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NiO-passivated nickel nanoparticles were grown on small platinum seeds, which served as catalysts
for the reduction of Ni2+ with hydrazine, in aqueous solutions of the cationic surfactant cetyltrimethy-
lammonium bromide. Control of particle size was achieved through manipulation of the reduction
conditions, among which the molar ratio between nickel salt and platinum seeds was found to be dominant.
HRTEM, XPS, and XRD show the polycrystaline structure of the particles and the presence of metallic
Ni, as well as NiOx and Ni(OH)2. The magnetic properties were studied as a function of size and reveal
superparamagnetic response at room temperature for 14 nm diameter nanoparticles and ferromagnetic
behavior for the nanoparticles with diameters larger than 24 nm. The ferromagnetic nature of bigger Ni
particles was found to induce chain formation, even in the absence of external magnetic fields, which is
demonstrated through in situ coating with silica, which results in fossilized nanoparticle chains.
Additionally, we propose a mechanism for the growth of nickel on the platinum nanoparticle seeds surface.

Introduction

The interesting magnetic properties of metallic nickel have
driven intense research activities toward nanoparticle syn-
thesis, looking in particular for a high degree of control over
size and shape,1–4 because of the related possibility to control
the magnetic anisotropy, and the subsequent potential ap-
plication in 2D or 3D assembly. Ni/NiO nanocrystals have
been shown to find applications as anode materials for
rechargeable batteries, ethanol fuel cells, and electrochemical
capacitors.5 In the past decade, the most successful proce-
dures for the synthesis of monodisperse magnetic nanopar-
ticles have involved the one-pot decomposition of organo-
metallic precursors at high temperature.6–8 However, both
Sun9 and Philipse10 proposed the organometallic seeded-
growth method for the synthesis of iron oxide, with a fine
control of the final particle size between 4 and 20 nm. To
the best of our knowledge, no effort has been made toward

the synthesis of nickel particles in aqueous solution using
seed-mediated methods. On the other hand, a number of
papers have reported the hydroxide forced, aqueous synthesis
of nickel nanoparticles by hydrazine reduction and stabiliza-
tion with a cationic surfactant (cetyltrimethylammonium
bromide, CTAB),11–14 where the particle size was controlled
to a certain extent through the molar ratio between Ni(II)
and hydrazine.15 On the basis of the experience in our group
for CTAB-assisted seeded-growth of various types of gold
nanoparticles,16 as well as for the catalytic growth of metallic
Ni on platinum seeds, supported either on gold nanorods17

or on carbon nanotubes,18 we have developed and optimized
the growth of reasonably monodisperse nickel nanoparticles
on individual platinum seeds, in the presence of CTAB, with
the possibility of controlling the average particle size in the
range between 13 and 33 nm. Upon a postsynthetic washing
procedure, air-stable Ni nanoparticles were obtained, because
of surface passivation, so that they could be easily handled
under external magnetic fields, and functionalized through
coating with silica. Magnetic characterization of these
particles shows a ferromagnetic behavior, which is main-
tained at room temperature for those with bigger sizes, which
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could be directly observed through both spontaneous (zero-
field) and field-induced chain formation (both on surfaces
and in solution) because of interactions between permanent
magnetic dipoles.

Experimental Section

Chemicals. Cetyltrimethylammonium bromide (CTAB) 95%,
potassium tetrachloroplatinate(II) (K2PtCl4), sodium borohydride
(NaBH4), nickel (II) chloride hexahydrate (NiCl2 ·6H2O), and
hydrazine (N2H4) 64%, were purchased from Aldrich and used as
received. Milli-Q water with a resistivity higher than 18.2 MΩ cm
was used in all of the preparations.

Synthesis of Platinum Seeds. To 9.63 mL of 0.1 M CTAB
solution was added 50 µL of 0.05 M K2PtCl4. The mixture was
heated up to 40 °C for about 5 min until the solution became clear.
The vial was capped immediately after adding 0.3 mL of 0.06 M
NaBH4. After 10 min, the vial was opened and stirred for several
minutes until all sodium borohydride was decomposed.

Nickel Growth. In a typical synthesis, aqueous solutions of NiCl2
(0.5 mM) and N2H4 (15 mM) were mixed with various amounts of
Pt seed solution (2, 1, 0.66, 0.5, 0.25, 0.2 mL). The total volume
of the solution was fixed at 10 mL and the final CTAB concentration
was 20 mM in all samples. The solution was maintained for 2-3
h at 40 °C and the product was centrifuged several times at 8000
rpm for 30 min and redispersed in water.

Characterization. Transmission electron microscopy (TEM)
images were obtained with a JEOL JEM 1010 transmission electron
microscope operating at an acceleration voltage of 100 kV, whereas
high-resolution TEM (HRTEM) was performed with a JEOL JEM
2010F operating at an acceleration voltage of 200 kV. Scanning
electron microscopy (SEM) images were obtained in a JEOL JSM-
6700F FEG scanning electron microscope operating at an accelera-
tion voltage of 15 kV for secondary-electron imaging (SEI) and at
10 kV for backscattering-electron imaging (YAG detector). XPS
analysis of the samples was performed using a VG Escalab 250
iXL ESCA instrument (VG Scientific), equipped with aluminum
KR1.2 monochromatic radiation at 1486.92 eV X-ray source.

Results and Discussion

Morphological Characterization and Size Control. In
all earlier reports on the reduction of Ni(II) by hydrazine in

CTAB solution, it was indicated that basic pH was a
necessary condition. It was additionally indicated that,
although the size of the particles could be controlled by
adjusting the Ni(II) to hydrazine molar ratio, uncontrolled
nucleation processes resulted in a noticeable increase in
polydispersity. However, it has been shown that introduction
in the growth solution of a “nucleation agent” such as small
amounts of silver,19–21 platinum,22 palladium,23 or ruthe-
nium4 salts noticeably improves the quality of the formed
particles. Apparently, small metallic seeds are formed when
the salts are reduced by hydrazine, then promoting nickel
reduction by the remaining hydrazine on the in situ formed
seeds, which act as catalysts. The addition of the nucleation
agent not only accelerates the nucleation of nickel particles
but also leads to formation of smaller particles, with lower
polydispersity. We therefore decided to use as-prepared tiny
platinum nanoparticles as nucleation seeds, in a similar way
to the use of gold seeds for gold nanorods synthesis.
Although conventional size characterization (TEM) did not
allow us to obtain reliable information about the diameter
of Pt seeds, we estimate diameters around 1-2 nm, in
agreement with those reported for Au seeds.24

The TEM images in Figure 1 illustrate the morphology
of nickel particles obtained with different molar ratios
between nickel (salt) and the platinum (seeds), as indicated
in the caption. Analysis of the TEM images (minimum count
of 70 particles) indicated that the average particle diameter
could be varied between 13.73 ( 1.95 and 33.45 ( 3.70
nm, for Ni2+/Pt0 ) 10 and 100, respectively. Size distribu-
tions for each sample can be seen in the Supporting
Information (Figure S1) and confirm a continuous increase
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Figure 1. TEM images of nickel nanoparticles prepared with different amounts of platinum seed. The Ni2+/Pt0 molar ratios used for the different samples
were 10, 20, 30, 40, 80, and 100, for images A-F, respectively.
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of particle diameter with decreasing amount of platinum
seeds, which was previously observed for the seeded-growth
of gold nanoparticles.25 The presence of a passivating oxide
layer was confirmed by XPS, which revealed the presence
of metallic nickel, nickel oxides (NiOx), and nickel hydrox-
ide- Ni(OH)2 (see the Supporting Information, Figure S2),
again in agreement with earlier reports.26 Because complete
oxidation of the particles was not observed over prolonged
periods of time, we suggest that NiOx covers the Ni surface,
whereas the hydroxide is only present at the outermost layers.
Additionally, the X-ray powder diffractogram (see the
Supporting Information, Figure S3) of the as-prepared
product shows two characteristic peaks corresponding to
face-centered cubic (fcc) metallic nickel (ICSD 76667), as
well as peaks that can be indexed to NiO2 (ICSD 88720).

Complementary high-resolution TEM (HRTEM) charac-
terization (Figure 2) of nickel nanoparticles from the sample
shown in Figure 1C (Ni:Pt ratio 30), reveals a highly
polycrystalline structure, with crystal domains about 2-3
nm. A better impression of the polycrystalline structure of
the particles can be observed in dark-field mode, as shown
in the Supporting Information (Figure S4), where bright and
dark areas can be distinguished within each particle, corre-
sponding to crystalline domains with different orientations.
Unfortunately, this polycrystalline structure makes it impos-
sible to identify the small Pt seeds, because of diffraction of
the electrons on each domain while traveling through the
particle. The selected area electron diffraction (SAED)
pattern (Figure 2, inset) from a single particle confirms the
presence of metallic nickel, since five interplanar distances
can be identified, which are consistent with pure face-
centered cubic (fcc) metallic nickel. It is interesting to note

that, HRTEM images did not allow us to directly observe
the protective oxide layer on the nanoparticles surface,
suggesting that it is rather thin. On the basis of our previous
work on Au@Ni rods,17 we can estimate that the thickness
of the oxide shell could correspond to one crystal domain,
which is ca. 2-3nm.

Growth Mechanism. The synthesis of platinum seeds
involves the complexation of Pt2+ with the surfactant
(CTAB), leading to the formation of (CTA)2PtBr4 metallo-
micelles,27 followed by reduction of PtII to Pt0 with a strong
reducing agent, sodium borohydride. Such Pt seeds are
stabilized by a CTAB bilayer, which prevents their aggrega-
tion. As mentioned above, earlier reports showed that
addition of a strong base, such as NaOH is required for
reduction of nickel with hydrazine; however we found that
this is not necessary when Pt seeds are present. Confirmation
of the catalytic effect of Pt was achieved through a control
experiment in which the same growth solution was prepared
without Pt seeds, with the result that no nickel reduction was
observed. This suggests that the available Pt surface is a key
factor for initializing the reduction of nickel, which agrees
with our earlier studies on Ni deposition on gold nanorods
and carbon nanotubes.17,18 However, since the TEM and
HRTEM investigation did not allow us to identify the Pt
cores inside Ni particles, we carried out a similar synthesis
using bigger platinum nanoparticle seeds for nickel reduction.
Figure 3A shows Pt nanoparticles prepared according to the
experimental procedure discussed in ref,28 with the presence
of mainly cubic particles (9.00 nm side length) along with
some larger, porous particles. Upon washing by centrifuga-
tion and redispersion in CTAB (see the Supporting Informa-
tion for details), the prepared Pt particles were used as a
seeds for nickel reduction by hydrazine in the presence of
CTAB. After several hours, the color of the solution turned
black, indicating the formation of nickel nanoparticles, which
was confirmed by TEM (Figure 3B). Despite the polycrys-
talline structure of the nickel particles and the rough, oxidized
surface, the presence of the Pt cores can be observed in most
particles as central black spots. This control experiment
shows that different types of platinum seeds can be used to
reduce nickel in aqueous hydrazine solution, again in
agreement with our earlier reports showing reduction of
nickel on platinum-coated carbon nanotubes and gold
nanorods.17,18

To understand the reduction process, it is important to
remember that hydrazine can easily form complexes with
transition metals.29 However, in concentrated aqueous solu-
tions, nickel-hydrazine complexes can exist as mixtures of
[Ni(N2H4)2]Cl2, [Ni(N2H4)3]Cl2, and [Ni(NH3)6]Cl2, whose
compositions are highly dependent on reaction temperature
and N2H5OH/Ni2+ molar ratio.30,31 However, in the present
synthetic approach, low Ni2+ concentrations (0.5 mM) were
used, with a pale-green color, which upon mixing with
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Figure 2. HRTEM image of a nickel nanoparticle (24 nm, Figure 1C),
showing a polycrystalline structure, with 2-3 nm domains. In the inset, a
SAED pattern from the same particle is shown, with indication of the
corresponding interplanar distances.
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hydrazine (15 mM) turned blue-sky, corresponding to the
[Ni(N2H4)2]Cl2 complex, which is very stable in ambient
conditions.32 The freshly prepared complex is then im-
mediately used for nickel reduction in the presence of CTAB.

The presence of CTAB also seems to be important. Cetylt-
rimethylammonium bromide (CTAB) is a cationic surfactant,
which has been widely used as stabilizer for the growth of gold
nanoparticles in water, because of its ability to form bilayers,
with the hydrophilic ammonium head groups pointing toward
both the metal surface and solution.33 Additionally, it has been
found that an important factor for CTAB-assisted gold reduction
is the formation of a complex between the metal precursor salt
and CTAB, leading to the so-called “soft template mecha-
nism”.34 Although in principle the cationic character of the
nickel precursor (Ni2+) and its complex with hydrazine
[Ni(N2H4)2]2+, seems to prevent interaction with the surfactant
(CTA+Br-), CTAB appears to be an essential ingredient for
the stabilization of nickel particles, preserving the stability of
Pt@CTAB seeds. On the other hand, in the present reaction
conditions, the use of anionic stabilizers such as SDS or sodium
citrate is excluded, most likely because of the possibility of
becoming a counterion with the complex, which is insoluble
in aqueous solution.

In previous works, it was shown that the [Ni(N2H4)2]Cl2

complex can be decomposed by OH- groups at high
temperature. We show here that in the presence of metallic
platinum seeds, the initial reduction of nickel can take place
at 40 °C. Under the used reaction conditions, the N2H5OH/
Ni2+ molar ratio is about 30, so that most (uncomplexed)
hydrazine is free in solution and can react with platinum.
Indeed, it is well-known that hydrazine can be easily
decomposed on the surface of Pt particles through formation
of the electrophilic radicals, which can then react with other
hydrazine molecules35 or with [Ni(N2H4)2]Cl2 present in
solution. Subsequent hydrazine decomposition on the surface
of the reduced metal is facilitated,36 thus favoring further

Ni reduction. Another interesting feature is that the reduction
of nickel is accompanied by gas evolution, which is
obviously related to hydrazine decomposition, resulting in
formation of N2 and H2.35 It is remarkable that the reaction
does not take place if the vessel is left open, suggesting that
the produced gases are important to prevent the oxidation
of nickel particles. Interestingly, decomposition of hydrazine
on the Pt surface can be inhibited by electrosorption of heavy
metals at the underpotential range, leading to the formation
of a monolayer of the heavy metal (Pb, Cd, Tl).37 We have
indeed observed that reduction of Ni2+ did not occur when
small amounts of Pb(NO)2 were present in the growth
solution, suggesting that Pb2+ could compete with Ni2+

reduction, leading to poisoning of the Pt seeds.
Magnetic Characterization. The magnetic properties of

surface-passivated Ni nanoparticles with mean diameters of
approximately 14, 24, and 33.5 nm (see Figure 1A, C, F)
were studied using a commercial SQUID magnetometer in
the temperature range 2 K e T e 370 K and a magnetic
field up to 5 T, as exemplified in Figure 4A for the 33.5 nm
particles. Figure 4B shows the zero-field-cooled (ZFC) and
the field-cooled (FC) magnetization as a function of tem-
perature for the 14 nm Ni nanoparticles deposited on a GaAs
substrate. For ZFC measurement, the sample was cooled
without an external magnetic field from 370 K down to 5

(32) Guo, L.; Liu, C.; Wang, R.; Xu, H.; Wu, Z.; Yang, S. J. Am. Chem.
Soc. 2004, 126, 4530.
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Mulvaney, P. AdV. Funct. Mater. 2004, 14, 571.
(35) Anan’ev, A. V.; Boltoeva, M. Y.; Sukhov, N. L.; Bykov, G. L.; Ershov,

B. G. Radiochemistry 2004, 46, 578.
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(37) Kakkinidis, G.; Jannakoudakis, P. D. J. Electroanal. Chem. 1981, 130,
153.

Figure 3. TEM micrographs of platinum nanocubes (A) with side length 9.00 nm, and nickel particles (B) grown on them. The final average dimension of
Pt/Ni core/shell nanoparticles is 34.2 nm.

Figure 4. (A) Hysteresis loops of surface oxidized Ni nanoparticles of 33.5
nm diameter recorded at 2 K after cooling the sample in zero field (solid
symbols) and in an applied field of 5 T (open symbols). (B) Temperature
dependence of the ZFC (solid symbols) and FC (open symbols) magnetiza-
tion of the 14 nm oxide-coated Ni nanoparticles. See the text for details.
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K, followed by heating the sample in a magnetic field of 5
mT and measuring the magnetization. For FC measurements,
the sample was cooled in a magnetic field of 5 mT from
370 to 5 K, and the magnetization was measured at 5 mT
with increasing temperature.

The ZFC thermomagnetic curve shows a narrow peak at 16
K and a broad maximum at 140 K, whereas the FC magnetiza-
tion decreases with increasing temperature. Above 170 K, the
FC curve has the same quasi-linear temperature dependence as
the ZFC curve. In the temperature range from 5 to 25 K, where
the low-temperature peak in the ZFC thermomagnetic curve is
observed, the FC magnetization decreases steeply. The narrow
low-temperature ZFC peak at 16 K is also observed for the
nanoparticles with average diameters of 24 and 33.5 nm. Above
50 K, the ZFC magnetization of both larger diameter samples
increases monotonically up to 320 K and a shallow maximum
might be identified at or above the highest measuring temper-
ature of 370 K. Over the whole temperature range, the FC curve
yields a larger magnetization and only approaches the value of
the ZFC magnetization above 370 K. These measurements
indicate the presence of several magnetic phases in the samples.
We suppose that the low-temperature, size-independent peak
in the ZFC curves is due to the presence of antiferromagnetic
Ni(OH)2 with a reduced Néel temperature TN of approximately
of 16 K, in comparison to bulk �-Ni(OH)2 (TN ) 30 K).
�-Ni(OH)2 has a hexagonal layer structure of CdI2 type and a
metamagnetic transition at a critical field Hc ) 0.5 T at 4.2
K.38 The reduced Néel temperature can be explained by the
finite size of the Ni(OH)2 crystallites and/or the presence of
defects as for example shown in references39 and.40 The broad
peak at 140 K observed for the 14 nm Ni nanoparticles is due
to the superparamagnetic transition of the ferromagnetic Ni
nanoparticle core. The superparamagnetic blocking temperatures
of the nanoparticles with diameters of 24 and 33.5 nm are above
the available measurement temperature. These nanoparticles also
show ferromagnetic open hysteresis loops at 300 K.

The position of the superparamagnetic maxima in the ZFC
magnetization curve, Tmax, does not necessarily coincide with
the blocking temperature of the nanoparticles, TB.41 Both the
distribution in particle sizes and the interaction between
particles result in a shift of the maximum in the ZFC curve
toward higher temperatures in comparison to the intrinsic
TB given by the anisotropy energy of the particle. The mean
blocking temperature 〈TB〉 for an ensemble of interacting
magnetic particles is given by42

〈TB〉 )
Keff〈Vp〉 + εD

kBln(tm

τ0
)

where Keff is the effective magnetic anisotropy energy
density, 〈Vp〉 is the mean volume of the Ni core and kB is

the Boltzmann constant. tm ≈ 100 s is the observation time
for dc SQUID measurements, and τ0 is a microscopic
relaxation time ∼1 × 10-10 to 1 × 10-11 s. The effective
dipolar interaction energy in an assembly of superparamag-
netic particles εD is43

εD )
µ0

4π
Rµp

2

d3

where R is a constant given by the sum of all dipolar
interactions among the particles, d is the average distance
between neighboring dipoles, and µp is the magnetic moment
of the Ni nanoparticle core. According to our TEM observa-
tion, the mean separation between neighboring nanoparticles
due to the surfactant layer is 2.5-3 nm, and additionally
the ferromagnetic cores are separated by the antiferromag-
netic oxide shells. In the case of 14 nm oxidized particles,
we estimate that the system is composed of ferromagnetic
Ni nanoparticles embedded in matrix of antiferromagnetic
NiO and surfactant, with a filling factor of ∼0.08. Assuming
the bulk magnetization value for the Ni core, one can estimate
that the maximum magnetic dipolar interaction energy of
the oxidized Ni nanoparticles is 1.7 × 10-21 J.

We find that Keff is ∼1.2 × 105 J/m3 for the 14 nm Ni/
NiO nanoparticles with a mean diameter of 9 nm of the
ferromagnetic core. This value is much larger than the
magnetocrystalline anisotropy constant of fcc bulk Ni (1.2
× 104 J/m3 at 4.2 K and 0.45 × 104 J/m3 at 300 K). The
enhancement of Keff is due to the presence of the antiferro-
magnetic NiO shell (TN(bulk) ) 523 K). In ferromagnetic
(FM) nanoparticles covered with antiferromagnetic (AFM)
shells, the exchange anisotropy induced by exchange cou-
pling at the FM/AFM interface can provide an extra source
of anisotropy resulting in an increase of the effective
magnetic anisotropy of the nanoparticles.44–46 The presence
of the unidirectional anisotropy is confirmed by the observa-
tion of the exchange bias effect: the hysteresis loop of the
AFM/FM system which is cooled in a static magnetic field
from a temperature above the Néel temperature but below
the Curie temperature is shifted along the field axis generally
in the opposite direction to the cooling field. A shift of the
hysteresis loop has been observed when cooling was started
at a temperature well below the Néel temperature of NiO or
the Curie temperature of the ferrimagnet in the case of an
oxidized Fe nanostructured system.47,48 Reduced Néel tem-
peratures have been observed in nanoparticle systems49,50

and thin antiferromagnetic films,51 while finite size effects
in NiO nanoparticles were found to result in unusual 8-, 4-,

(38) Takada, T.; Bando, Y.; Kiyama, M.; Miyamoto, H.; Sato, T. J. Phys.
Soc. Jpn. 1966, 21, 2745.
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Status Solidi A 2006, 203, 2968.
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134410.
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(45) Skumryev, V.; Stoyanov, S.; Zhang, Y.; Hadjipanayis, G.; Givord,
D.; Nogués, J. Nature 2003, 423, 850.
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Compd. 2006, 425, 1.

(47) Löffler, J. F.; Meier, J. P.; Doudin, B.; Ansermet, J. Ph.; Wagner, W.
Phys. ReV. B 1998, 57, 2915.

(48) Shavel, A.; Rodrı́guez-González, B.; Spasova, M.; Farle, M.; Liz-
Marzán, L. M. AdV. Funct. Mater. 2007, 17, 3870.

(49) Ahmad, T.; Chopra, R.; Ramanujuchary, K. V.; Lofland, S. E.; Ganguli,
A. K. Solid State Sci. 2005, 7, 891.

(50) Selbach, S. M.; Tybell, Th.; Einarsrud, M.-A.; Grande, T. Chem. Mater.
2007, 19, 6478.
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or 4-sublattice spin configurations with relatively weak
coupling between the sublattices.52 At a rough ferromagnetic/
antiferromagnetic interface, the existence of a disordered
interface spin-glass-like magnetic phase with low freezing
point has been discussed.53,54

The hysteresis loops of the oxidized 33.5 nm Ni nano-
particles measured at 2 K after ZFC and FC in applied
magnetic field of 5 T from 320 to 2 K are shown in Figure
4A. A clear shift of the FC curves can be seen. For all
samples we have observed the shift of the hysteresis loops
opposite to the cooling-field direction. The values obtained
for the exchange bias fields, µ0Heb, were 62.1, 26.4, and 21.4
mT at 2 K for the oxidized 14, 24, and 33.5 nm Ni
nanoparticles, respectively. The interfacial exchange energy
per unit area, σ, for spherical nanoparticles can be roughly
estimated to be σ ) µ0HebMFMdFM/6 (MFM is the volume
magnetization of the FM nanoparticle core with a diameter
of dFM).55 The factor 6 arises from the ratio of volume-to-
surface area of the sphere. Assuming bulk Ni magnetization
for the particle core and a thickness of the oxide shell of 2.5
nm we calculate within the error bars the same value of the
interfacial exchange energy density for all particles, σ )
0.048 ( 0.004 mJ/m2. The exchange bias field decreases
with increasing temperature and completely vanishes at 50
K for all nanoparticle sizes. At this temperature thermal
disorder becomes dominant over the shell-induced magnetic
unidirectional anisotropy.

Usually, field cooling of an FM/AFM system not only
leads to the induced unidirectional magnetic anisotropy (shift
of the hysteresis loop) but also to an increased uniaxial
magnetic anisotropy, which becomes evident by a broadening
of the hysteresis loop.56,57 In the case when the AFM
anisotropy is larger than the interfacial exchange interaction,
the shift of the hysteresis loop, which is due to the presence
of a magnetic phase whose moments cannot be reversed by
the applied field, is observed. When the strength of the
exchange anisotropy interaction is comparable to that of the
AFM anisotropy, the broadening of the hysteresis loop is
observed because of the contribution of a reversible inter-
facial phase.58, For the investigated oxidized Ni nanoparticles,
we found almost no difference (less than 2%) between the
coercivities of the ZFC and the FC magnetization curves.
This is an indication for the AFM anisotropy being much
larger than the interfacial exchange interaction.

Magnetic Interactions and Chain Formation. The
ferromagnetic character of the obtained Ni nanoparticles was
reflected not only on the magnetic characterization results,
but also on the spontaneous formation of nanoparticle chains,
presumably because of dipole-dipole interactions, both upon

drying on solid surfaces and in solution. Detailed theoretical60

and experimental10,61,62 studies of such interactions between
ferromagnetic particles have been reported in the past, which
showed that dipolar interactions are very sensitive to particle
size and to the concentration of particles in the colloid.63

In the present work, we initially observed that the larger Ni
particles show magnetic dipole-dipole interaction, reflected in
the spontaneous formation of nanoparticle chains when drying
a drop of the colloid on carbon-coated TEM grids at 300 K, as
shown in Figure 5A. The length and uniformity of the chains
depends on the particle size, so that it decreases for smaller
particles. Additionally, when a magnetic field of ca. 0.2 T was
applied, alignment into long chain structures over large areas,
through a magnetophoretic deposition process, was observed,
as exemplified for the same (33 nm) particles in the TEM image
of Figure 5B, and for smaller (27 nm) particles in the SEM
images (colloid dried on a Si wafer) shown in Figure 5D and
in the Supporting Information (Figure S5). Although the
concentration of particles and the nature of the substrate was
different in this case, we could observe chains that can span
over several micrometers, together with eventual formation of
Y-junctions.

Interestingly, in the absence of an external applied
magnetic field, our Ni particles have been observed to still
display magnetic dipole-dipole interactions indicated by the
chain formation (Figure 5A). Zero-field interactions between
particles have been studied in the context of a better
understanding of the morphology and thermodynamics of
dipolar fluids.64 Zero-field dipolar interactions between nickel
particles were also observed when dried on Si wafers, under
conditions equal to those presented in Figure 5D, resulting
in the formation of small trimer and tetramer chains,
uniformly distributed on the surface (see the Supporting
Information, Figure S6). This behavior is similar to previ-
ously reported results,10 although it cannot be directly
compared to the behavior of particles interacting in solution,
since during the drying process on the substrate, the
concentration of particles gradually increases as the solvent
evaporates, thereby increasing dipole-dipole interactions.
Philipse and co-workers showed that formation of dipolar
chains in ferrolfluids could be directly observed by cryogenic
electron microscopy.63 To avoid time-consuming sample
preparation and elevated cost of the mentioned microscopy
technique, Pyun and co-workers showed that structures
formed by interacting particles in solution could be alterna-
tively “frozen” by in situ surface-polymerization process65,66

or by the so-called fossilized liquid assembly (FLA) method67
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of chain-like assemblies of cobalt particles. Although the
surface modification of ferromagnetic particles by amorphous
silica in dilute solution61,68 has been shown to lead to
individual Co particles covered by silica shells, we show
here that deposition of silica on our Ni particles leads to
chainlike, quasi-one-dimensional structures, in which the
chains formed by nickel particles in solution are fixed through
slow silica precipitation, whereas the chains can be disrupted
when the particles are smaller and the interactions are weaker,
such as those reported for Co in refs51 and.58 An example
of fossilized Ni nanoparticle chains, obtained through silica
coating (using the method described in ref.69), is shown in
Figure 5C, for particles with average diameter of 30 nm,
coated with ca. 13 nm thick silica shells.

Conclusions

In summary, we have demonstrated that the catalytic
activity of Pt seeds can be used for the uniform seeded
growth, low-temperature reduction of nickel by hydrazine
in aqueous CTAB solution, leading to size-controlled,
surface-passivated Ni nanoparticles in a range between 13

and 33 nm, by simple variation of the amount of Pt seeds in
the growth solution. Moreover, oxidized Ni nanoparticles
show an increased magnetic effective anisotropy due to
contribution of the size-independent interfacial exchange
interaction (0.048 ( 0.004 mJ/m2 at 2 K) at the Ni/NiOx

interface in the particles. The exchange bias effect strongly
decreases with increasing temperature and completely van-
ishes at 50 K for all particle sizes. Fourteen nanometer
diameter particles are superparamagnetic at room tempera-
ture, whereas the nanoparticles with diameters larger than
24 nm show ferromagnetic behavior that leads to chain
formation in the nanoparticle solution even in the absence
of external magnetic field.
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Figure 5. One-dimensional, chainlike assembly of nickel nanoparticles. (A) Zero-field linear assembly of 33 nm Ni on a TEM grid. (B) TEM image of long
assemblies of 33 nm Ni under an external magnetic field (0.2 T). (C) TEM image of zero-field nanoparticle chains which are “fossilized” by coating with
homogeneous silica shells. (D) SEM image of linear assemblies of Ni nanoparticles (27 nm) under an external magnetic field (0.2 T), on a Si wafer.
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