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while in the core region of the nanoparticles, wustite 
(Fe2+O) is present. The heating rate applied for the 
nanoparticle synthesis was systematically varied 
from 1 to 30 °C/min, while all other parameters were 
kept constant. A strong increase of the particle size 
(> 20 nm) was observed for low heating rates, which 
could be explained qualitatively in the frame of the 
LaMer model and allows for fine-tuning and control of 
the particle size.

Keywords  Nanoparticles · Iron oxide 
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Heating rate

Motivation

Transition metal oxide nanoparticles show interest-
ing size- and shape-dependent properties due to their 
wide diversity of their crystal structure and metal oxi-
dation states. In particular, ferrite nanoparticles can 
be used in many different fields like sensor technol-
ogy [1], spintronics [2], catalysis [3], various medical 
applications (hyperthermia, contrast agent, targeted 
drug delivery, theragnostic applications) [4–10], or 
water treatment [11–13].

A widely applied method for the synthesis of such 
nanoparticles is the thermal decomposition of metal 
oleate precursors in high boiling solvents such as 
1-octadecene [14, 15]. A common drawback of this 
method is the limited size of the nanoparticles. In 
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most cases, the size of the particles ranges between 
10 and 20 nm [14, 16–18]. Larger particles are hard 
to achieve by this method but might be useful for 
certain applications, e.g. in the field of hyperthermia 
[19].

In this study, however, it is demonstrated that iron 
oxide nanoparticles > 20 nm can be easily synthesized 
using different surfactants of oleic acid and sodium 
oleate by lowering the heating rate during the syn-
thesis to 1  °C/min. The underlying formation pro-
cess could be explained qualitatively in the frame of 
the LaMer model [20]. Similar behaviour has been 
observed [21–23] and simulated [22] by other groups 
for different precursor-solvent systems. Here, we 
demonstrate that this is also valid for the abovemen-
tioned iron-oleate precursor in 1-octadecene as sol-
vent in combination with surfactants.

Sample preparation

Iron oxide nanoparticles were synthesized following 
the method of Park et  al. [14]. This method is quite 
robust and delivers usually monodisperse particles. 
The size and shape of the particles depends on the 
synthesis parameters, particularly on the used sur-
factants. Typical surfactants are oleic acid or sodium 
oleate [17]. The corresponding metal oleate precur-
sors were synthesized from oleic acid and the corre-
sponding metal chloride salts.

Precursor preparation

The iron (III) oleate precursor was prepared shortly 
before the particle synthesis to avoid aging effects 
that can affect the reproducibility [24].

The iron oleate precursor was synthesized by the 
reaction of 10  mmol FeCl3 ⋅ 6H2O with 30  mmol 
oleic acid (HOl) in the presence of 30 mmol NaOH in 
a solvent mixture of n-hexane (18 ml), EtOH (10 ml), 
and water (8 ml), under nitrogen blanket. The solution 
was stirred by a magnetic stirrer during the whole 
process. The reaction mixture was heated up and kept 
at its boiling point of ~ 60 °C for 4 h in a three-neck 
flask with reflux condenser, nitrogen inlet (gas flow of 
approx. 1 ml/s), and thermometer.

After cooling down to room temperature (RT), the 
iron oleate was separated in a separation funnel and 
washed three times with 10 ml water. After washing, 

it was dried under vacuum for 5 h at ~ 50 °C, until a 
dark brown, highly viscous liquid was obtained.

Particle preparation

For particle synthesis, the precursor and surfactants 
were diluted in 1-octadecene under nitrogen atmos-
phere. If not stated otherwise, 10 ml of 1-octadecene 
and 1  g (1.11  mmol) of iron oleate were used. Dif-
ferent amounts of pure HOl as well as a mixture of 
HOl and sodium oleate (NaOl) have been used as sur-
factants. The 1-octadecene was degassed in advance 
for 30 min at ~ 50  °C under vacuum to remove oxy-
gen. During this procedure, the flask was vented three 
times with dry nitrogen and evacuated again. The 
reaction flask was heated by a heating mantle with 
variable heating power. To decompose the precur-
sor, the reaction solution was heated up to 318 °C at 
a controlled heating rate, ranging from 1 to 30 °C per 
min. The heating rate was kept linear for all heating 
rates except 1 °C/min. Here, the mixture was heated 
up to 100 °C at a higher heating rate first before the 
1  °C/min rate was adjusted. Typical heating profiles 
that were recorded during the synthesis of the nano-
particles are shown in Fig. 1. As can be seen, the tem-
perature profiles show a perfect linear behaviour for 
high heating rates, while for the 1  °C/min run there 
are some minor fluctuations visible.

During the decomposition, the solution was stirred 
by a magnetic stirrer and a continuous N2 flow of 

Fig. 1   Typical heating rate profiles used for the particle synthesis
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approx. 1  ml/s was applied. The 1-octadecene level 
was kept constant by a reflux condenser.

The reaction solution was typically kept at the 
boiling point for 90  min. After that, the heater was 
switched off and the solution was allowed to cool 
down to RT still under nitrogen flow and stirring.

Sample preparation for TEM analysis

For transmission electron microscopy (TEM) analy-
sis, 1  ml of the particle containing dispersion was 
diluted and shaken well with 2–3  ml n-hexane, 
and then, the particles were precipitated by adding 
10–12  ml isopropanol. The dispersion was centri-
fuged, the clear solution poured away, and the par-
ticles were re-dispersed in 2–3  ml n-hexane. This 
cleaning procedure was applied three times. Finally, 
a carbon coated copper grid was dipped in the disper-
sion for 1 s. The grid was dried under ambient condi-
tions before the TEM study was performed. For TEM 
analysis, a JEOL JEM F200 operated at 200  keV 
beam energy was used. The electron energy loss spec-
tra (EELS) were measured with a GATAN Contin-
uum S EELS spectrometer.

Results

Conventional bright field TEM images of the nano-
particles synthesized at different heating rates varied 
from 1 up to 30  °C/min and applying a mixture of 
NaOl (0.075 mmol/ml) and HOl (0.075 mmol/ml) as 
surfactants are shown in Fig. 2a–d. Clearly, nanopar-
ticles with cubic shape and sizes from 17 to 27  nm 
(averaged edge length) were obtained. However, most 
striking, the largest sizes were achieved by using 
the lowest heating rate of 1 °C/min. Please note that 
employing a lower amount of 0.025 mmol/ml of HOl 
and NaOl led to nanoparticles with sizes from 17 to 
28  nm without cubic morphology (not shown). As 
reference, runs without surfactants were performed as 
well. In this case, decomposing the precursor without 
surfactants resulted in more spherically shaped nano-
particles with sizes from 13 to 24 nm (Fig. 2e and f).

To obtain spherical particles, HOl was used as 
surfactant. The results for different amounts of HOl 
(0.025  mmol/ml and 0.63  mmol/ml) are shown in 
Fig. 3. Large nanoparticles from 15 to 35 nm (aver-
aged diameter) could be prepared with a low amount 

(0.025 mmol/ml) of HOl (Fig. 3a and b), whereas a 
higher amount (0.63  mmol/ml) resulted in smaller 
particles (7–10  nm, Fig.  3c and d). Again, the larg-
est spherical nanoparticles are achieved at the lowest 
heating rate of 1 °C/min (Fig. 3a).

Fig. 2   TEM images of particles prepared (a–d) with NaOl/
HOl mixture as surfactant and (e–f) without surfactant (NS). 
(g) Corresponding averaged particle size as a function of heat-
ing rate
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The sizes of the nanoparticles for both sur-
factants as function of heating rate are displayed in 
Figs. 2g and 3e, respectively. There is a clear tendency 
of the average particle size to decrease with increasing 
heating rate for the case of HlO as surfactant (Fig. 3e). 
A similar behaviour is observed for the cubic particles 
using NaOl/HOl, but here, the nanoparticle size satu-
rates for heating rates > 5 °C/min (Fig. 2g).

The shape control by the surfactants is consistent 
with the literature [16, 17]. The cubic particles are 

formed because of an anisotropic growth rate. This is 
due to the fact that the adhesion of the oleate ions is 
different for different crystallographic planes. Since 
the NaOl dissociates easier than the HOl [25] and 
the Ol− ions stick to the particles surface, the shape 
control is stronger for the case of NaOl. The growth 
speed of the {100} facets is slowed down by the oleic 
acid ions, resulting in nanocrystals confined by these 
facets [17]. The dissociation of the pure HOl is less 
and hence there is no preferred growth direction, 
resulting in spherical or almost spherical shapes. As 
can be seen from Fig. 2a–d, most of the cubes prefer 
to lie down with their {100} facets to the substrate.

The size distributions of the nanoparticles are 
summarized in Fig.  4. The cubic particles prepared 
with NaOl/HOl are nearly monodisperse with a stand-
ard deviation of around 10% (Fig.  4a). Using HOl, 

Fig. 3   TEM images of particles prepared with HOl as sur-
factant using different concentrations of (a, b) 0.025 mmol/ml 
and (c, d) 0.63 mmol/ml at different heating rates. (e) Corre-
sponding averaged particle size as a function of heating rate. 
The inset shows an enlargement of the graph for the high 
amount of HOl case

Fig. 4   Size distribution for particles (a) prepared with NaOl/
HOl mixture and (b) with HOl (0.63 mmol/ml) as surfactant
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the nanoparticles are monodispersed with a stand-
ard deviation of below 5% (Fig. 4b). Overall, for the 
higher heating rates (5, 10, 15, 20, and 30  °C/min), 
the size distribution remains more or less unchanged 
but shows a narrower distribution compared to the 
lowest heating rate (1 °C/min).

To reveal the structure of the nanoparticles, elec-
tron diffraction measurements were performed. Typi-
cal electron diffraction patterns of the various sam-
ples are shown in Fig. 5. For better comparison, the 
patterns were rotational averaged [26], i.e. the inten-
sity from the centre of the diffractogram to its edges 
was averaged along the radius to get smooth diffrac-
tion rings instead of discrete spots. All patterns match 
very well with the γ-Fe2O3 reference pattern (Magh-
emite powder, Alfa Aesar GmbH Co KG). Please 
note that due to the preferred orientation of the cubic 
nanoparticles on the substrate, the intensities of the 
[220], [400], and [440] rings are higher compared 
to the γ-Fe2O3 reference pattern. Further, there is no 
evidence of the presence of α-Fe2O3. However, due to 
the similarity of the structures of γ-Fe2O3 and Fe3O4, 
and the line broadening due to the nanocrystalline 
nature of the sample, it is impossible to distinguish 
between these phases by electron diffraction.

As can be observed in Fig.  2c and e, some of 
the nanoparticles reveal a core–shell structure. An 
EELS analysis of a cubic nanoparticle prepared with 

NaOl/HOl at 30  °C/min heating rate is presented in 
Fig. 6a. The position of the Fe L3 peak is an indicator 
for its oxidation state [27]. A higher oxidation state 
leads to a shift of the peak to higher energies, which 
is clearly seen in the linescan analysis presented in 
Fig. 6b when moving from the centre to the edges of 
the nanoparticle. From this, it can be concluded that 
the core of this nanoparticle contains some Fe2+ in 
the wustite phase (Fe1-xO), while the iron in the shell 
is oxidized to Fe3+. This is due to the fact that dur-
ing the decomposition reaction, reducing agents like 
H2 and CO may be formed that reduce the Fe3+ [28, 
29]. In addition, no systematic influence of the heat-
ing rate on this core–shell structure was found. Please 

Fig. 5   Electron diffraction pattern of the cubic particles pre-
pared with NaOl/HOl surfactant at different heating rates

Fig. 6   (a) EEL spectra (around the Fe L3 edge) taken at differ-
ent locations across a cubic nanoparticle prepared with NaOl/
HOl surfactant at 30 °C/min heating rate. The inset shows the 
corresponding scanning TEM image, which reveals a core–
shell structure. (b) Variation of the Fe L3 peak position across 
the core–shell nanoparticle presented in (a)
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note that the wustite phase could not be detected in 
the electron diffractograms. However, this core–shell 
structure has been confirmed and discussed in great 
detail earlier [28, 30].

Discussion

The influence of the heating rate on the particle size 
is expected due to the model of LaMer [20]. Based 
on this model, the synthesis of the particles is divided 
into two parts: first, when the monomer concentra-
tion exceeds the critical supersaturation level due to 
the decomposition of the precursor while heating up 
the reactants, seed particles are formed. Second, these 
seed particles are growing until all of the precur-
sor is consumed. This is schematically illustrated in 
Fig. 7. For different heating rates, the critical super-
saturation level is reached after different times. Dur-
ing the growth phase the monomer concentration is 
below the supersaturation level, so no more seeds 
are formed, resulting in monodisperse particles. It 
is crucial to separate the seed formation and growth 
process; otherwise, polydisperse particles will be 
formed. According to T. Sugimoto [31], the nuclea-
tion rate depends strongly on the monomer concentra-
tion, whereas the growth rate only gradually increases 
with monomer concentration. In case of exceeding the 
critical supersaturation level, the number of formed 

nuclei is therefore very sensitive to the maximum 
monomer concentration reached in the solution and 
the time this state lasts. During nuclei formation, the 
monomers are consumed and the concentration drops 
down below the critical supersaturation level, induc-
ing the growth phase. In case of a high heating rate, 
a strong overshooting in the supersaturation region 
is expected and therefore a high number of nuclei 
will form (Fig.  7I). Contrary, at a low heating rate, 
the monomer concentration just touches the super-
saturation level, resulting in a low number of nuclei 
(Fig. 7III). In case of the same amount of precursor 
and under the assumption of an almost full consump-
tion of this precursor, the final particle size should 
depend only on the number of particles formed.

In our experiments with OHI as surfactant, a 
more continuous increase of the particle size was 
observed with lower heating rates (Fig.  3e), while 
with NaOl/HOl, only a significant increase for the 
lowest heating rate of 1 °C/min was found (Fig. 2g). 
For all of the higher heating rates, the particle 
size stays more or less constant, i.e. the number of 
nuclei does not increase further. Finally, the sizes 
of particles prepared without surfactant, shown in 
Fig. 2g, are slightly smaller than the particles with 
surfactants. This is in accordance with the litera-
ture [16] and can be explained by the stabilizing 
properties of the surfactants on the precursor. This 
lowers the nucleation rate and therefore leads to a 
lower number of particles, which results in larger 
particles.

Based on the LaMer model, the underlying mecha-
nism that is responsible the particle size evolution 
will be discussed in the following.

To be consistent with our findings, at higher heat-
ing rates, the number of nuclei must become constant, 
i.e. independent of the heating rate. It is assumed that 
this is the case when all of the precursor is decom-
posed in the nucleation state (i.e. before the particle 
growth starts), with small nascent nuclei below their 
critical size to grow. This metastable state leads to 
the growth of some of the nuclei, reaching the criti-
cal size to be stable, whereas others dissolve again. 
Since the monomer concentration is limited by the 
amount of precursor, the system runs into this limit 
for high heating rates. For the growth phase, there 
is no precursor left. Following this argumentation, it 
should be possible to manipulate the particle size by 
changing the precursor concentration. In this case, a 

Fig. 7   Sketch of the nucleation and growth processes during 
particle synthesis for different heating rates (I–III) based on the 
LaMer model [20]
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higher precursor concentration should lead to larger 
particles. This was indeed confirmed by a further 
experiment where only the precursor concentration 
was varied from 100 to 1300 mg (dissolved in 10 ml 
of 1-octadecene). As shown in Fig. 8, a clear increase 
of particle size is visible with increasing precursor 
concentration. Similar results were also reported for 
a different precursor of manganese oleate in Ref. [32].

This conclusion is further supported by a study 
presented by Demortière et  al. [33]. They used sol-
vents with a boiling point (bp) close to the decom-
position temperature (di-n-hexyl ether, bp 228  °C), 
and solvents with significantly higher boiling points 
(amongst others, di-n-octyl ether, bp 287  °C, octa-
decene, bp 317 °C, eicosene, bp 330 °C), applying a 
heating rate of 5 °C/min. They argue that the nuclea-
tion is more sensitive to temperature variations than 
the growth. When using a solvent with a boiling 
temperature close to the nucleation temperature, the 
nucleation is favoured and small particles are gener-
ated since the growth activation is low.

A similar behaviour was reported by Guardia et al. 
[21] for a slightly modified synthesis route using iron 
acetylacetonate with decanoic acid as stabilizer in 
dibenzyl ether. The size of the iron oxide nanoparti-
cles could be tuned from 13 up to 180 nm by varying 
the heating rate from 5.2 down to 0.8 °C/min, respec-
tively. Interestingly, they observed for the larger par-
ticles a significant increase of the size distribution. 

This is explained by the fact that the nucleation step 
is more pronounced at higher heating rates, leading to 
a better separation of nucleation and growth. Besides 
experimental results, Sharifi Deshari et al. [22] con-
ducted theoretical investigations on the influence of 
the heating rate on the growth of iron oxide nanopar-
ticles by thermal decomposition of a precursor. By 
theoretical simulation based on precursor-to-mono-
mer conversion, followed by nucleation and growth, 
they proved that for lower heating rates, larger parti-
cles are expected. This was confirmed by experiments 
based on the decomposition of iron acetylacetonate 
as precursor, resulting in particle sizes ranging from 
6.3 up to 27 nm by varying the heating rate from 6.4 
to 0.8  °C/min, respectively. They found also a satu-
ration behaviour of the size with increasing heating 
rate. The behaviour was explained by the interplay 
between monomer formation and their consumption 
by nucleation and growth, arguing that at higher heat-
ing rates, a higher number of nuclei is formed and 
hence, the particles are smaller. This result matches 
well with the observation of this study and our quali-
tative explanation based on the LaMer model.

Stepanov et al. [23] observed as well an increased 
particle size for lower heating rates for the decompo-
sition of iron oleate in 1-octadecane, using a different 
heating setup based on Wood’s alloy. In particular, 
the particle size increased from 7 to 12 nm when the 
heating rate was decreased from 3.35 to 3.08 °C/min, 
respectively.

Z. Chen [34] observed also an increase in par-
ticle size when prepared at a lower heating rate but 
argues in a different way, where the higher heating 
rate favours the formation of slightly larger nuclei, 
leading to larger particles. However, there is no dis-
cussion about the number of particles or the amount 
of precursor together with the heating rate. For 
higher heating rates, the observed size broadening is 
explained by overlapping of the growth and nuclea-
tion processes. At a heating rate higher than 20  °C/
min, no particles can be obtained because of incom-
plete nucleation and subsequent growth failure. In 
contrast, in our experiments, we observe particles 
even at heating rates above 30 °C/min. Furthermore, 
according to [34], by increasing the HOl concentra-
tion, the particle size should increase. But our results 
show the opposite effect (Fig.  3). It is assumed that 
the reason is the stabilizing role of the HOI sur-
factant on the precursor against decomposition. The 

Fig. 8   Particle size as a function of the amount of precursor 
(heating rate: 20 °C/min, no surfactant used, constant amount 
of solvent)
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surfactant shifts the reaction equilibrium to the side 
of the educts at the beginning of the heating process. 
This leads to a raised decomposition temperature for 
a higher HOI concentration, and therefore, the nucle-
ation rate is also increased. This results in a higher 
number of seed crystals and therefore leads to smaller 
particles.

In contrast, Yin et  al. [35] report on a different 
behaviour. They synthesized iron oxide nanoparticles 
by thermal decomposition of iron pentacarbonyl. Var-
ying the heating rate from 5 up to 35 °C/min did not 
show any influence on the particle size. However, the 
size distribution changed from 12 to 3% for the high-
est heating rate. It was concluded that a higher heating 
rate leads to a more homogeneous nucleation because 
the nucleation is finished within a shorter time inter-
val. In our experiments, we have not observed a sig-
nificant decrease of the size distribution with higher 
heating rate, as can be seen in Fig. 4.

Conclusion

The method to prepare nanoparticles by thermal 
decomposition of precursors offers many variables 
that influence the final particle morphology. Here, 
the influence of the employed surfactant (oleic acid 
and sodium oleate) and heating rate during the heat-
ing up process of the reaction solution on the parti-
cle size was investigated. By varying the heating rate 
from 1 up to 30 °C/min, a strong change of the parti-
cle size has been observed. The largest particles were 
obtained at the lowest heating rate while at high heat-
ing rates the size of the nanoparticles stays more or 
less the same. For the latter, the reason is probably 
a depletion of precursor in the nucleation phase. The 
evolution of the particle size with heating rate can be 
qualitatively understood in the frame of the LaMer 
model considering the nucleation and growth process.

Most of the prepared particles show a character-
istic core–shell structure and their shape depends 
strongly on the used surfactant. The dominant struc-
ture is the cubic spinel structure of maghemite or 
magnetite, while in the core region of the particles, 
wustite is present.

The obtained results demonstrate the possibility 
for particle size and shape tuning by controlled ther-
mal decomposition of metal organic complex precur-
sors in the presence of surfactants. In combination 

with other techniques like solvents with higher boil-
ing point [33, 36], the technique of lowering the heat-
ing rate could open the door to even larger, monodis-
perse particles.
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