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a  b  s  t  r  a  c  t

Sol–gel  process  is  effective  in preparation  of metallic  oxides.  Here  we report  that  sol–gel  process  based  on
chelating  of  citric  acid  is  also  effective  in  fabricating  NiCo  and  Ni3Fe  nanoalloys  under  N2 or  H2 atmosphere
during  heating  treatment.  With  the introducing  of  surfactant,  the  average  grain  size of  the  nanoalloys  is
less than  10  nm  and  the  grain  size  distribution  is  narrow.  The  formation  of  nanoalloys  with  equilibrium
vailable online 10 September 2011
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ordered  phase  rather  than  metastable  disordered  phase  is confirmed  by the occurrence  of superlat-
tice  diffraction  rings  obtained  by  selected  area  electron  diffraction.  The  Ni3Fe  nanoalloy  shows  typical
ferromagnetic  behavior  at room  temperature.

© 2011 Elsevier B.V. All rights reserved.
erromagnetic

. Introduction

Much attention has been paid to preparation and proper-
ies of binary nanoalloys due to their potential applications
n electronics, engineering, catalysis, and medical fields [1,2].
i–Fe and Ni–Co alloys have been focused among researchers
ecause of their useful magnetic properties, such as high satu-
ation magnetization, high Curie temperature, and low coercive
orce [3–5]. These nanoalloys have been prepared by thermo-
ecomposition of organometallic precursors [3,6–12], co-reduction
f metallic ions by hydrazine [13–15],  magneto-sputtering [16],
lectrodeposition [17,18],  and ball-milling [19–21].  For instance,
hermo-decomposition of organometallic precursors, such as
e(acac)3 [3],  Co(acac)2 [3] (acac denotes acetylacetone), Fe(CO)5
6–8], Co2(CO)8 [7], Ni(CO)4 [9],  Fe[{N(SiMe3)2}2] (Me  means

ethyl) [10], Ni[(COD)2](COD represents 1,5-cyclooctadiene) [10],
(C4H9)4)3[Fe(CN)6] [11], and Co(�3-C8H13)(�4-C8H12)[12] have
een used to fabricate these nanoalloys with grain sizes less than
0 nm or even less than 10 nm.  However, it is worth noting that
hese methods [3–15] have some shortcomings, for example, the
rganometallic precursors are relatively expensive and hydrazine
nd carbonyl complexes (Fe(CO)5, Co2(CO)8, Ni(CO)4) are highly
oxic. Nontoxic agents have also been used to synthesis these
anoalloys [16–19] while the grain sizes of alloys prepared by these

ethods are larger than 20 nm.  Therefore, it is necessary to develop

 synthesis method to prepare these nanoalloys with grain size less
han 10 nm using cheap and nontoxic chemical agents.

∗ Corresponding author. Tel.: +86 25 83685585; fax: +86 25 83595535.
E-mail address: mengxk@nju.edu.cn (X.K. Meng).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.007
In Ni–Fe alloys, there are equilibrium ordered and metastable
disordered phases where metastable disordered phase often occurs
in alloys prepared by thermo-decomposition [9],  magneto sput-
tering [15], and ball milling [18,19]. In order to prepare alloy
with equilibrium ordered phase, post-annealing at high temper-
ature is often required [15]. However, growth of grain size is
often unavoidable during post-annealing at high temperature [22].
Therefore, it seems that equilibrium ordered phase is difficult to
be directly obtained in Ni–Fe nanoalloy without post-annealing
treatment.

In this work, we  for the first time report that NiCo and Ni3Fe
nanoalloys with equilibrium ordered phase structure and grain size
less than 10 nm can be directly prepared by traditional sol–gel pro-
cess using cheap metallic nitrates, distilled water, citric acid, and
surfactant. It is found that the use of chelating ligand of citric acid is
essential in the formation of equilibrium ordered phase and the sur-
factant plays an important role in controlling grain size distribution
of nanoalloys.

2. Experimental

The starting materials were cheap metallic nitrates, citric acid, distilled water,
and sodium dodecyl sulfate (SDS). In a typical synthesis process, two metallic
nitrates with stoichiometric atomic ratio (Ni:Co = 1:1, Ni:Fe = 3:1) were dissolved
into distilled water. Then appropriate amount of SDS and citric acid were dissolved
into the aqueous solution where the molar ratio of citric acid to total amount of
metallic ions is 4:1. Dried gel was  formed after the solution was stirred at 353 K
for  1 h and dried at 383 K for at least one week. Then the dried gel was calcined at
600–700 K for different time under N2 (for the preparation of NiCo nanoparticles)

or  H2 atmosphere (for the preparation of Ni3Fe nanoparticles). Black particles were
obtained after cooling the calcined particles down to room temperature. For com-
parison, Ni–Co nanoalloy was also prepared from dried gel without SDS, and the
as-prepared NiCo nanoalloys were referred to as Ni–Co-1 (with SDS) and Ni–Co-2
(without SDS) nanoalloys. Two  Ni–Fe nanoalloys were also prepared by calcination

dx.doi.org/10.1016/j.jallcom.2011.09.007
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mengxk@nju.edu.cn
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Fig. 1. The XRD analysis of Ni–Co-1 (a) and Ni–Fe-1 (b) ultrafine nanoparticles.

f  the dried gels at 600–700 K for 1.5 and 3 h, respectively. The two Ni–Fe nanoalloys
ere referred to as Ni–Fe-1 and Ni–Fe-2 nanoalloys.

The microstructure of as-prepared nanoparticles was  analyzed by transmis-
ion electron microscope (TEM, JEM-2100) with an accelerating voltage of 200 kV
nd X-ray diffraction (XRD) using Cu K� radiation with scanning rate of 2◦/min.
he elemental analyses of nanoalloys were recorded by energy dispersive X-ray
pectroscopy (EDX, Oxford-2500) attached to a scanning electron microscope (SEM,
-3400). The magnetic property of Ni–Fe-1 nanoalloy was  investigated by vibrating
ample magnetometer (VSM, lakeshore, Model 7300 series) at room temperature
here the magnetic field ranges from −1.5 T to 1.5 T. Furthermore, in order to make

ure of the formation of Ni–Fe alloys and investigate order–disorder phase transi-
ion, Ni–Fe-1 nanoparticles were annealed at 973 K for 5 min  under N2 atmosphere
ollowed by cooling down to room temperature, and then differential scanning
alorimetry (DSC) measurement of the annealed particles was  carried out on a STA-
09  PC equipment from room temperature to 973 K under N2 atmosphere with
eating rate of 10 K/min.

. Results and discussion

Fig. 1 shows the XRD analysis results of Ni–Co-1 (a) and Ni–Fe-
 (b) nanoparticles. In Fig. 1a, the (1 1 1) diffraction peak can be
bserved. In Fig. 1b, the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2)
iffraction peaks appear, which indicates that the as-prepared
i–Fe particles have face-centered-cubic (FCC) phase structure.
owever, it is difficult to identify whether NiCo or Ni3Fe nanoalloys

orm, because the lattice parameters of pure Ni, Fe, Co are very close
o their corresponding alloys [16,23,24].  In addition, no diffraction
eaks of oxidized phases such as NiO and Fe2O3 occur in Fig. 1b.
his can be ascribed to small amount or poor crystallinity of NiO
nd Fe2O3.

Fig. 2 displays the EDX results of the Ni–Co-1 (a), Ni–Co-2 (b)
nd Ni–Fe-1 (c) nanoparticles. The signals of C, O, Ni, Co, and Fe
an be observed in Fig. 2 and the corresponding atomic ratios of
lements in Figs. 2a-c are 48.90:51.10 (Ni:Co), 50.95:49.05 (Ni:Co),
nd 75.41:24.59 (Ni:Fe), respectively. These ratios are in agreement
ith the initial ratios of two elements in starting metallic nitrates,

ndicating that the chemical composition of nanoparticles can be
ontrolled by this sol–gel process. In addition, the occurrence of

 signal results from the oxidization of the nanoparticles’ surface,
hile C signal originates from the calcination of chemical agents

uch as citric acid at 600–700 K.
Fig. 3 shows TEM images of Ni–Co-1 (a and b), Ni–Co-2 (c and
), Ni–Fe-1 (e and f), Ni–Fe-2 (g–i) nanoparticles, typical selected
rea electron diffraction (SAED) results of the Ni–Co and Ni–Fe
anoparticles (j and k), respectively. It can be seen from Fig. 3a–h
hat nanoparticles with small grain sizes are supported by a kind
Fig. 2. The EDX results of Ni–Co-1 (a), Ni–Co-2 (b) and Ni–Fe-1 (c) nanoparticles.

of membrane, which can be reasonably assumed to be constructed
by carbon. That the carbon element is assumed to exist in the as-
prepared products is based on the following considerations. First,
large molar ratio of citric acid to total amount of metallic ions (4:1)
results in large amount of carbon during the calcination of the dried
gel. Second, because the heating is in the temperature range of
600–700 K, the carbon element is bound to exist as it can only be
eliminated at temperature higher than 800 K [25]. It is suggested
that the carbon membrane is amorphous since no diffraction peaks
associated with crystallized carbon is observed in the XRD result.

In Fig. 3a and b, the diameters of all particles are less than 10 nm
and no aggregation of nanoparticles occurs. Moreover, the largest
and smallest diameters are 9.62 and 2.50 nm,  and the average grain
size is 5.10 ± 1.0 nm.  In Fig. 3c and d, the diameters of the majority
grains are in the range of 3.81–7.62 nm.  However, an abnormal large
grain with diameter of 31.58 nm appears in Fig. 3c. These results
indicate that the surfactant SDS plays an important role in con-
trolling grain size distribution of the nanoparticles. In general, in
liquid solution, SDS can disperse on the surface of grains. Therefore,
repulsive force occurs in the surface of grains. As a result, grains
are separated and the aggregation of particles is prohibited. SDS
may  decompose during the heating treatment. However, the com-
pletely removal of SDS can only take place at high temperature,
e.g. higher than 723 K [26]. Because the heating temperature in our
experiment is in the range of 600–700 K, it can be assumed that
SDS does not decompose completely. That is to say, SDS remains
in the calcined products. As a result, SDS disperses on the surface
of nanograins, separates the nanograins and prevents aggregation
of nanograins. In Figs. 3e–h, the shape of grains is spherical and
the diameters for the majority of grains are smaller than 10 nm
except that the diameter of one grain in Fig. 3e and three grains
in Fig. 3g are larger than 10 nm.  Based on statistics of grains in
Figs. 3e–h, the average grain sizes of Ni–Fe-1 and Ni–Fe-2 nanoal-
loys are 7.00 ± 1.70 and 7.00 ± 1.86 nm,  respectively. Fig. 3i displays
high resolution transmission electron microscope (HRTEM) micro-
graph of Ni–Fe-2 nanoparticles where good crystallization can be
observed. The interplanar spacing in Fig. 3i is 1.77 Å, correspond-
ing to the (2 0 0) crystal plane of the nanoparticles. In order to make
sure of the formation of nanoalloys, SAED measurements have been
carried out and the corresponding results are shown in Figs. 3j and

k where typical diffraction rings of (1 1 1), (2 0 0), (2 2 0), and (2 2 2)
reflection planes can be observed. Moreover, the diffraction rings of
(2 1 1) superlattice reflection plane can also be observed in Figs. 3j
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F –Fe-2 (g–i), typical SAED results of Ni–Co (j), and Ni–Fe (k) nanoparticles. Panel (i) shows
a oparticles.
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ig. 3. The TEM images of Ni–Co-1 (a and b), Ni–Co-2 (c and d), Ni–Fe-1 (e and f), Ni
 high-resolution transmission electron microscope (HRTEM) image of Ni–Fe-2 nan

nd k, indicating the formation of equilibrium ordered phase in
iCo and Ni3Fe nanoalloys.

Fig. 4 shows hysteresis loop of Ni–Fe-1 nanoalloy at room tem-
erature. It can be seen from Fig. 4 that the magnetization is
aturated when the magnetic field is in the range of 5000–10,000 Oe
nd −10,000 to −5000 Oe, showing typical ferromagnetic behavior
f the nanoalloy at room temperature. The saturation magnetiza-
ion (MS) at room temperature of the nanoalloy is 12.23 emu/g, as
hown in Fig. 4. The MS is much lower than its counterpart in coarse-
rained (cg) Ni3Fe alloy [27,28].  This is in agreement with the
eneral tendency of ferromagnetic nanocrystals where magnetiza-
ion at room temperature of nanocrystals decreases as the average
rain size decreases [29,30]. According to bond order-length-
trength correlation mechanism, the depression of MS originates
rom decreasing of spin-spin exchange energy in nanocrystals due
o the coordination number imperfection of atoms near or at sur-
ace of nanocrystals [31]. The percent of atoms near or at surface
ncreases as the grain size is decreased. As a result, decreasing of
pin–spin exchange energy occurs and then MS decreases due to
ecreases in average grain size.
Based on the results described above, it is claimed that NiCo and
i3Fe nanoalloys with equilibrium ordered phase can be directly
repared by sol–gel process. This phenomenon is of particular

nterest noted that alloys prepared by other methods usually have Fig. 4. The hysteresis loop of Ni–Fe-1 nanoalloy at room temperature.
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[9] F.D. Ge, L.M. Chen, W.J. Ku, J. Zhu, Nanostruct. Mater. 8 (1997) 703–709.
ig. 5. The DSC measurement result of Ni3Fe alloy after the Ni–Fe-1 nanoalloy has
een annealed at 973 K for 5 min  followed by cooling down to room temperature.

isordered phase. Here we propose that the direct formation of
rdered phase is due to the utilization of citric acid. In general,
hemical agents are homogeneously mixed in the presence of cit-
ic acid since it can chelate with metallic ions [32–34].  In our
xperiments, the molar ratio of citric acid to metallic ions is 4:1.
ith small amount of citric acid, it is well known that some part

f citric acid coordinates with one type of metallic ion while the
emaining citric acid coordinates with another type of metallic ion.
n the contrary, with large amount of citric acid (our work), cit-

ic acid coordinates with one type of metallic ion and the excess
mount of citric acid coordinates with another type of metallic ion
imultaneously. As a result, the two metallic ions distribute homo-
eneously in the dried gel, and the form of “single molecular” in
ried gel becomes possible. No interface exists between the two
etallic elements. In other words, only short-range diffusion of

toms is required for the formation of alloys during calcination
rocess. In addition, it is well known that high diffusion rates of
toms occur in nanocrystalline materials [35]. Ordered phase of
anoalloys can thus be obtained by this sol–gel process under N2
r H2 atmosphere. However, in other methods such as arc-melting
4,5], thermo-decomposition of organometallic precursors [6–12],
nd ball milling [18,19],  the chemical agents are not “bonded”, and
nterface often appears between phases containing two  metallic
lements. Therefore, long-range diffusion of atoms across interface
s often required in order to form alloys. Nanoalloys with disor-
ered phase are easily obtained by these methods. Although the
ost-annealing is often required in order to prepare alloys with
rdered phase structure, it is not necessary for the preparation of
anoalloy with ordered phase structure by sol–gel process.

In Ni–Fe alloys, chemical ordering phase transition is often
bserved during the post-annealing of Ni–Fe alloys [16,20,36].  Here
e report that chemical disordering phase transition also occurs in
i3Fe alloy. Fig. 5 shows the DSC result of Ni3Fe alloy where the
lloy has been obtained by annealing the Ni–Fe-1 nanoalloy at 973 K
or 5 min  followed by cooling down to room temperature. In Fig. 5,
n upward peak denotes an exothermal process. Two  endothermal
eaks, referred to as peaks 1 and 2, can be observed in Fig. 5 with
eak temperatures being 750 and 885 K, respectively. These two
eaks should not connect with grain growth because an exother-
al  process often associates with grain growth [37]. However, the
emperatures of the two peaks are in agreement with those of
rder–disorder and Curie transition temperatures (773 and 863 K)
n cg Ni3Fe alloy [38]. Since the Ni3Fe alloy measured by DSC has

[

[
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been prepared from annealing the Ni–Fe-1 nanoparticles at 973 K,
the grain size of annealed alloy is considered to be in micrometer
range. Therefore, it is suggested that the two peaks should origi-
nate from order–disorder transition and Curie transition of Ni3Fe
alloy. Moreover, peak 1 is connected with an endothermal phase
transition process, indicating that peak 1 should originate from the
chemical disordering (order → disorder) phase transition because
an endothermal process is involved in chemical disordering phase
transition while an exothermal process is involved in chemical
ordering (disorder → order) phase transition in Ni3Fe alloy. This
result means that fully ordered Ni3Fe alloy can be prepared other-
wise chemical ordering phase transition should take place during
the DSC measurement. This result is also contrary to our previous
result of chemical ordering transition in Ni3Fe nanoalloy prepared
by electrodeposition where an exothermal peak occurs [20]. This is
because the Ni3Fe nanoalloy prepared by electrodeposition is only
partially ordered. In addition, the occurrence of the endothermal
peak 2, originating from Curie transition, is also contrary to previ-
ous opinion that Curie transition in Ni–Fe alloys is of second order
character [39]. However, the occurrence of the endothermal peak
2 is in agreement with the fact that endothermal peaks associated
with Curie transition in Fe, Co, and Ni can be observed during DSC
measurements [40]. Since there is no consensus about the intrin-
sic character of Curie transition, interpretation of the disagreement
between our result and previous opinion is beyond the scope of this
article.

4. Conclusions

In summary, we have shown that sol–gel process can be used
to fabricate equilibrium ordered NiCo and Ni3Fe nanoalloys with
grain size less than 10 nm by using cheap and nontoxic inorganic
chemical agents. N2 or H2 atmosphere is necessary for the prepa-
ration of nanoalloy. The occurrence of ordered phase is associated
with the “bonding effect” of the chelating ligand of citric acid. The
sol–gel method is a useful way  to prepare nanoalloys with equi-
librium ordered phase. It is expected to have broad applications in
metallic field.
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