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Tuning Particle Arrangement and Ion Sites of 
Fe3O4 Nanoparticles by Controlling Shapes

Tailoring the morphology of inorganic nanocrystal has long been an attractive field in nanoscience and tech-
nology.  In particular, magnetic nanoparticles with unique size- and shape-dependent magnetic properties 
inspired an intensive exploration on their potential applications in the past decade.  Among those magnetic 
nanoparticles, magnetite Fe3O4 is one of the most well studied and widely used biological applications because 
of its superparamagnetism under sub-20 nm and innate biological compatibility.  In this study, the shape-
induced crystallographic orientation-ordered superlattices were obtained in two kinds of Fe3O4 nanoparticles 
and the shape-dependent occupancy of the cation sites was clearly observed, measured by using X-ray mag-
netic circular dichroism spectra. 
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Magnetite Fe 3O4 nanoparticle 
(NP) is well studied and widely 
used in biological application 
such as magnetic resonance im-
aging, magnetic separation, and 
medical diagnosis, because of 
its superparamagnetism under 
sub-20 nm and innate biological 
compatibility.  Furthermore, in the 
past decade, magnetic NPs with 
unique size- and shape-dependent 
magnetic properties also inspired 
an intensive exploration on the 
potential applications. 

All syntheses in this work 
were performed using standard 
Schlenk line techniques.  Typically, 
oleic acid (40 µL), oleylamine 
(40 µL), and 2-tetradecanediol (5 
mmol) were dissolved in benzyl 
ether (15 mL) as the reaction so-
lution, while Fe(acac)3 (1 mmol) 
was dissolved in benzyl ether 
(5 mL) as the precursor solution 
with the concentration of 0.2 M.  
The reaction solution was under 
the reflux temperature of 290 oC  
with a heating rate of 10 oC /min.  
Then the precursor solution was 
injected into the hot reaction solu-
tion at 290 oC with the injection 
rate of 10 mL/h.  The fluctuation of 
reaction temperature was less than 
5 oC  during the injection process.  
After the injection was finished, 
the reaction solution was kept at 

290 oC for 2 h and then naturally 
cooled to room temperature.  Fi-
nally, the NPs were collected 
by centrifuge followed by being 
washed with ethanol and redis-
persed in hexane.  This purified 
process was carried out for several 
cycles. The final product 
was stored in hexane.

The shape forma-
t i o n  p r o c e s s  o f  t h e 
modified hot-injection 
m e t h o d  c a n  b e  d e -
scribed by using the La 
Mer model1 as shown in 
Fig 1.

For the recipe men-
tioned above, the shape 
of Fe 3O4 NPs was cubic 
due to the promoted 
facet-selective growth 
in  per iod  I I I ,  which 
depended on the dif-
ferential intrinsic growth 
rate and dissolution/
reconstruction on differ-
ent planes.  The limited 
monomers preferentially 
grew on the planes with 
higher surface energy, 
such as {111} and {110} 
planes, to reduce the to-
tal energy.  Consequent-
ly, the growth rate of the 
{100} planes became the 

slowest due to their lowest surface 
energy in spinel oxides, leading to 
the formation of nanocubes with 
the terminated {100} planes, as 
shown in Fig. 1(b). 

On the other hand, when 

Fig. 1: Schematic presentation of (a) concentration ver-
sus reaction time based on La Mer model for the 
modified hot-injection polyl processes (the blue 
and red lines represent the formation of nanocubes 
and nanopolyhedrons, respectively) and (b) the 
shape evolution for Fe3O4 NPs.
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the precursor concentration was 
increased to 0.3 M, the polyhe-
dral Fe 3O4 NPs were formed.  The 
higher concentration in solution 
during period I resulted in occur-
rence of earlier nucleation.  For 
the same reason, the monomer 
concentration was kept at a high 
level at the end of period II; there-
fore, the abundant monomers 
might simultaneously transfer to 
various planes and the facet-selec-
tive growth would be suppressed 
to certain extent during the early 
stage of period III.2  Consequently, 
the shape of Fe 3O4 NPs remained 
polyhedral after 2 h of reaction.  
Both {100} and {110} planes, the 
two lowest surface energy facets 
in the spinel structure,3 became 
the major terminated planes of the 
polyhedral Fe 3O4 NPs.  The TEM 
images of cubic and polyhedral 
NPs were shown in Fig. 2.  In ad-
dition, both cubic and polyhedral 
NPs displayed the texture-like as-
semblies on Si substrates in XRD 
patterns.  The assemblies of cubic 
Fe 3O4 NPs displayed the strongest 
(400) peak.  However, the XRD 
pattern of polyhedral NPs revealed 
that intensities of both the (220) 
and the (440) peaks became com-
parable to that of the (400) peak. 

 Fe 3O4 had an inverse spi-
nel structure with the formula of 
(Fe3+)A(Fe2+)B.  Tetrahedral sites (A 
site, Td ) were occupied by Fe3+, 

while octahedral sites (B site, Oh) 
were occupied by equal numbers 
of Fe2+ and Fe3+ in bulk Fe 3O4.  The 
Fe L2,3-edge XMCD spectrum of 
Fe 3O4 exhibited features of three 
different chemical environments, 
namely, Fe3+

Td, Fe2+
Oh, and Fe3+

Oh.
4  

The shape-dependent  XMCD 
spectra of Fe 3O4 NPs were clearly 
observed, as shown in Fig. 3. 
For the cubic NPs, the maximum 
peak was contributed by Fe3+

Oh, 
while it was reduced in the case 
of polyhedral NPs. These results 
indicated that the Fe3+ ions were 
more stable than Fe2+ ions at the 
octahedral sites when the shape 
of Fe 3O4 NPs became cubic.  The 
cubic Fe 3O4 NPs have a larger 

portion of surface atoms (ions) 
than polyhedral NPs.  Therefore, 
the higher surface-to-volume ratio 
of Fe 3O4 NPs could presumably be 
one of the reasons to increase the 
occupancies of ferric ions, Fe3+, 
at octahedral sites.  In addition, 
the {001} terminated planes of 
nanocubes might also lead to the 
enhanced Fe3+

Oh peak.

Beamline 11A1
MCD and XAS end stations
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Fig. 3:  XMCD spectra for cubic and polyhedral NPs.  The relative peak intensities give the 
information of cation-site occupancy of Fe3O4.

Fig. 2: For both cubic and 
polyhedral NPs: (a) 
diffraction pattern of 
polyhedral NPs; (b) 
XRD patterns for NPs 
synthesized with dif-
ferent precursor con-
centration; TEM im-
age of (c) polyhedral 
and (d) cubic NPs.
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