed in a carrier liquid with both fluidity and magnetism.
ommon magnetic fluids include ferrofluids (FFs) and magnetorhe-
logical (MR) fluids. In FFs the nanoparticles are single-domain
nes and possess the intrinsic magnetic moments. In MR  fluids the
articles are magnetically multidomain, and the particle magnetic
oment is induced by an external magnetic field [1,2]. Under the

ffect of external magnetic field, their physical properties can be
hanged significantly, which have been exploited in various fields
uch as brake [3], sensor [4], sealing [5], lubricating [6], target drug
elivery [7], removal of water pollutants [8], and so forth.

To date, the most commonly used particles in magnetic fluids
re ferrite prepared by chemical co-precipitation method, includ-
ng Fe3O4 [9,10], ZnFe2O4 [11],and CoFe2O4 [12], etc., on account
f their good properties of easy manufacture and biocompatibil-
ty. However, their also possess low magnetic energy density and
ow saturation magnetization, which limit their application in high

ower fields [10,13]. Recent studies manifest that amorphous soft
agnetic alloys have great potential applications in the prepara-

ion of magnetic fluids due to their unique physical and chemical

∗ Corresponding author.
E-mail address: xfbian@sdu.edu.cn (X. Bian).

ttp://dx.doi.org/10.1016/j.apsusc.2016.12.145
169-4332/© 2016 Elsevier B.V. All rights reserved.
properties [14]. For example, Fe73.5Nb3Cu1Si13.5B9 [13] and
Fe78Si9B13 [15] amorphous alloy particles were applied in the
preparation of MR  fluids and exhibit higher saturation magne-
tization in comparison with ferrite. Nevertheless, owing to the
limitation of the preparation technologies (ball-milling and spray-
ing method), the particles employed in the liquids are difficult
to reach the nanometer magnitude, and the oversized particles
are especially prone to causing the problems of agglomeration
and sedimentation. Beyond that, some amorphous alloys cannot
be prepared by these methods due to their high melting points
[16]. Chemical reduction, by contrast, is a relatively simple method
preparing amorphous alloy nanoparticles [17]. In this method, dif-
ferent metal salts are reduced by reductants such as BH4

− and
H2PO2

− usually in an aqueous medium, and a great range of
binary and ternary M-B/P (M = Fe, Co, Ni) amorphous magnetic
nanoparticles or nanochains [18] can be finally prepared by pre-
cisely controlling the reaction conditions. The M-B amorphous alloy
nanoparticles obtained, especially in those with the particle size
of less than 50 nm,  could be good candidates for the preparation
of magnetic fluids for their combined properties of the amorphous
structures, the size effects of the nanostructures and the good mag-
netic properties. However, little attention has been paid to the

application of metal-boride amorphous alloy nanoparticles into
magnetic fluids.

Co-Fe-Si-B amorphous alloys have extensive application in sen-
sors and magnetic recording materials owing to its great soft

dx.doi.org/10.1016/j.apsusc.2016.12.145
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.12.145&domain=pdf
mailto:xfbian@sdu.edu.cn
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agnetic properties, high glass forming ability (GFA) and giant
agnetoimpedance effect (GMI) [19,20]. MR  fluids containing Co-

e-Si-B amorphous microparticles obtained by ball-milling process
ave also been reported [14]. As mentioned above, the preparation
ethod and the oversized particles limit their further application.

herefore, it is of great interest to explore the possibility of prepar-
ng Co-Fe-Si-B alloy by chemical reduction method.

In this work, we firstly report the synthesis and applications
n FFs of Co-Fe-Si-B amorphous nanoparticles made by a chemical
eduction method. The structure, composition and magnetic prop-
rties of the Co-Fe-Si-B amorphous nanoparticles and the magnetic
roperties, stability and viscosity of the corresponding FFs were

nvestigated. In comparison with CoFe2O4 based FFs, the Co-Fe-Si-
 based FFs exhibit better soft magnetism and respond stronger to
n external magnetic field.

. Experimental

.1. Materials

Cobalt chloride (CoCl2·6H2O), ferric chloride (FeCl3·6H2O), fer-
ous chloride (FeCl2·4H2O), sodium hydroxide (NaOH), sodium
uosilicate (Na2SiF6), sodium borohydride (NaBH4), Silicon oil,
erosene, sodium oleate, absolute ethyl alcohol and acetone were
ll purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
hina). All the starting chemicals used were of analytical reagent
AR) grade without further purification. Deionized water was used
n this experiment.

.2. Synthesis of CoFe2O4 and Co-Fe-Si-B nanoparticles

The CoFe2O4 nanoparticles were prepared by chemical co-
recipitation method [12]. The ion reaction equation is described
s follows:

o2++2Fe3+ + 8OH− = CoFe2O4+4H2O.

A right amount of NaOH solution was added to a mixed solution
n which the molar ratio of Co2+ and Fe3+ was 1:2. Then the mixture
olution was stirred in beaker at 373 K for 2 h. The black CoFe2O4
anoparticles were obtained after deionized water’s washing and
ltrasonic cleaning.

The Co-Fe-Si-B nanoparticles were prepared by chemical reduc-
ion. In the synthesis process, certain amount of CoCl2·6H2O,
eCl2·4H2O and Na2SiF6 were dissolved in 200 ml  of 50% ethanol
olution (v/v) with magnetic stirring. Then, 50 ml  of 0.8 M NaBH4
queous solution was added dropwise into above solution at a
peed of 1.5 ml/min at 20 ◦C with mechanical stirring and super-
onic dispersion. The NaOH solution was used to adjust the pH of
aBH4 aqueous solution to 12–13. After stirring for 2 h, the black
recipitate was separated using a magnet. The solid was  rinsed with
eionized water and acetone for several times, then stored in abso-

ute ethyl alcohol for further use. The molar ratio of [SiF6]2− was
hanged in the mixed solution for comparison and the preparation
onditions are listed in Table 1.

.3. Sodium oleate modification of nanoparticles and synthesis of
errofluids

The nanoparticles obtained were dispersed in 200 ml  of deion-
zed water. Then, 0.1 g sodium oleate were added to the suspension,
tirred for 3 h at 30 ◦C, and then cleaned repeatedly by acetone. After

hat, the precipitate was dried in vacuum for 12 h at 45 ◦C. The mod-
fied nanoparticles were dispersed in 50 ml  of kerosene and silicone
il separately. After 2 h’ stirring the stable ferrofluids containing 4.0
ol% of magnetic particles were obtained.
Fig. 1. The XRD patterns of (a) Co-Fe-Si-B nanoparticles for samples A, B, C and D
and  (b) CoFe2O4 nanoparticles.

2.4. Characterization

The precise compositions of the four samples were analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-
AES, Perkin Elmer 7300DV). The structure of the four samples
and CoFe2O4 nanoparticles were examined by X-ray diffraction
(XRD; Rigaku D/MAX-2500/PC) with Cu Ka radiation, selective area
electronic diffraction (SAED; JAPAN, JEOL, JEM-2100F), and differ-
ential scanning calorimeter (DSC; NETZSCH, DSC 404) at a heating
rate of 20 ◦C/min. The morphology and size of the four samples
were identified by scanning electron microscope (SEM; Germany,
ZEISS, SUPRA55) coupled with Energy Dispersive X-ray Detector
(EDX) and transmission electron microscopy (TEM; JAPAN, JEOL,
JEM-2100F). The hysteresis loops of the samples and ferrofluids
were measured by a vibrating sample magnetometer (VSM; U.S.
LDJ, LS7307-9309) in the applied magnetic field up to 8 kOe at
room temperature. The magnetic weight was  investigated by Gouy
magnetic balance (GMB; Shanghai, China, FD-TX-FM-A) under an
applied magnetic field of 100 mT  at room temperature. The viscos-
ity of FFs under different applied magnetic fields was carried out by
a rotational viscometer (Theta industries, Inc. U.S. DV-III) coupled
with permanent magnet.

3. Results and discussion

Fig. 1 shows the XRD patterns of Co-Fe-Si-B particles for four
samples and CoFe2O4 particles. As shown in Fig. 1(a), four kinds of
Co-Fe-Si-B particles consist of a single broad peak in the 2� range of

40◦∼50◦, and no crystalline peak can be seen, which indicates that
four kinds of Co-Fe-Si-B particles obtained above, have a typical
amorphous structure. The characteristic peaks shown in Fig. 1(b)
for (111), (220), (311), (400), (422), (511) and (440) crystal planes
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Table  1
Preparation conditions and compositions of Co-Fe-Si-B particles.

Samples Concentration of the mixed solution (mol/L) (Co2+ + Fe2+)/[SiF6]2− ratio
in the mixed solution

Alloy compositions (at.%)

Co2+ Fe2+ [SiF6]2− Co Fe Si B

A 0.04 0.007 0.0067 7 55.54 9.89 3.37 31.20
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0.04
0.04
0.04

0.007
0.007
0.007

0.0078
0.0093
0.0117

6
5
4

oincide with the standard CoFe2O4 XRD spectrum, indicating the
ubic spinel structure of the CoFe2O4 particles.

The DSC curves of as-prepared Co-Fe-Si-B particles for four
amples with a heating rate of 20 ◦C/min are shown in Fig. 2.
ample C and D exhibit similar curves with only one exother-
ic  peak at 484 ◦C and 486 ◦C respectively, indicating a single

tage crystallization process. Sample A and B exhibit two exother-
ic  peaks demonstrating two stages crystallization process, which
ay  be connected with two different amorphous phases [21]. And

xothermic peaks in Sample B are overlapped, indicating a complex
rystallization process [22]. The DSC results further confirm that all
our samples are amorphous.

The compositions of Co-Fe-Si-B particles are determined by
CP-AES. The results show that the Si element was  successfully
educed by this method. The total concentration of the Co, Fe, Si
nd B accounts for about 80% of the whole, and the rest is O ele-
ent, which is mainly due to the oxidation during the reaction

rocess according to similar studies by other authors [23,24]. For
implicity’s sake, we neglected the impurity in the samples and
ormalized the composition to 100%. The normalized results are

isted in Table 1. It can be seen that the composition of Si increases
ith concentration of the [SiF6]2− increasing. The B content in as-
repared samples is within the range of 25.91% to 31.20%. The mole
atio of Co/Fe is slightly lower than the Co2+/Fe2+ in the mixed
olution, meaning that most of the metal ions were reduced by
aBH4.

TEM image of sample B (Fig. 3a) demonstrates that the sample
s composed of nearly spherical particles. As shown in Fig. 3c, the

ean diameter of the particles is about 23 nm,  which was estimated

y measuring about 200 particles. According to similar reports in
ecent decades on the magnetic structure of the chemical reduced
agnetic nanoparticles, we speculate that the sizes of the Co-Fe-Si-

 nanoparticles we obtained are close to the size of single-domain

ig. 2. DSC curves of as-prepared Co-Fe-Si-B particles for samples A, B, C and D with
 heating rate of 20 ◦C/min.
55.48
57.75
52.17

10.15
10.55
9.19

5.28
5.79
12.50

29.09
25.91
26.14

[25–27]. Agglomeration can be observed as a result of the high sur-
face energy of amorphous nanoparticles [28]. The corresponding
SAED image displays only a diffraction halo rather than distinct
dots or rings, indicating the amorphous structure of the sample,
which is in accordance with the XRD and DSC results mentioned
above. Fig. 3b and d shows that CoFe2O4 nanoparticles are regular
spheres with an average diameter of about 9 nm. The composi-
tion of sample B was also investigated by EDX analysis, the results
showed that the composition of the sample B can be expressed
as Co55.49Fe9.97Si5.57B28.97. The measurement error of EDX analysis
was less than 2%, and the EDX result is well in coincident with the
ICP results above.

The magnetic properties of as-prepared Co-Fe-Si-B particles and
CoFe2O4 particles are shown in Fig. 4, the inset are enlarged views
of the hysteresis loops at low magnetic fields. It can be seen that
the hysteresis loops of all four kinds of Co-Fe-Si-B particles are nar-
rower than that of the CoFe2O4 particles. The magnetic parameters
of different nanoparticles are summarized in Table 2. The satu-
ration magnetization (Ms) of the CoFe2O4 particles is only 31.11
emu/g in our research, while the Ms  of Co-Fe-Si-B particles is larger,
increasing from 49.11 to 62.89 emu/g, and then dropping rapidly
to 46.37 emu/g. The different Ms  values of Co-Fe-Si-B particles can
be explained by the different compositions [21,29] based on the
ICP results above. Sample C exhibits the highest Ms  value among
the four samples, which is attributed to the highest Co and Fe con-
tent and the lowest B content. The high coercivity (Hc) of CoFe2O4
particles is due to the high structure anisotropy [30], while the Hc
of Co-Fe-Si-B particles is significantly lower than CoFe2O4 particles
owing to the disordered structure. Among all four samples, samples
B and D have relatively lower Hc (116 Oe and 127 Oe respectively).
The above results indicate that the small change of Si content have
a significant effect on the magnetic properties of the Co-Fe-Si-B
particles. Co-Fe-Si-B particles show semi-hard magnetic character.
Here, we  selected samples B, which possess the relative good soft
magnetism, to prepare magnetic fluids.

As mentioned above, the physical properties of magnetic fluids
can be changed significantly under the effect of external magnetic
field, so it is important to investigate the response of magnetic flu-
ids to an external magnetic field. The most commonly used method
is to measure the magnetization curve M(H) [31,32]. In dilute sys-
tems, the FFs can be well described by the one-particle model [33],
in which the particles are treated as an ideal paramagnetic gas. By
applying the Langevin function L(˛) = coth(˛) − 1/˛, the equilib-
rium magnetization can be written. Nevertheless, in concentrated
FFs, experiments results and computer simulations show an essen-
tial deviation from the Langevin function, which is mainly due
to the interactions between the particles [34,35]. And there are
many theoretical models to evaluate the magnetic properties by
taking account of the dipole–dipole interactions [36], for example,
the mean-field model [37] and the mean-spherical model [38] for
FFs with low or moderate volume concentrations, and the second-

order thermodynamic perturbation model [39] for dense FFs.

Fig. 5 shows magnetization curves of different FFs with the same
volume fraction ϕ = 4.0%: silicone oil-based FFs and kerosene-based
FFs with sample B and CoFe2O4 particles. The results show that the
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ig. 3. (a) TEM image and the corresponding SAED image of sample B; (b) TEM im
istribution of CoFe2O4 particles.

s  of kerosene-based FFs is slightly higher than that of silicone
il-based FFs, which may  be due to the diffenent density of the two
arrier. The silicone oil-based FFs with sample B have the highest Ms
alue (1.79 emu/g), which is higher than that of silicone oil-based
Fs with CoFe2O4 particles (0.62 emu/g). This demonstates that the
ewly synthesized ferrofluids show greater magnetic response.

Stability is an important characteristic for magnetic fluids. As
entioned above, agglomeration and sedimentation, which occur

wing to strong dipole–dipole attraction between magnetic par-
icles and great density mismatch between particles and carrier
iquid, limit wide use of magnetic fluids [40,41]. Herein, we  use
odium oleate as surfactant. The stability of four kinds of FFs was
nvestigated by GMB  under a magnetic field of 100 mT.  As shown
n Fig. 6, the magnetic weight of all four FFs drop quickly at the
ery start, then change to stabilize in a few hours. FFs with sam-
les B exhibit higher initial magnetic weight than FFs with CoFe2O4,

hich is due to the higher Ms  value of samples B. The total changing

rend of silicone oil-based FFs is relatively smooth than kerosene-
ased FFs, which indicate that silicone oil-based FFs are more
table. This can be explained that silicone oil possess higher density

able 2
agnetic parameters of different nanoparticles.

Samples Saturation magnetization (emu/g) Coerci

Negative Positive Negati

Samples A −49.34 49.11 −282 

Samples B −52.42 52.77 −117 

Samples C −62.89 62.89 −262 

Samples D −46.36 46.37 −230 

CoFe2O4 −30.99 31.11 −523 
f CoFe2O4 particles; (c) Particle size distribution of sample B, and (d) Particle size

than kerosene, which is conducive to reduce the density difference
between carrier liquids and particles [41].

The magnetoviscous properties of magnetic fluids have also
drawn considerable interests in both academic and industrial areas
[40]. In this work, a rotational viscometer coupled with permanent
magnet (Fig. 7) was used to investigate the variation of viscosity of
silicone oil-based FFs with temperature and magnetic field.

Fig. 8 shows viscosity versus temperature curves of silicone
oil-based FFs under different magnetic fields and viscosity versus
magnetic field strength curves at different temperatures. The
results show that the viscosity of the FFs decrease with the tem-
perature increase, which is similar to the previous reports [42,43].
The influence of temperature on the viscosity mainly results from
the viscosity-temperature characteristics of the carrier liquids (sil-
icone oil). In the absence of magnetic field, FFs have a low viscosity,
while the viscosity increases many times when a magnetic field

was applied.

The increase in viscosity of FFs under a magnetic field can be
explained by the chain formation conception [44]: the nanoparti-
cles in the FFs can form chain-like structures along the direction of

vity (Oe) Remanent magnetization (emu/g)

ve Positive Negative Positive

265 −16.34 16.35
116 −7.91 7.90
252 −0.75 0.55
127 −7.93 7.92
521 −16.10 16.06
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Fig. 4. Hysteresis loops of as-prepared Co-Fe-Si-B particles and CoFe2O4 par

pplied magnetic field, and the flow of the liquid is thus hindered
y the chain-like structures, causing an increase in viscosity of the
Fs. However, the chain formation is observed only in the dipolar
ystems with rather intensive dipolar interaction [34]. To evalu-
te the possibility of chain formation, the dipole–dipole interaction

arameter � is usually used,

 = �0m2

4�kBT�3
(1)

ig. 5. Magnetization curves of different FFs with the same volume fraction � = 4.0%:
erosene-based ferrofluids with Sample B and CoFe2O4 particles, and silicone oil-
ased ferrofluids with Sample B and CoFe2O4 particles.
 the inset are enlarged views of the hysteresis loops at low magnetic fields..

in which �0 is the vacuum permeability, m = �Msx3/6 is the
particle’s magnetic moment (in which Ms is the bulk saturation
magnetization of the core material, x is the magnetic core diame-
ter), kB is the Boltzmann constant, T is the absolute temperature,
and � is the effective particle diameter considering the surface
nonmagnetic and sterical layers. The parameter � expresses the

relationship between the interaction energy m2/d3 and the ther-
mal  energy kBT of two  dipole at close contact [31,34]. The value
of � is less than 1 for ideal FFs containing ferrite with the size

Fig. 6. Magnetic weight versus time curves of silicone-based ferrofluids and
kerosene-based ferrofluids with Sample B and CoFe2O4 particles under a magnetic
field of 100 mT.
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Fig. 8. Viscosity versus temperature curves of silicone oil-based FFs (a) with Co-Fe-

ing of nearly spherical particles with an average particle size about
ig. 7. Schematic of the rotational viscometer coupled with permanent magnet.

10 nm,  in which system the Brownian motion dominates, exhibit-
ng no chainlike structures. When the interaction energy between
anoparticles exceeds the thermal energy, that is, � > 1, chainlike
tructures are formed. For example, in polydisperse systems, the
resence of big particles (15–20 nm)  above the critical diameter
an lead to the larger values of m and � (3–5). Similarly, in MR  flu-
ds, the much larger particles can reach larger values, making it easy
o form chainlike structures [15,36].

And in our research, the mean diameter of the Co-Fe-Si-B
anoparticles (23 nm)  is close to the limit of single-domain break-

ng. However, few reports are studied on FFs containing particles in
his size, since the big particles in common polydispersed FFs are
sually less than 20 nm.  The only work was in ref [2],which they
resented FFs with spherical CoNi particles of 24 nm in mean diam-
ter and fiberlike CoNi particles of 56 nm in length and 6.6 nm in
idth, and they observed the induced structures upon the exter-
al magnetic field. Although more experiment data are needed,
e can speculate the value of � qualitatively by the equation (1).
ere, the Ms is about 3.17 × 105 A/m (the Ms of sample B is about
2.8 emu/g, the density � ≈ 6.0 g/cm−3), � ≈ x ≈ 23 nm, �0 = 4� ×
0-7 J A−2 m−1. The final result is that � ≈ 8.2. According to experi-
ental and theoretical results by Ivanov et al. [36], the formation of

hains starts at a large dipolar coupling � ≥ 3. So in our experiment,
e think that the increase in viscosity of FFs under a magnetic field

an be explained by the chain formation conception.
It can also be seen that the viscosity of FFs with Co-Fe-Si-B parti-

les is several times higher than that of FFs with CoFe2O4 particles
hen magnetic field strength are equal. What’s more, as shown in

ig. 8c, with the magnetic field strength increase, the viscosity of FFs
ith Co-Fe-Si-B particles increase significantly with about 3.94 cp
er Gs of the average change rate, which is more than twice higher
han that of FFs with CoFe2O4 particles. The results indicate that
Fs with Co-Fe-Si-B particles present relative strong response to an

xternal magnetic field. The main reason is that Co-Fe-Si-B parti-
les exhibit relative high � value, which tends to form a stronger
ipolar interaction and longer chain-like structures.
Si-B particles and (b) with CoFe2O4 particles under constant magnetic fields of 0 Gs,
500  Gs, 800 Gs and 1100 Gs, and (c) viscosity versus magnetic field strength curves
at  30 ◦C, 45 ◦C, 60 ◦C and 75 ◦C.

4. Conclusion

This paper firstly reports the synthesis and applications in
ferrofluids of Co-Fe-Si-B amorphous nanoparticles by a chemical
reduction method. The Co-Fe-Si-B samples are amorphous consist-
23 nm.  The Ms  of Co-Fe-Si-B samples range from 46.37 to 62.89
emu/g, which is higher than that of CoFe2O4 sample, and FFs with
Co-Fe-Si-B samples have a higher Ms  and lower Hc than FFs with
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