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Non-monotonic size change of monodisperse Fe3O4

nanoparticles in the scale-up synthesis†

Ning-Ning Song,a Hai-Tao Yang,*a Xiao Ren,a Zi-An Li,b Yi Luo,a Jun Shen,c Wen Dai,c

Xiang-Qun Zhanga and Zhao-Hua Cheng*a

A non-monotonic size change of monodisperse Fe3O4 nanoparticles (NPs) with a diameter of 3–20 nm is

observed in the scale-up organic-phase synthesis. The crystal structures and the valence state of the Fe ions

of the as-prepared NPs were determined by X-ray diffraction (XRD) and Mössbauer spectroscopy,

respectively. It is interestingly observed that particle size does not decrease monotonously with either

the increase of the molar ratio of oleic acid (OA) to FeO$OH, or the decrease of precursor concentration.

Furthermore, the reaction process was investigated via the time-dependent Fourier transform infrared

spectra (FTIR) and the transmission electron microscopy (TEM) images, which reveal that the non-

monotonic size change results from the different influence of OA on the three reaction stages including

monomer formation, nucleation, and growth with increasing precursor amounts.
I Introduction

Magnetic NPs with their capability of being manipulated under
a magnetic eld provides a controllable means of magnetically
tagging biomolecules or cells. These novel properties are of
great potential application in highly efficient bioseparation/
drug delivery, highly sensitive bio-sensing, magnetic resonance
imaging (MRI) contrast enhancement, and magnetic uid
hyperthermia.1–3 In the family of magnetic NPs, magnetite
(Fe3O4) has recently attracted much attention due to its high
Curie temperature (Tc � 850 K), good biocompatibility, high
magnetic moment, and relatively good air-stability. In order to
realize the application in both biomedical and many nano-
technology elds, the gram-scale or kilogram-scale synthesis of
size-controlled monodisperse Fe3O4 NPs with high saturation
magnetization is of key importance. Recently, high-temperature
organic-phase methods using various precursors such as
Fe(CO)5, Fe(acac)3, and Fe(OA)3, have widely been applied since
they have the overwhelming advantage of well-controlling the
dispersion, crystallization, size, and shape compared to tradi-
tional co-precipitation in an aqueous solution. In particular,
hydrophobic NPs can be transformed into hydrophilic ones by
ligand exchange coupling, allowing the preparation of aqueous
NP dispersions for biomedical applications.4 However, as a
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laboratory technique, high-temperature organic-phase methods
are usually used to prepare several or dozens of micrograms of
monodisperse NPs. Until now, only Hyeon's group reported a
gram-scale synthesis of iron oxide NPs using the thermal
decomposition of iron oleate.5 Moreover, in the scale-up
synthesis, the law for controlling the size and shape does not
abide by a simple multiple relationship and would be greatly
different from that previously determined at the microgram-
scale. Some researchers have observed that a change of the ratio
of surfactant/precursor and even the ratio of two combined
surfactants has a strong inuence on particle size, shape, and
size distribution. For example, Yang has observed that the oleic
acid (OA)/Fe(CO)5 molar ratio of 3 is the lowest limit for making
monodisperse NPs.6 Yang et al.7 and Hyeon et al.8 have reported
that a ratio of OA/Fe(acac)3 over 4 can produce Fe3O4 nano-
cubes, while Sun et al. prepared spherical Fe3O4 NPs using a
similar method with the ratio of OA/Fe(acac)3 less than 3.9 Wu
et al. have observed that the ratio of two surfactants can have a
non-monotonic inuence on the size of UO2 NPs.10 In order to
achieve the gram-scale or kilogram-scale synthesis of NPs, it is
greatly important to reveal a general law to control the size and
size distribution in the scale-up synthesis of NPs based on an
investigation on the inuence of the stepwise increase of
concentration and the ratio of the surfactants and precursors on
particle size and its distribution.

In this paper, we report the unexpected observation of a non-
monotonic size change of monodisperse Fe3O4 NPs with a
diameter of 3–20 nm in the scale-up synthesis with a product
mass from 0.03 to 1.0 g. The low-cost and non-toxic reactants,
including FeO$OH and oleic acid, were used for the scale-up
synthesis of Fe3O4 NPs via a facile high-temperature organic-
phase method. It is interestingly observed that particle size does
This journal is ª The Royal Society of Chemistry 2013
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not decrease monotonously with either an increase of the molar
ratio of OA to FeO$OH, or the decrease of precursor concen-
tration, which is very different from most of the reported
results.11–13 Moreover, the reaction process is investigated via
the time-dependent FTIR spectra and TEM images, which reveal
that OA has a different inuence on the reaction stages with an
increasing amount of precursor.
II Experimental
Nanoparticle synthesis

FeO$OH (50–80 mesh), 1-octadecene (ODC) and OA were
purchased from Aldrich Chemical Co. All the other chemicals
used in this work were of analytical reagent grade without the
need for further purication. In a typical experiment for 5 nm
NPs, 0.528 g (6 mmol) of FeO$OH, 10.296 g OA (36 mmol), and
40 mL of ODC were combined in a three-neck round-bottom
reaction ask. The mixture was heated to 315 �C with a heating
rate of 10 �Cmin�1 under magnetic stirring, and reuxed at this
temperature for 1 h. The initial reddish-brown color of the
reaction solution turned to brownish-black. The reaction solu-
tion was then cooled to room temperature by removing the heat
source. Under air conditions, ethanol and acetone were added
to the mixture, and a black material was separated via centri-
fugation. The black product was then dissolved in hexane.
Centrifugation (3000 rpm) was applied to remove any aggrega-
tion residues. The product was then precipitated with ethanol,
centrifuged (8000 rpm) to remove the solvent, excess surfactants
and NPs with smaller sizes, and re-dispersed in hexane. Aer
washing, the yield of Fe3O4 NPs was about 80%. In order to
obtain the sample with a much narrower size distribution, the
above separation procedure can be repeated several times; this
is named as the size-selective treatment. Aer two size-selective
treatments, the yield of Fe3O4 NPs decreased to about 70%.
Fig. 1 TEM images of NPs with different sizes, (a) 3 nm, (b) 5 nm, (c) 12 nm, (d)
18 nm; TEM images with the large area-superlattices of samples with different
sizes, (e) 3 nm, (f) 16 nm; an HRTEM image of the 12 nm sample is shown in the
inset of figure (c).
Nanoparticle characterization

TEMwas performed on a Toshiba H8100 at 120 kV and was used
to determine particle shape and size distribution. Samples for
TEM were prepared by drying the NP solutions on amorphous
carbon-coated copper grids. High resolution TEM (HRTEM)
showed the lattice structure of individual particles. XRD was
used to characterize the crystal structure of the samples using
step-scanning with a 0.02� step and 5 s integration time.
Mössbauer spectroscopy was used to investigate the valence
state of the Fe ions and the structure of the nanoparticles. The
Mössbauer spectrum of 57Fe at room temperature was recorded
by a Wissel constant acceleration Mössbauer spectroscopy
system with a 57Co (Rh) source. The values of CS given here are
relative to the room temperature value of a-Fe. Thermogravi-
metric-differential scanning calorimetry (TGA-DSC) measure-
ments were carried out by a Shimadzu TGA-50 instrument in
which the heating procedure followed the actual reaction
conditions. FTIR spectra of the particles on KBr pellets were
recorded on a Nicolet 750 FTIR spectrometer. DCmagnetization
measurements were performed on a Superconducting Quantum
Design (SQUID) magnetometer (MPMS-XL). Zero-eld-cooled
This journal is ª The Royal Society of Chemistry 2013
(ZFC) and eld-cooled (FC) DC magnetization measurements
were carried out between room temperature and 20 K with a 100
Oe eld. The measurements of the magnetization as a function
of the magnetic eld were carried out at 300 K in elds between
�50 kOe and +50 kOe.
III Results and discussions

The TEM images of as-prepared 3, 5, 12, and 16 nm NPs without
special size-selective treatment are shown in Fig. 1. The relative
standard deviation of the size distribution is less than 10% and
decreases to 5% aer a size-selective treatment. The TEM
images show that the NPs without special size-selective treat-
ment can form partially ordered structures, rather than form
superlattices in a big area. Aer size-selective treatment, the size
distribution can be extremely narrowed, and the typical super-
lattices with a big area for the 3 nm and 16 nm samples are
shown in Fig. 1e and f. The typical HRTEM images of the 12 nm
NPs show that they are single crystalline, as indicated clearly by
the atomic lattice fringes with the interfringe distance
measured to be 0.292 nm for the (220) plane of the reversal
spinel structure (the inset of Fig. 1c).

The XRD patterns of Fe3O4 NPs with particle sizes of 3 nm,
5 nm, 12 nm, and 16 nm, as shown in Fig. 2a, exhibit highly
crystalline peaks that can be matched to the reverse spinel
structure for pure bulk Fe3O4 (JCPDS no. 894319). Because
magnetite and maghemite have very similar XRD patterns, we
performed further characterizations by 57Fe Mössbauer spec-
troscopy to distinguish the phases of iron oxide NPs (as shown in
Fig. 2b). TheMössbauer spectra at room temperature were tted
using two magnetic components of hyperne elds. The two
sextets with hyperneelds (Hhf), and the center shi (CS) of one
(487.55 kOe and 0.32 mm s�1) and the other (456.5 kOe and
0.66mms�1) suggest the existence of Fe3+ and Fe2.5+ ionic states.
Hhf ¼ 487.5 kOe and 456.5 kOe correspond to the Fe3+ ions on
Nanoscale, 2013, 5, 2804–2810 | 2805



Fig. 2 (a) Powder XRD patterns of the NPs: 3 nm, 5 nm, 12 nm, 16 nm and bulk
Fe3O4. (b)

57Fe Mössbauer spectroscopy spectra for Fe3O4 NPs at room temper-
ature. (c) ZFC (closed symbols) and FC (open symbols) magnetizations for the
3 nm, 5 nm, 12 nm and 16 nm samples. (d) Magnetic hysteresis loops at 300 K for
the 3 nm, 5 nm, 12 nm and 16 nm samples.
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the tetrahedral sites and the Fe2.5+ (Fe2+ Fe3+) ions on the octa-
hedral sites, respectively. The results are consistent with the
room-temperature results previously observed for magnetite
NPs.14,15The two sextets were comparedwith a typicalMössbauer
spectrum of bulk magnetite. The hyperne eld is lower than
that of the bulkmaterial and the resonance lines are broadened.
The changes in theMössbauer spectrum are due to thenite size
effect, which can cause a higher percentage of surface atoms,
additional stresses between atoms, and a superparamagnetic
behavior.16,17 Then the stoichiometry of the NPs was extracted
by comparing the relative areas of TetFe3+ and OctFe2.5+

using the following equation x ¼ Fe2+/Fe3+ ¼ (1/2OctFe2.5+)/
(1/2OctFe2.5++TetFe3+).18 The ratio of Fe2+ and Fe3+ is about 46.7%,
which implies that the stoichiometry of the NPs is
Fe3+2+0.066Fe

2+
1�0.066O4. The possible reason for the slight shi

of Fe3+ : Fe2+ ¼ 2 : 1 is the partial oxidation of Fe2+ ions on the
surface layer or a slight presence of vacancies in the tetrahedral
sites. The magnetic properties of Fe3O4 NPs with different sizes
were studied. Fig. 2c shows the FC and ZFC obtained between
20 K and 300 K at an applied eld of 100 Oe. All of the four
samples show a superparamagnetic behavior. The blocking
temperature, TB, increases continuously as the diameter of the
NPs increases, from 40K, 96 K, 145 K to 235 K for the 3 nm, 5 nm,
12 nm, and 16 nm samples, respectively. The hysteresis loops of
the Fe3O4 NPs with different sizes at 300 K are shown in Fig. 2d.
The saturation magnetizations (Ms) at 300 K of the Fe3O4 NPs
with sizes of 3, 5, 12, and 16 nm were 56.0, 59.0, 67.0 and 79.0
emu g�1, respectively. TheMs value of the 16.0 nm Fe3O4 NPs is
slightly lower than that of commercial magnetite powder (Alfa,
Product no. 12962).

To reveal the varying law of particle size in the scale-up
synthesis, we systematically investigated the inuence of step-
wise increasing the precursor concentration and the molar ratio
of the surfactant-to-precursor, OA/FeO$OH, on the particle size
2806 | Nanoscale, 2013, 5, 2804–2810
from the microgram-scale to the gram-scale. A series of
synthesis experiments was carried out with six different
precursor concentrations, 0.0125 M, 0.05 M, 0.1 M, 0.15 M,
0.2 M, and 0.45 M, and different molar ratios of OA/FeO$OH,
from 1 : 1 to 24 : 1. The inuence of the reaction precursor and
surfactant/precursor ratio on particle size is summarized in the
table shown in the ESI.† Particle size as a function of the
precursor concentration is plotted in Fig. 3a. It was found that
at all four molar ratios of OA/FeO$OH the particle size has a
non-monotonous change with an increasing concentration of
precursor. When the ratio of OA/FeO$OH was 1 : 1 the size
changed slightly from 20 nm to 18 nm by increasing the
concentration from 0.0125 M to 0.2 M. When the ratio of OA/
FeO$OH was 4 : 1, the size changed greatly from 20 nm to 2 nm
and then to 18 nm by increasing the concentration from 0.0125
M to 0.1 M and 0.2 M, respectively. These results mean that the
scale-up synthesis of Fe3O4 NPs with an expected size can not be
achieved only by increasing the amount of all the reactants at
the same equal proportion and that the size is greatly sensitive
to the molar ratio of OA/FeO$OH. Therefore, the relationship
between nanoparticle size and the ratio of OA/FeO$OH at
different precursor concentrations was further investigated (as
shown in Fig. 3b). With an increasing OA/FeO$OH ratio, the
variation of particle size is not monotonous, decreasing at rst,
then increasing, and decreasing again at all concentrations. It
should be noted that in the rst decreasing stage and the
subsequent increasing stage, the yield of NPs is not signicantly
changed with the increase of OA/FeO$OH. In the second
decreasing stage, the yield of NPs decreases dramatically, and if
the ratio is over a critical value no NPs precipitate from the
reaction solution. In Fig. 3b, with increasing precursor molar
amounts between 0.0125 M and 0.2 M, the critical OA molar
ratios are 24, 13, 13, 10, and 10, respectively. This indicates that
the extremely high OA amount does indeed suppress the
formation of monomers and the subsequent nucleation. To
reveal the scale-up synthesis law, a three dimension (3D) sche-
matic diagram of the inuence of the precursor concentration
and reactants ratio on particle sizes is shown in Fig. 3c using
interpolation calculation. Several laws for the gram-scale
synthesis can be clearly concluded: (1) a larger ratio of surfac-
tant/precursor has no remarkable effect on enlarging the
adjusting scope of size and 10 is usually enough to obtain 1–50
nm NPs for cost-effectiveness; (2) below the ratio of 10, the
adjusting scope for the same size shows a pyriform-ring shape,
and with the precursor concentration increasing, the adjustable
scope shrinks to the pear-neck-shaped part, which indicates
that an extremely high precursor concentration is not benecial
for size control in the scale-up synthesis over the gram-scale; (3)
in the scale-up synthesis, a high surfactant/precursor ratio is
usually good for narrowing the size distribution and thus the
surfactant/precursor ratio limited between 5 and 10 is an overall
consideration of high-quality and cost-effectiveness.

In order to understand the thermal decomposition process
of FeO$OH and determine the role of OA in the scale-up
synthesis, we carried out a time-dependent FTIR analysis and
TGA-DSC for three typical OA/FeO$OH molar ratios in series,
3 : 1, 6 : 1, and 9 : 1, with a 0.15 M precursor concentration. The
This journal is ª The Royal Society of Chemistry 2013



Fig. 3 (a) The relationship between the average size and precursor concentration with the ratio OA/FeO$OH 1 : 1 ( ), 2 : 1 ( ), 4 : 1 ( ) and 8 : 1 ( ). (b) The
relationship between the average size and the ratio OA/FeO$OH with the concentration 0.5 M ( ), 2 M ( ), 4 M ( ), 6 M ( ) and 8 M ( ). (c) 3D schematic diagram of
the influence of the precursor concentration and reactants ratio on particle size.
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specimens for the time-dependent FTIR spectra were prepared
by directly extracting hot aliquots (1 mL) of the reaction mixture
(6 mmol FeO$OH, 40 mL ODC) at different reaction stages:
dissolved (250 �C), reuxing point (315 �C), reuxing for 2 min,
5 min, 10 min, 30 min, 60 min, and 90min (315 �C). The spectra
of samples with the molar ratio of 3 : 1 are shown in Fig. 4a.
Compared with the spectrum of OA, the obvious difference is
that two peaks located at 1598 cm�1 and 1552 cm�1 appear aer
Fig. 4 The FT-IR spectra of the reaction solution (a) OA/FeO$OH is 3 : 1, FeO$OH
is 6 mmol/40 mL aged at 250 �C (dissolved), 315 �C (refluxing), 315 �C for 5 min,
30 min and 1 h, respectively, (b) OA/FeO$OH is 6 : 1, FeO$OH is 6 mmol/40 mL
aged at dissolved, refluxing moment, for 2 min, for 5 min, for 10 min, 15 min, 20
min, 30 min and 1 h, (c) OA/FeO$OH is 9 : 1, FeO$OH is 6 mmol/40 mL aged at
dissolved, refluxing moment, for 2 min, for 5 min, for 10 min, 15 min, 20 min, 30
min and 1 h. (d) TGA and DSC profile of FeO$OH powder (blue) and sample with
OA/FeO$OH 3 : 1 (black).

This journal is ª The Royal Society of Chemistry 2013
dissolving above 250 �C, which indicates the formation of an
iron carboxylate complex. Generally, the characteristic peaks of
iron-oleate are near 1608 cm�1, 1519 cm�1 and 1444 cm�1.19

This reveals that an iron carboxylate complex, possibly (FeO)–
COOR (R represents the carbon chain) and not iron oleate,
formed above 250 �C by unidentate or bidentate coordination
modes between Fe3+ and the –COOR group from the in-site
reaction of FeO$OH and OA. The two peaks disappear aer
reuxing for 10 min, which indicates that the iron carboxylate
complex, as the intermediate product, completely decomposes
to iron oxide monomer by reuxing for a short time at 315 �C.
However, for the OA/FeO$OH ratios of 6 : 1 and 9 : 1, only a
broad peak appears at temperatures above 250 �C, possibly
because the excess OA interacts with the COO–Fe group which
leads to the shi of the characteristic peaks of the iron
carboxylate complex to a combined broad peak. The combined
broad peak disappears aer 60min in the case of the OA/FeO$OH
molar ratio of 6 : 1, and still exists even aer 90 min in the case
of the OA/FeO$OHmolar ratio of 9 : 1. This reveals that the iron
carboxylate complex completely decomposes aer 10 min, 30
min andmore than 90min when the solution reaches 315 �C for
the ratios of OA/FeO$OH 3 : 1, 6 : 1 and 9 : 1, respectively. The
peaks at 1708 cm�1 and 1463 cm�1 are the characteristic C]O
and C–H (CH2) groups on OA. The peaks at 1411 cm�1 and 1284
cm�1 can be associated with the C–O–H in-plane bend (dC–O–H)
and the C–OH stretch (nC–OH).20 During the reaction process the
C–H (CH2) group (1463 cm�1) hardly changed, C–O–H (1411
cm�1) and C–OH (1284 cm�1) almost disappeared but the C]O
(1708 cm�1) peak slightly shied to 1716 cm�1 and the relative
peak intensity decreased (Fig. 4a). The C]O (1708 cm�1) peak
intensity shows an obvious decrease aer reuxing at 315 �C for
only 2 min, and a slow decrease in the case of the OA/FeO$OH
molar ratios of 6 : 1 and 9 : 1 as shown in Fig. 4b and c. These
Nanoscale, 2013, 5, 2804–2810 | 2807
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results clearly indicate that C]O (1708 cm�1), C–O–H (1411
cm�1) and C–OH (1284 cm�1) played an important role in
producing Fe3O4 NPs. The synthesis process can be concluded
with some of the C]O groups (1708 cm�1) on OA taking part in
the synthesis of the iron carboxylate complex above 250 �C and
some absorbing on the monomer and Fe3O4 nuclei as a
surfactant so as to control the nucleation and growth of Fe3O4

NPs. In Fig. 4d, the TGA-DSC traces of the pure FeO$OH powder
(Aldrich, product no. 371254) and the mixed OA/FeO$OH with
the molar ratio of 3 : 1 are presented. The DSC trace of the pure
FeO$OH powder shows three endothermic peaks at 60, 175, and
240 �C that can be assigned to the removal of absorbed water,
the removal of crystal hydrate water, and the decomposition of
FeO$OH, respectively. And during aging at 315 �C, the trace is
nearly a horizontal line which indicates that no endothermic
reaction happens. In the case of the mixed OA/FeO$OH, two
obvious endothermic peaks at 230 and 315 �C are observed
which can be assigned to the formation and subsequent
decomposition of an iron carboxylate complex. During aging at
315 �C, the trace keeps slightly increasing for a long aging time.
Such results reveal that most of the iron carboxylate complex
decomposes within 10 min aer the reaction temperature
arrived at 315 �C, but there still exists a small amount of iron
carboxylate complex decomposing in the subsequent aging
process.

Based on these experimental results, a possible mechanism
for the non-monotonic size change in the scale-up synthesis of
Fe3O4 NPs is presented combined with some nucleation and
growth theory. In our scale-up synthesis process, the reaction
solution prepared at room temperature is heated to a high
temperature to produce NPs, which is called the “heating-up”
method. The “heating-up” method is quite different from the
“hot injection” method in that there is no operation that
induces high monomer supersaturation instantaneously. High
monomer supersaturation induced by “hot injection” leads to a
fast homogeneous nucleation reaction that is followed by a
diffusion-controlled growth process, in which “focusing” of the
particle size distribution occurs.21 In the “heating-up” process,
the generation of monomers occurs for a relatively long time
and follows simultaneously the nucleation and growth of the
NPs. Our synthesis process of Fe3O4 NPs is composed of three
sequential steps. The rst step is the formation of an iron
carboxylate complex in situ, the second is the thermal decom-
position of the iron carboxylate complex to form a monomer,
and the third is the nucleation and growth of the Fe3O4 NPs.
The thermal decomposition reaction of the transition iron
carboxylates occurs via the formation of thermal free radicals.
The break up of the Fe–O and FeO–C bonds of the iron
carboxylate results in radical species as shown in eqn (1)
and (2).22,23
Fig. 5 TEM images of the samples (OA/FeO$OH is 3 : 1, FeO$OH is 6 mmol/40
mL) taken after refluxing at 315 �C for 2 min (a), 5 min (b), 10 min (c), 30 min (d),
60 min (e), 90 min (f).
Fe–OOCR / Fe_+ RCOO_ (1)

Fe–OOCR / FeO_+ RC_O (2)

These radical species can recombine, decompose into
smaller molecules, or react with other iron carboxylate
2808 | Nanoscale, 2013, 5, 2804–2810
molecules to propagate the decomposition reaction. Usually,
the thermal decomposition of iron carboxylates in the solid
state leads to the formation of iron oxide along with other
byproducts such as CO, CO2, H2, water, ketones, esters, and
hydrocarbons with various chain lengths. Although some
reaction equations have been suggested for the thermal
decomposition of iron carboxylates, the reaction route for the
formation of iron oxide and the exact stoichiometric relations
are not clear. A transparent solution was observed until 250 �C
and no precipitate was found aer an 8000 rpm centrifugation,
which indicate that the powdery FeO$OH had dissolved as a
kind of iron carboxylate complex from the reaction between
FeO$OH and OA at this thermal condition. It was found that
below 300 �C, there were no NPs produced. The formation of
iron oxide NPs only takes place above 315 �C. Aer reuxing
for 5 min, the typical peaks corresponding to the carboxylate
group are still observed in the FTIR spectra and disappear aer
reuxing for 10 min, which indicates that such a “heating-up”
method goes through a slow pyrolysis of the iron carboxylate
complex. To trace the nucleation and growth process of Fe3O4

NPs, we obtained TEM images of a series of aliquots drawn
from the reaction solution during the reuxing procedure (as
shown in Fig. 5). In Fig. 5a the TEM image of the aliquot taken
aer reuxing at 315 �C for 2 min shows particles with a mean
diameter of 3 nm and an irregular shape. In Fig. 5b both small
NPs and big NPs with size up to 10 nm have been observed
aer reuxing for 5 min. With the reaction going on at 315 �C
for 10 min the size becomes uniform around 10 nm and the
shape regularly spherical. At the same time, the small nano-
particles almost disappear. Considering the time during which
they reach a nearly xed size, the small NPs seem to be at the
stage just aer nucleation in the homogeneous solution. If this
is the case, from the size distribution data, it can be deduced
This journal is ª The Royal Society of Chemistry 2013
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that the nucleation process terminated aer a 10 min aging at
315 �C in which the iron carboxylate complex also completely
decomposes, as seen from the FTIR results. From Fig. 5a–c it is
clear that the NPs grew quickly and that they aged at 315 �C. In
the following aging, their surface became smoother and
rounder, while their growth rate slowed down, as can be seen
by comparing Fig. 5d and f aer a 30 min and 60 min aging at
315 �C. Aer that, further aging of the NPs resulted in a
broadening of the size distribution and the changing of the
particle shape from spheres to an irregular shape aer aging
for 90 min, as shown in Fig. 5e. If the monomers can dissolve
and reprecipitate on the crystal surface reversibly in the solu-
tion, they will have a tendency to migrate from a higher to a
lower free energy region. When the monomer concentration is
low, this tendency leads to the ripening process in which the
intra- and inter-particle redistribution of the monomers
occurs. Through this process, the morphology of the NPs
changes to a thermodynamically stable one with a smooth
surface. Because smaller particles have higher surface free
energy due to the Gibbs–Thomson effect, the monomers
moved from smaller to larger particles. Thus, in addition to the
morphology change, the broadening of the size distribution
also occurs by the ripening process. The inter-particle redis-
tribution of the monomers is well known as Ostwald ripening.

Now a clear understanding of the “heating up” synthesis
process is present, which goes through a slow monomer
formation period via the pyrolysis of the iron carboxylate
complex, a slow and continuous nucleation, and a fast growth
stage via Ostwald ripening. Combined with the nucleation–
growth theory for NPs and further experiments, we expect to
give a reasonable explanation on the observed behavior of the
non-monotonic size change in our scale-up synthesis. From
the FTIR results, with the molar ratio of OA/FeO$OH less than
5 : 1, the carboxylate group at all precursor concentrations
except 0.0125 M disappears aer aging at 315 �C for 10 min.
With an increasing molar ratio of OA/FeO$OH between 5 : 1
and 10 : 1, the carboxylate group disappears aer aging at 315
�C for 60 min. For a high molar ratio of OA/FeO$OH over 10 : 1,
the carboxylate group does not disappear even aer aging for
90 min and nearly no NPs can be observed. So we deduce that
OA has an inuence on (1) the growth stage below the molar
ratio of OA/FeO$OH of 5 : 1, (2) the nucleation stage between
the molar ratio of OA/FeO$OH of 5 : 1 and that of 10 : 1, (3) the
monomer formation stage above the molar ratio of OA/FeO$OH
of 10 : 1. For the extremely low precursor concentration of
0.0125 M, the molar ratio of OA/FeO$OH can extend to 10 : 1
and 18 : 1 as partition points. For the molar ratio of OA/FeO$OH
less than 5 : 1 or 10 : 1 in the extremely low precursor
concentration case, the remaining amount of OA aer
consumption in the formation of iron carboxylate is not
enough to dissolve the monomers or prevent the progress of
the pyrolysis of the iron carboxylate, and only plays a role in
preventing the growth of NPs via Ostwald ripening, which
results in a decreasing particle size with an increasing ratio of
OA/FeO$OH. Over the critical value of 5 : 1 or 10 : 1 in the
extremely low precursor concentration case, the remaining OA
aer consumption in the formation of the iron carboxylate can
This journal is ª The Royal Society of Chemistry 2013
have an ability to dissolve the monomers, or an exacter
explanation would be that the dissolving speed of the mono-
mers is more than that of reprecipitation on the particle
surface, which results in a decrement of the amount of
nucleation and more monomers are thermodynamically driven
to grow on the small NPs leading to an increment of NP size.
By increasing the ratio of OA/FeO$OH over another critical
value, 10 : 1 or 18 : 1, in the extremely low precursor concen-
tration case, the remaining OA has a high enough chemical
potential to suppress the progress of the pyrolysis of the iron
carboxylate, which results in a dramatic decrease of both the
monomers and the nuclei leading to small particle size and
low yield of NPs.

Though our present mechanistic studies are qualitative or
empirical, we expect to provide some revelatory information for
other researchers from such a rapid report. We shall next build
a theoretical model to describe the “heating-up” process
according to the Finke–Watzky24 two-step kinetic mechanism
consisting of (a) a slow, continuous nucleation and then (b) a
fast, autocatalytic surface growth, and perform a numerical
simulation based on this model. Through further theoretical
models, the mechanism underlying the control of the size and
size distribution in the “heating-up” method can develop a
general technical route for the gram- or kilogram-scale
synthesis of uniform-sized NPs.
IV Conclusions

We have presented a scale-up synthesis of Fe3O4 NPs from 3 to
20 nm by changing the concentration of the precursor and the
ratio of the surfactant/precursor in a wide range using a facile
organic-phase synthesis method. Under a six stepwise increase
in the concentration of precursor, the size of the Fe3O4 NPs did
not show a monotonic change with an increasing molar ratio of
OA/FeO$OH. The surfactant played different roles, including
preventing the aggregation of small NPs, suppressing the
nucleation process, and inhibiting the pyrolysis of the iron
carboxylate, in controlling the size of Fe3O4 NPs in different
stages of the “heating-up” synthesis method. Since the “heat-
ing-up”method which is simple, economical, exible, and safe,
is propitious to applications in the industrial production of
monodisperse Fe3O4 nanoparticles, it is expected that such a
non-monotonic change of particle size in scale-up synthesis is
helpful not only for the further understanding of nucleation
and growth processes in the “heating-up” method, but also for
the development of the gram-scale or kilogram-scale synthesis
technique of monodisperse NPs.
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