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Microwave-assisted synthesis of icosahedral nickel nanocrystals
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Nickel nanocrystals with icosahedral morphologies have been successfully synthesised using

a microwave-assisted irradiation method. Nickel acetylacetonate was used as the metal precursor, while

sodium formate and trioctylphosphine oxide were employed as the reducing agent and capping ligands,

respectively. The nanocrystals, with a mean diameter of 237 � 43 nm, exhibited enhanced

ferromagnetic behaviour at room temperature compared to bulk nickel, with coercivities of up to 164

Oe and saturation magnetisation values of up to 46 emu g�1, due to their icosahedral morphologies.
Introduction

Magnetic nanoparticles have potential use as active components

in a number of applications, such as high density magnetic

storage devices, contrast enhancement in magnetic resonance

imaging, biotechnology and catalysis,1–4 owing to their size

dependent physical and chemical properties.5 As particle size is

reduced down to the nanometre-length scale, novel optical,

electronic, catalytic and magnetic properties arise as the ratio of

surface to bulk atoms increases.6–9 For magnetic nanoparticles,

the critical volume is reached when the energy of the particles can

no longer support the existence of domain walls and thus become

a single, magnetic domain. Hence, the magnetic properties of

these nanoparticles and any future potential applications are

dictated by their size and morphology.

Metallic nanostructures such as rods, wires, sheets and plates

have been synthesised in an attempt to improve the magnetic

properties of nanocrystals.10–13 These nanostructures have

demonstrated increased magnetic and catalytic properties owing

to their high shape anisotropy compared to their spherical

counterparts. For example, nanoplatelets synthesised by Xu et al.

were found to have coercivities of up to 120 Oe at room

temperature.14 Transition metal nanostructures of shapes other

than the most thermodynamically favourable, i.e. spherical, are

notoriously difficult to synthesise as the reaction kinetics are

often difficult to control. Highly faceted multiple twinned

nanocrystals of platinum, palladium, gold and silver have

recently been reported,15–18 but the synthesis of nickel particles

with similar morphologies has not been investigated.
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According to Wulff’s theorem, the equilibrium shape of

a single crystal of a face-centred cubic (fcc) metal is the Wulff

polyhedron (a truncated octahedron).19 Non-equilibrium shapes

are often found in nanoparticles due to a large proportion of

edge atoms and non-negligible edge energies resulting in stable

alternative structures.20 The presence of twinning defects is one

of the major causes of non-equilibrium shapes, especially in fcc

crystals which have low twin boundary energies.21 The presence

of twin defects during the nucleation and growth stage could

potentially result in the synthesis of decahedral and icosahedral

nanocrystals which have a total free energy less than that of the

Wulff polyhedron. A number of methods have been utilised for

synthesising transition metal nanoparticles including alcohol

reduction techniques, thermal decomposition of organometallic

precursors, electrochemical methods and the reduction of metal

salts.22–25

Microwave irradiation has also been utilised to generate novel

materials.26 Precursors and their reaction intermediates are

thought to have different dielectric constants along the same

reaction paths. Microwave irradiation overcomes these differ-

ences by selectively coupling to intermediates in their transition

states. Microwave irradiation as a heat source has numerous

advantages over conventional heating methods. The irradiation

first couples with the material and is then absorbed, resulting in

the conversion of electromagnetic energy into thermal energy.

Heat is thus generated from inside the material, in contrast with

traditional heating methods where heat is transferred from the

outside to the inside. This internal heating mechanism results in

both reduced reaction times and energy costs. Selective forma-

tion of one phase over another often occurs, resulting in the

synthesis of new materials.27,28 A possible explanation for these

microwave effects is the generation of localised high tempera-

tures or ‘‘hot-spots’’ at the reaction sites, which enhance the

reaction rates in a manner similar to that of ultrasonic irradia-

tion.29 Microwave irradiation has been employed as a heat source

in various fields, such as in the synthesis of mesoporous silica,

catalysis and in the synthesis of metal and metal oxide
CrystEngComm, 2011, 13, 2023–2028 | 2023

http://dx.doi.org/10.1039/c0ce00759e
http://dx.doi.org/10.1039/c0ce00759e
http://dx.doi.org/10.1039/c0ce00759e
http://dx.doi.org/10.1039/c0ce00759e
http://dx.doi.org/10.1039/c0ce00759e
http://dx.doi.org/10.1039/c0ce00759e
http://pubs.rsc.org/en/journals/journal/CE
http://pubs.rsc.org/en/journals/journal/CE?issueid=CE013006


D
ow

nl
oa

de
d 

by
 T

ri
ni

ty
 C

ol
le

ge
 D

ub
lin

 o
n 

02
 A

pr
il 

20
12

Pu
bl

is
he

d 
on

 0
4 

Ja
nu

ar
y 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0C
E

00
75

9E

View Online
nanoparticles.30–33 In this paper, we report on the synthesis of

novel, highly faceted, multiple twinned nanocrystals of nickel

using microwave irradiation as a heat source.
Fig. 1 Temperature, time and power (W) profiles of a typical nickel

nanocrystal synthesis experiment using nickel acetylacetonate as the

metal precursor, with a microwave hold time of 10 minutes.

Fig. 2 (a) SEM images of nickel nanocrystals prepared using nickel

acetylacetonate as the metal precursor with a microwave hold time of 10

minutes. (b) High magnification SEM image of the nickel nanocrystals

shown in (a).
Experimental

Nickel acetylacetonate, n-trioctylphosphine oxide, sodium

formate, ethylene glycol and other chemicals were all analytical

grade and used without further purification. In a typical

synthesis, nickel acetylacetonate (3 � 10�4 mol), sodium formate

(1.5 � 10�4 mol) and n-trioctylphosphine (3 � 10�4 mol) were

dissolved in 6 ml of ethylene glycol in a 10 ml microwavable tube.

The reaction was carried out in a CEM Labmate� microwave

oven and heated for varying time periods with 91.6% (275 W) of

the total output (300 W). A black precipitate was obtained and

this was separated from the reaction solution and washed

a number of times with ethanol to remove any excess surfactants.

The size and morphology of the particles were determined by

scanning electron microscopy (SEM) on an FEI Inspect F with

an operating voltage of between 5 and 10 kV and transmission

electron microscopy (TEM) on a JEOL 200 and a JEOL 2100,

both operating at 200 kV. The samples for microscopy were

prepared by diluting the solution in ethanol and then dropping

this dispersion of nanoparticles onto a carbon-coated copper

grid for TEM analysis or a silicon wafer for SEM analysis.

Energy dispersive X-ray (EDX) spectroscopy was carried out on

an Oxford Instruments detector attached to a JEOL JSM-5510

scanning electron microscope. For analysis, solutions of dry

nanoparticles were dispersed onto sticky carbon tape.

X-Ray diffraction (XRD) patterns were determined on

a Phillips Xpert X-ray diffractometer with graphite mono-

chromatised Cu Ka radiation (a ¼ 1.54178 Å). To prepare the

sample for analysis, a dilute solution of the nanoparticles in

ethanol was dispersed onto a glass slide and allowed to dry. A

scan rate of 0.025� s�1 was applied to record the pattern in the

range 2q ¼ 20–85�.

The magnetic properties of the particles were measured using

a Quantum Design MPMS-XL5 superconducting quantum

interference device (SQUID). The powder samples were placed

within a polyamide capsule and characterised with an applied

field range of �3 T and over a temperature range of 300 to 5 K.
Results and discussion

Fig. 1 displays a microwave reaction profile for the synthesis of

the nickel nanocrystals using nickel acetylacetonate as the

starting precursor, with a microwave hold time of 10 minutes.

The time, temperature and power are shown for a given reaction

profile. The reactions were carried out at a power of 275 W and

a maximum temperature of approximately 185 �C. The temper-

ature localised around metal ions in solution is expected to have

a higher temperature than that of the bulk solution. These ‘‘hot-

spots’’ have been proven to have an effect on the overall product

formation.34

Fig. 2 shows SEM images of nickel nanocrystals synthesised

from a microwave reaction with a hold time of 10 minutes. A

higher-magnification SEM image (Fig. 2(b)) revealed that the

particles were icosahedral in shape.
2024 | CrystEngComm, 2011, 13, 2023–2028
Fig. 3 displays TEM images of a typical icosahedral nano-

crystal with an average edge length of approximately 77 nm. Six-

fold twinning of the nanocrystal is observed, with the twinning

planes radiating out from the central point of the nanocrystal.

The outlines in Fig. 3(a) represent the areas shown in Fig. 3(b)

and (d). In Fig. 3(b), a TEM image of a corner of the nickel

nanocrystal is displayed and a twinning boundary is observed.

This is typically the thinnest part of the nanocrystal, allowing the

electron beam to pass through the crystal and observation of the

lattice spacings of the different crystal planes. While some lattice

spacings are located and labelled in Fig. 3(c), these lattice spac-

ings are only approximate measurements owing to the sloping

faces of the nanocrystal, i.e. the TEM beam is not perpendicular

to the crystal face so more accurate lattice spacing measurements

were taken from X-ray diffractograms of the nickel nanocrystals.

The {111} crystal face of the nanocrystal is identified in Fig. 3(d)

and the Fast Fourier Transform used to identify this plane is

shown in the inset of this figure.

Fig. 4 shows an X-ray diffraction pattern of nickel nano-

crystals deposited on a glass substrate. These crystals were syn-

thesised using a hold time of 10 minutes. The three peaks at 43.8�,

51.2� and 75.8� can be indexed to the (111), (200) and (220)

diffraction planes, respectively, from a face-centred cubic (fcc)

structure. The XRD pattern of the nickel nanocrystals reveals no
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 TEM images of a single, icosahedral nickel nanocrystal, syn-

thesised using nickel acetylacetonate as the metal precursor with

a microwave hold time of 10 minutes. The outlines in (a) represent the

areas shown in (b) and (d) while the outline in (b) represents the area

shown in (c). The Fast Fourier Transformation (FTT) pattern of the

nickel nanocrystal is shown in the inset of (d).

Fig. 4 X-Ray diffractogram of nickel nanocrystals prepared using nickel

acetylacetonate as the metal precursor, with a microwave hold time of 10

min.

Fig. 5 SEM images of nickel particles synthesised using nickel acetyla-

cetonate as the metal precursor, with a hold time of 10 minutes; using (a)

3 � 10�4 mol and (b) 9 � 10�4 mol of sodium formate.
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other distinct diffraction peaks, indicating a high level of crys-

tallinity and purity of the particles prepared. The XRD pattern

exhibits a strong (111) diffraction peak and the ratio of intensity

of the (111) to (200) peak is 2.375.

Nanocrystals with an icosahedral shape will tend to prefer-

entially lie on a flat substrate on their (111) faces. This increases

the diffraction intensity from these planes. However, when

compared to gold and palladium nanocrystals with similar

icosahedral shapes, the intensity ratios are quite similar (2.69

(ref. 35) and 2.72 (ref. 36), respectively). This indicates that the

diffraction from the (111) planes, which is the magnetic easy axis

for an fcc Ni crystal, was enhanced for the icosahedra owing to

texturing effects.

The formation of the nickel nanocrystals most likely begins

with a reduction process. Ethylene glycol has been reported to

act as a reducing agent as well as a solvent in polyol reactions,

first reported by Fievet and co-workers.37 However, as sodium
This journal is ª The Royal Society of Chemistry 2011
formate is employed as a reducing agent in this reaction, it is

unlikely that the nickel nanocrystals will form via this process.

Nickel nuclei will be formed by the reduction of the metal

precursor by the sodium formate. As is observed in Fig. 5(a),

when the amount of sodium formate in the reaction solution was

increased from 1.5 � 10�4 to 3 � 10�4 mol, the uniformity in the

shape of the nanocrystals was greatly diminished. At this

concentration of sodium formate, facetted nickel nanoparticles

were observed, but the crystalline nature of the particles was

reduced when compared to samples synthesised using a lower

formate concentration. Upon increasing the amount of sodium

formate to 9 � 10�4 mol, no single crystals were formed, as can

be seen in Fig. 5(b). Thus, the ratio of ethylene glycol to sodium

formate is extremely important in the synthesis of metal nano-

crystals with similar shapes and sizes.

The interaction of surfactants or capping ligands with metal

nuclei in a solution-phase synthesis will often alter the order of

free energies on the metal surface. The formation of a particular

morphology of metal nanocrystal will thus be dependent on the

relative growth rates of different facets.16 Trioctylphosphine

oxide (TOPO) was used as a capping agent in the synthesis of the

nickel nanocrystals. Puntes et al. have shown that TOPO acts as

a selective absorber which alters the relative growth rates of

different faces of crystals, synthesising nanostructures with

various morphologies.38 TOPO is easily attached to the surface of

the nickel nuclei via its P]O group. This attachment controls the

rate of growth of the nickel nanocrystals. As different facets of

nanocrystals have different adsorption and desorption proper-

ties, it is expected that facets with fewer attached molecules will

grow faster than those with more. As defined in Langmuir’s

adsorption theorem, a molecule cannot adsorb on a surface

where the adsorption sites are already occupied by other mole-

cules.39 Thus, the growth rate of the metal nanocrystals can be

controlled by the sticking probability of the capping ligands on

a given facet of the crystal. Theoretical measurements by

Cleveland and Landman indicate that the multiple twinned

icosahedron is the most thermodynamically stable seed, as it is

bounded almost entirely by {111} facets.40 The {111} face of an

fcc metal structure has the lowest surface energy compared to the

{110} and {100} faces ({110} > {100} > {111}). This implies that

an fcc metal is more likely to nucleate and grow into nanocrystals

with their surfaces consisting of the {111} facets than the other

facets. Thus, in the early stages of the reaction, it is likely that the

nuclei formed are kinetic structures with low-energy {111} faces.
CrystEngComm, 2011, 13, 2023–2028 | 2025
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Fig. 6 Room temperature (300 K) hysteresis loops for samples prepared

with the nickel acetylacetonate precursor with a microwave hold time of

(a) 5 min and (b) 10 min. Coercivity values for the samples are shown in

the graphs.

Fig. 7 Magnetisation versus temperature for nanocrystal samples

prepared using nickel acetylacetonate with varying hold times.

Fig. 8 Measurement of sample coercivity versus temperature for nano-
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Thus, by careful control of the growth rate of the metal nuclei,

using sodium formate and ethylene glycol, and controlling the

growth of crystal faces using TOPO, multiple twinned nano-

crystals are formed rather than single crystal seeds.

Magnetic characterisation

The magnetic characterisation of two of the nickel nanocrystal

samples was investigated by measuring both the hysteresis loops

(magnetisation (M) plotted against field strength (H)) and

temperature dependent magnetisation (M plotted against

temperature (T)) curves. These samples were nickel nanocrystals

synthesised with a hold time of 5 and 10 minutes. For each

sample, a hysteresis loop was measured at various temperatures

from 300 to 5 K, at applied field strengths up to 30 kOe. The

particle size, coercivity and saturation magnetization values for

these samples at 300 and 5 K are shown in Table 1. Room

temperature hysteresis loops (300 K) for the samples at applied

field strengths between +5000 Oe and �5000 Oe are shown in

Fig. 6. Both samples displayed typical ferromagnetic behaviour

at room temperature.

Fig. 7 shows the saturation magnetisation values for the two

samples at temperatures from 300 to 5 K. Both samples exhibited

ferromagnetic behaviour, displaying hysteresis and remanence

across the entire temperature range. The saturation magnet-

isation of these samples was also only weakly dependent on

temperature, which is typical of pure nickel samples at temper-

atures well below their Curie temperature (631 K). As shown in

Fig. 7, the saturation magnetisation (Ms) of both samples

increases with decreasing temperature, as the thermal agitation

of the atoms is reduced; a similar variation is seen for bulk

nickel.41 In comparing the magnitude of the room temperature

Ms values of the samples with that of bulk nickel (54.39 emu g�1

at room temperature42), the nickel nanocrystals were observed to

have room temperature Ms values of 79 and 85% that of bulk

nickel for the 5 and 10 minute hold times respectively. Possible

reasons for the smaller than expected Ms values have been

previously reported in the literature.43 Reductions in Ms can be

explained by amorphous non-magnetic structures or the presence

of non-magnetic interfaces. Further reasons include electron

exchange between ligand and surface atoms which may quench

the moment or small amounts of surfactant molecules adsorbed

onto the nickel nanoparticle surface.

The variation in the coercivity with temperature for the nickel

samples is shown in Fig. 8. Coercivity is an important material

property used in the characterisation of magnetic nanoparticles

as it will exhibit a very strong and well-established size effect.44 A

series of field-cooled (FC) and zero-field-cooled (ZFC)

measurements were carried out on the nickel nanocrystals. In

order to obtain the ZFC measurements, the sample was
Table 1 Coercivity (Hc) and saturation magnetisation (Ms) values at
different temperatures for the samples synthesised

Sample
Hc, 300 K/
Oe

Hc, 5 K/
Oe

Ms, 300 K/emu
g�1

Ms, 5 K/emu
g�1

Ni(acac)2, 5 min164 342 43.1 48.9
Ni(acac)2, 10

min
147 292 46.4 51.2

crystal samples prepared using nickel acetylacetonate with varying hold-

times.

2026 | CrystEngComm, 2011, 13, 2023–2028
completely demagnetised before being cooled to 5 K in the

absence of an external field. An external magnetic field was then

applied to the sample and the sample moment was measured as

the temperature was continually increased. The FC measurement

was taken immediately after the ZFC measurement. In the FC

measurement, the moment of the sample was measured as the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Field-Cooled (FC) and Zero-Field-Cooled (ZFC) measurements

taken with 10 Oe of magnetic field strength applied. The lower portion of

each of the curves represents the ZFC measurement and the upper

portion represents the FC measurement.

D
ow

nl
oa

de
d 

by
 T

ri
ni

ty
 C

ol
le

ge
 D

ub
lin

 o
n 

02
 A

pr
il 

20
12

Pu
bl

is
he

d 
on

 0
4 

Ja
nu

ar
y 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0C
E

00
75

9E

View Online
sample was continuously cooled from the maximum temperature

reached in the zero-field-cooled measurement to 5 K in the

presence of the same magnetic field.

Fig. 9 displays the results of these measurements for the two

samples. For both samples, the curves are seen to be divergent at

the maximum temperature of 330 K reached in the measurement.

This divergence at maximum measurement temperature suggests

the presence of large particles, which have been confirmed by

SEM analysis. Small single domain particles would display

a blocking temperature (the temperature below which the

particles would be stable) below room temperature. The rela-

tively flat nature of the FC curves also suggests a degree of

dipolar inter-particle interactions which seems likely from the

particle’s proximity to one another as evident from the TEM and

SEM images.45

While varying single domain sizes of Ni (below which the

particle becomes a single, uniformly magnetised magnetic

domain, as the energy to create and sustain domain walls is no

longer favourable) have been reported to be 55 nm9 and 43 nm,46

these sizes cannot be taken as absolute, as variations can occur

owing to such factors as particle anisotropy. While a critical

radius below which a particle is single domain has been reported,

provided Ku is large, as:

rcz9
ðAKuÞ0:5

moM2
s

where A is the exchange stiffness, Ku is the uniaxial anisotropy

constant, mo is the permeability of free space and Ms is the

saturation magnetisation.47 However, this model assumes that

the domain wall of a particle has the same structure as that of

bulk. These parameters may vary for magnetic particles on the

nanometre scale, for example Ms may vary as has previously

been discussed. Anisotropy of nanoparticles has also been known

to vary as other kinds of anisotropy, such as surface and shape,

become more relevant.48 In the present study owing to the large
This journal is ª The Royal Society of Chemistry 2011
sizes of the nanoparticles synthesised, it is likely that the particles

may exist in a multi-domain state. The nanocrystal samples

synthesised here demonstrate large coercivities at 300 K when

compared to the predicted coercivities of Ni nano-grains of

similar and approaching single domain sizes. On the other hand,

isolated multi-domain spherical nanocrystals are predicted to

exhibit lower coercive forces than isolated single domain parti-

cles. For the multi-domain particles it is therefore likely that their

morphology is a possible cause of the large coercivities measured

for the samples. These large coercivity values may in turn

possibly be attributed to the modified anisotropy of the assembly

of nanoparticles into an icosahedral morphology. It is likely that

inter-particle interactions too are important in the measured

magnetic properties of the samples, with fanning like mechanism

(near single domain state) contributing towards magnetisation

reversal.

For larger particles, effects other than thermal will have

a greater bearing. Bozorth noted that if the dominant anisotropy

in a sample of fine particles is crystal anisotropy then an increase

in Hc will be expected with decreasing temperature, while the

crystal anisotropy of the material also increases rapidly over the

same temperature range.49 When anisotropy is caused by shape

a less rapid change with temperature is to be expected. Parada

and Moran reported that for microwave synthesised Ni nano-

particles, different hold times can produce varying proportions

of Ni to NiO.50 The nickel nanocrystal samples synthesised and

investigated in our present study were seen to saturate at room

temperature discounting the presence of NiO particles.

Compared to the Hc value for bulk nickel, which can reach up to

�40 Oe49 depending on the annealing temperature, and to that of

nickel nanoplatelets (120 Oe14) at room temperature, the nickel

nanocrystals synthesised here exhibit an enhanced coercive force,

which may be applicable in the areas of high density recording

media.
Conclusions

We report the synthesis of highly faceted, multiply twinned

nickel nanoparticles via a microwave-assisted route. Ethylene

glycol was employed as the polar solvent, which was necessary

for the complete transfer of microwave irradiation throughout

the reaction system. Sodium formate was used as a reducing

agent and its presence was shown to have a major effect on the

overall morphology and shape of the nanocrystals. TOPO was

used as the capping ligand. Nickel nanocrystals of icosahedral

morphology were synthesised and a mechanism proposed for

their agglomeration through the attachment of {111} faces.

Hysteresis loops measured across a broad range of temperatures

demonstrate the ferromagnetic behaviour of the nickel nano-

crystals. The coercivity versus temperature measurements sug-

gested that the enhanced magnetic anisotropy may be attributed

to the crystals icosahedral morphologies. FC-ZFC curves also

suggested a degree of inter-particle interactions which, given the

particles proximity as evidenced from SEM analysis, seemed

likely.

Due to their shape and magnetic characteristics, these nickel

nanocrystals could find potential applications in the areas of

catalysis and high-density data storage, respectively.
CrystEngComm, 2011, 13, 2023–2028 | 2027
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