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Thermal decomposition is a promising route for the synthesis of magnetic nanoparticles. The simplicity of
the synthesis method is counterbalanced by the complex chemistry of the system such as precursor de-
composition and surfactant-reducing agent interactions. Control over nanoparticle size is achieved by
adjusting the reaction parameters, namely, the precursor concentration. The results, however, are
conflicting as both an increase and a decrease in nanoparticle size, as a function of increasing concentra-
tion, have been reported. Here, we address the issue of size-controlled synthesis via the precursor concen-
tration. We synthesized iron oxide nanoparticles with sizes from 6 nm to 24 nm with narrow size distribu-
tions. We show that the size does not monotonically increase with increasing precursor concentration.
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After an initial increase, the size reaches a maximum and then shows a decrease with increasing precursor
concentration. We argue that the observation of two different size regimes is closely related to the critical
role of the amount of surfactant. We confirm the effect of surfactant amount on nucleation and growth
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and explain the observed trend. Furthermore, we show that the nanoparticles show size-dependent but
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Introduction

Iron oxide nanoparticles have been the focus of intense re-
search because of their magnetic properties,"” biocompatibil-
ity>* and bright application prospect in catalysis,”® magnetic
fluidity,” biomedicine®*™° biotechnology,"*™* and data stor-
age."™'® various approaches such as coprecipitation,'” hydro-
thermal and solvothermal chemistry,'® polyol synthesis,'® re-
verse micelle,”® sol-gel,® and thermal decomposition®*>*
techniques have been developed for the synthesis of iron ox-
ide nanoparticles. Thermal decomposition is considered to be
a promising and reproducible route for highly magnetic nano-
particles with uniform morphology, narrow size distribution
and high crystallinity.>>>* In thermal decomposition, an iron
complex, typically iron(m) acetylacetonate (Fe(acac)s), is
dissolved in a high boiling point solvent, and oleic acid and
oleylamine are added as surfactants. Upon heating, Fe(acac);
decomposes in the presence of the surfactants.>” Precise con-
trol over the size and dispersity of magnetic nanoparticles is
crucial for different applications like biotechnology.”™" The
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superior superparamagnetic properties at room temperature.

nanoparticle size, morphology, dispersity, and crystallinity are
controlled, among other factors, by the precursor,>>**
solvent,””*®  surfactant®®*®  and  their  respective
concentrations.** > Typically, the LaMer model®* is used to
explain the nucleation and growth of nanoparticles. Under
identical heating and synthetic conditions for different reac-
tions, the nucleation rate depends on supersaturation and
thereby on the initial precursor concentration. Therefore,
tuning the precursor concentration has been used to control
the size of nanoparticles.”**” Concentration tuning can be
achieved in different ways, e.g. changing the amount of sol-
vent or precursor. Concentration tuning by changing the
amount of solvent is straightforward because the solvent has
only a dilution effect. By changing the precursor concentra-
tion, the ratio between the surfactant and the precursor also
varies. Several studies have shown that an increase in concen-
tration may lead to both an increase®>?”*** and a de-
crease®®*® of the particle size. A conclusive explanation is still
lacking.

Here, we address the effect of concentration on the final
size (distribution) and magnetic properties of nanoparticles.
First, as a reference, a nanoparticle batch was prepared and
characterized under “standard conditions”. Size tuning by
controlling the precursor concentration is achieved in two
ways: by changing (1) the amount of solvent or (2) the
amount of the precursor. We show that the particle size
monotonically decreases with increasing amount of solvent,

This journal is © The Royal Society of Chemistry 2017
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whereas for changing the precursor amount, two size regimes
are observed, first an increase and then a decrease in size as
the amount of precursor increases. We show that the ratio of
the surfactant to the precursor plays a crucial role in tuning
the size by changing the concentration, and we explain the
observed opposite increasing/decreasing trend reported in
the literature,>> 27433

Iron oxide nanoparticles are superparamagnetic whose
magnetic properties depend on their size. Magnetic measure-
ments show that the nanoparticles possess room-temperature
magnetizations close to the theoretically predicted values.

Experimental section

Iron(m) acetylacetonate (97%), oleylamine (OAM, >70%), ben-
zyl ether (BE, technical grade 99%), oleic acid (OAC, technical
grade 90%), hexane, ethanol and acetone were all purchased
from Sigma Aldrich. 1,2-Hexadecanediol (99%) was purchased
from TCI. All chemicals were used as received.

The standard sample was prepared under “standard con-
ditions”, wherein a three-necked round-bottom flask was
charged with 2 mmol of iron acetylacetonate, 6 mmol of OAC
and 6 mmol of OAM, 10 mmol of 1,2-hexadecanediol, and 20
mL of benzyl ether. The mixture was heated to 110 °C, and
maintained at that temperature for 60 min under vacuum.
The temperature was then raised to 180 °C under an N, blan-
ket with a heating rate of 6.5 °C min " and kept at that tem-
perature for 120 min to fully decompose the precursor. Sub-
sequently, the temperature was raised to ~300 °C with a
constant heating rate of 3.3 °C min™" and refluxed for 1 hour.
Upon cooling of the solution, the nanoparticles were precipi-
tated by addition of ethanol. The nanoparticles were washed
three times with a mixture of toluene/ethanol/acetone
followed by centrifugation (6000 rpm, 10 min), and finally
stored under argon in toluene or hexane.

From standard conditions, the amount of solvent (series
A), the total amount of precursor (B) and the total amount of
surfactant (C) were varied. Other synthesis and post synthesis
parameters/processes were kept unchanged with respect to
the standard conditions. A summary of the experimental con-
ditions is given in Table 1.

The particle size was characterized by transmission
electron microscopy (TEM) and high resolution TEM
(HRTEM) with an accelerating voltage of 120 kV using a JEOL
JEM1400 and 200 kV using a FEI Tecnai F20 200 kV, respec-
tively. The size distribution was obtained from statistical size

Table 1 Summary of experimental conditions. A, B and C are the variable
parameters, where A = 28 ml (A3), 24 ml (A,), 16 ml (Az), 12 ml (A4); B =
0.6 mmol (By), 1.2 mmol (B,), 1.6 mmol (Bs), 3 mmol (B,), 4.5 mmol (Bs), 6
mmol (Bg); C = 2 mmol (Cy), 4 mmol (Cy), 8 mmol (Cs), 10 mmol (Cy)

Reactants Standard conditions Series A Series B Series C
Benzyl ether (ml) 20 A-A, 20 20
Fe(acac); (mmol) 2 2 B,-Bg 2

OAC (mmol) 6 6 6 C,—Cy
OAM (mmol) 6 6 6 C,-C,
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analysis of more than 2000 particles." The X-ray diffraction
(XRD) pattern was recorded at room temperature using a dif-
fractometer equipped with a monochromatic copper radia-
tion source CuKa (4 = 1.5406 A). The pattern was collected in
the 15-65° (26) range with a scan step of 0.03°. The mean
size and lattice parameter of the crystal domains were calcu-
lated from the XRD pattern by using the Scherrer’” and
Bragg®® equations. Magnetization measurements of powder
samples were performed using a VSM (Cryogenic Ltd) magne-
tometer. Hysteresis loops M(H) were measured under a maxi-
mum applied field of 50 kOe at 2 K and at room temperature.
Zero-field-cooling (ZFC) and field-cooling (FC) magnetization
curves were also measured at 100 Oe in the temperature
range from 5 to 300 K. Thermogravimetric measurements
(TGA) were performed on dried powder samples from 20 to
800 °C at a heating rate of 10 °C min™ under N,. The num-
ber of ligands on the surface of the nanoparticle (grafting
density) was extracted from the TGA/DTG data.

Results and discussion

Under standard conditions, nanoparticles with regular poly-
hedral morphologies were obtained, as shown in Fig. 1a. The
size histogram can be fitted well with a normal Gaussian dis-
tribution. It gives a mean size of 13.00 nm with a standard
deviation of 1.1 nm and hence a polydispersity of ~8.5%
(Fig. 1b). The reference nanoparticles are monodisperse with
a narrow size distribution. Particle aggregation is effectively
hindered by the surfactant, and well dispersed colloidal solu-
tions in hexane or toluene were obtained. Due to the size
monodispersity and regular morphology, the nanoparticles
have a strong tendency to self-assemble in a closely packed
arrangement (Fig. S17).

The high resolution TEM (HRTEM) image of the nano-
particles, shown in the inset of Fig. 1a, demonstrates that the
particles have a highly crystalline structure. The crystalline
structure is extended up to the edge of the nanoparticles,
thereby minimizing the thickness of the disordered shell***°
at the particle surface. It also shows different crystal planes
depending on the orientation of the NPs with respect to the
direction of the electron beam. To further investigate the
crystallinity, the selected area electron diffraction (SAED) pat-
tern of standard nanoparticles is shown in Fig. 1c. The d
spacings in the diffraction patterns were calculated, and they
matched well with the reported values for stoichiometric
Fe;0,, as shown in the inset of Fig. 1¢.>>*®

Fig. 1d shows the XRD patterns of the standard sample.
The peak positions and relative intensities of the nano-
particles are in good agreement with the reported
diffractograms of magnetite.** The narrow sharp peaks reveal
the high purity of the synthesized nanoparticles. The calcu-
lated mean value of inter-planar distances using Bragg's
law*® (ESIt) amounts to 8.3778 A in accordance with the liter-
ature value.”>***! The crystal structure is indexed to the fcc
inverse cubic spinel structure of magnetite.>>*°™*> The crys-
tallite size of the nanoparticles was calculated to be 11.8 +
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ce01406f

Open Access Article. Published on 16 October 2017. Downloaded on 12/4/2025 1:53:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
b) 300
250
200
>
Q
=]
Q
5150
g 15
e
100
50
0
- €= (440)
«—
<— (422)
<€ (400)
<«—(311)
<—(220) =
=
hkl  d(A°) )
220 2.95 2
Z
311 252 <
0
8
400  2.08 =
422 1.70
s11 1.60
440 147
620 1.31
533 1.28
444 120
Fig. 1

View Article Online

CrysttngComm

Average diameter = 13.00 nm
Size variation= £ 1.1 nm

220 311 222 400 422 511 440)

| I T I B B
40

30 50 60
2 theta (°)

(a) TEM image of nanoparticles prepared under standard conditions. The inset shows a typical HRTEM image where crystalline planes are

indicated. (b) Size distribution obtained for more than 2000 particles. (c) Selected area electron diffraction (SAED) pattern of the standard
reference nanoparticle. The lattice spacing, d (A), was determined using the diffraction rings and their respective hkl indexes. (d) XRD patterns of
the standard reference nanoparticle (black line) and the corresponding modeling result (solid red line). The positions of the Bragg reflections are

represented by vertical blue lines. Holder reflections are indicated by stars.

0.17 nm from the XRD diffractograms using Scherrer's for-
mula®”*? (ESIt), which is in good agreement with the size de-
termined by statistical analysis of the TEM images.

The ligand shell around the nanoparticles consists pre-
dominantly of oleate, as determined from the FTIR spectra of
the nanoparticles (Fig. S2at). The bands at around 3000 and
2800 cm ™ are for the methyl stretch on the surface of the
nanoparticles. The bands at 1300-1650 cm ™" are due to the
asymmetric and symmetric COO™ bands of oleate, and the
bands found at around 700 and 400 cm™" are characteristic
Fe-O absorption bands of iron oxide.****

The surfactant coverage was determined by TGA (Fig.
S2bt). The graphs show three weight loss plateaus.’®*” The
first plateau below 200 °C is attributed to the evaporation of
adsorbed water and/or solvent molecules from the powder.
The second and the third plateaus between 200-400 °C and

6696 | CrysttngComm, 2017, 19, 6694-6702

500-750 °C correspond to desorption from the surface and
the decomposition of the surfactant molecules, respectively.

In the next step, we investigate the influences of the
amount of A) solvent, B) precursor, and C) surfactant on the
size evolution (dispersity) of the nanoparticles.

Amount of solvent

Different reactions were performed where only the amount of
solvent (A) was systematically varied from 12 ml (4,), 16 ml
(42), 20 ml (standard sample), 24 ml (43) to 28 ml (4,). The
TEM images of the resulting nanoparticles are shown in
Fig. 2a-d. The XRD diffractograms (Fig. S31) show a compari-
son of crystallinity with the standard reference nanoparticles.
The TGA traces for all the nanoparticles (4,-4,) show (Fig.
S47) that the grafting densities were almost ~3 molecules per

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM images and particle size distribution of samples (a) Ay, (b)
A, (c) Az and (d) A,. (e) Evolution of nanoparticle size as a function of

solvent volume. Nanoparticle diameters were determined from both
TEM and XRD analyses.

nm” compared to the standard reference (Table S1t). The
nanoparticle size extracted from both TEM and XRD is given
in Fig. 2e. The nanoparticles A;-4; are truly monodisperse
with polydispersities well below 10%. With an increasing
amount of solvent (from 12 ml to 28 mL), i.e. decreasing con-
centration, the average size of the nanoparticles drops from
24.1 +5.7 nm to 9.1 + 0.71 nm.

The observed drop in size with the increase in solvent vol-
ume can be explained by the decrease in the concentration of
growth species (monomer) in the reaction medium. At a low
solvent volume, the concentration of the monomer in the so-
lution is high. The concentration of the available monomers
at the interface of the nuclei (the crystal growth front) is close
to that of the bulk solution. Hence, the diffusion distance for
the monomers is shorter, which leads to a higher mass trans-
fer and therefore a higher growth rate.”” As a result, larger
nanoparticles are formed during the same growth period

This journal is © The Royal Society of Chemistry 2017
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compared to the standard conditions. We note that for low
solvent volumes (high concentrations), nanoparticle growth
is reaction-controlled, as the growth rate is mainly governed
by reactions on the surface of the nanoparticles. As the
amount of solvent increases (low concentration), the concen-
tration of the precursor, and therefore the monomer, is
lowered which increases the diffusion constant and reduces
the growth rate due to less mass transfer in the reaction
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Fig. 3 TEM images of samples (a) By, (b) B>, (c) B3, (d) By, (€) Bs and (f)
Be. Particle size distributions obtained by fitting TEM histograms are
also shown. (g) Evolution of the nanoparticle size (TEM and XRD) as a
function of precursor amount. The dashed line is a guide to the eye.
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medium. Nanoparticle growth is therefore diffusion-limited;
as a result, smaller nanoparticles are formed during the same
growth time compared to the reference conditions.

Amount of precursor

The amount of Fe(acac); (B) was systematically varied from
0.6 to 6 mmol (B;-Bs). The TEM images of the resulting nano-
particles with the corresponding size distribution are shown
in Fig. 3a-f. XRD diffractograms are given in Fig. S5a.f The
nanoparticle size evolution is given in Fig. 3g, and two differ-
ent size regimes were observed. In the first regime, the size of
the nanoparticles increases from 6 + 0.9 nm to 13.00 = 1.1 nm
by increasing the amount of the precursor from 0.6 to 2
mmol. The increase in size can be understood based on the
increased concentration of the monomer (growth species) in a
fixed reaction volume, as discussed for the solvent case. To
show that the governing mechanism is the same, we have
plotted the size evolution for both series A and B as a function
of the precursor concentration in Fig. Sé6a.j The trend ob-
served for the case of the solvent variation describes well the
first regime in Fig. 3g. The trend of increasing size is held up
to a precursor concentration of 2 mmol, beyond which the
nanoparticle size continuously drops. We note that as the con-
centration of the precursor increases in a fixed reaction vol-
ume, two parameters are changed simultaneously: the precur-
sor concentration and the ratio between the surfactants and
Fe(acac);. The drop in size can be attributed to the decreasing
amount of the surfactants available for the stabilization of the
monomers. Therefore, the saturation concentration of the
monomer (growth species) increases and more nuclei are
formed. As a result, less monomer is available for the growth
and hence smaller nanoparticles are formed.>**"*® To sub-
stantiate the role of the surfactant to precursor ratio, we sys-
tematically varied the amount of surfactant in the next step.

The role of surfactant amount

Several studies have investigated the effect of surfactant con-
centration. By changing the amount, both trends of either
increasing®®?#3%3149°51 or decreasing size”®*%***> have been
observed. To elucidate the role of precursor/surfactant ratio,
different syntheses were performed wherein only the amount
of surfactant (OAC = OAM = C) was systematically varied from
2 mmol to 10 mmol (C,-C,). The TEM images of the resulting
nanoparticles and the XRD diffractograms are shown in
Fig. 4a-d and S5b,} respectively. The mean nanoparticle size
(Fig. 4e) continuously increases from 5.8 + 0.8 nm to around
16.3 + 2 nm as the precursor/surfactant ratio decreases. As
the amount of surfactant increases, more oleate molecules re-
act with the precursor and more stable monomers with re-
duced reactivity are formed.*®**3148495%  According to
LaMer's model®* for nucleation and growth, a reduced active
monomer concentration reduces the nucleation rate and hin-
ders the formation of a large number of nuclei and hence fa-
vors the growth of larger nanoparticles. We have also plotted
the size evolution for both series B and C as a function of

6698 | CrysttngComm, 2017, 19, 6694-6702
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precursor/surfactant ratio in Fig. S6b.T The trend observed for
the case of the surfactant variation describes well the second
regime in Fig. 3g. It has also been shown that an excess of sur-
factants prevents nanoparticle growth by blocking the growth
sites and stabilizing the growth species,*®*®
dramatic drop in the mass reaction yield of the nanoparticles.

and manifests a

The magnetic properties of particles depend on their
size.>*® Representative magnetization hysteresis loops of
samples A;-4, as a function of applied field measured at 300
and 2 K are given in Fig. 5a and b, respectively. At 300 K, no
hysteresis loops were observed for samples A;-A,, confirming
that the nanoparticles are superparamagnetic. However, sam-
ple A, (24.1 + 5.7 nm) showed a hysteresis loop with a small
coercivity, Hc (~10 Oe), and a remnant magnetization, indi-
cating that the critical nanoparticle size is reached.”**>* The
hysteresis loops at 2 K confirm that all the samples are ferri-
ferromagnetic at 2 K.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Hysteresis loops of all samples at (a) 300 K and (b) 2 K. (c) The values of M as a function of 1/d in both 300 K and 2 K. (d) The values of Hc

as a function of size.

Table 2 Summary of the magnetic properties of all samples at room temperature and 2 K. SPM and ferri-ferro are superparamagnetic and ferri-

ferromagnetic

Drom Mj (300 K) M, (2 K) He (300 K) He (2 K) M, (2 K) K (10° erg
Samples (nm) (emu g™) (emu g™) (Oe) (Oe) (emu g™) Ty (K) cm™?)
A 9.1 61.6 72 SPM 430 21.1 103 (13) 9.314 (+2.25)
A, 10.5 66.6 76.1 SPM 525 23.9 170 (+20) 8.42 (+2.48)
Standard 13.0 75.2 81.5 SPM 495 26.3 222 (£20) 6.66 (+1.73)
Az 15.1 78 84.5 SPM 455 25.6 252 (i19) 4.83 (i1.38)
A, 24 82.5 89.6 10 440 26 ferri-ferro ferri-ferro

The values of the saturation magnetization at 300 K and 2
K are listed in Table 2. As the size of the nanoparticles in-
creases, M approaches the values reported for the bulk phase
magnetite (84 emu g ') and the theoretically predicted value
(98 emu g ') at low temperature,>*3%>°758

The nanoparticles are covered with a non-magnetic shell
that is composed of the surfactant layer and a disordered
spin layer (spin canting layer).”**° The thickness of the shell
e can be calculated using the following relation:*®°"°

This journal is © The Royal Society of Chemistry 2017

M, =M, (bulk)[l - %e] (1)

Fig. 5¢c shows M plotted as a function of inversed nano-
particle diameter, 1/d, at both 300 K and 2 K, which can be
fitted well with eqn (1). The calculated values of the shell
thickness amount to 0.54 nm and 0.43 nm at 300 K and 2 K,
respectively.
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The coercivity, Hc, at 2 K increases with increasing
nanoparticle size, as shown in Fig. 5d, from 430 Oe for
9.1 nm to 525 Oe for 10.5 nm. A further increase in the
size of the nanoparticle reduces Hg by shifting from a
single to a multi-domain regime.>**®>* The flip of mag-
netic moments in each domain is controlled by magnetic
anisotropy energy, domain wall motion and thermal en-
ergy. When the nanoparticle diameter approaches the re-
gime of a single domain, domain wall motion does not
exist. By increasing the size, the magnetic anisotropy en-
ergy increases. As a result, Hc increases. However, by fur-
ther increasing the size, multidomain particles are formed.
Due to the existence of the domain wall motion, the coer-
civity is reduced.”*

The transition temperature from superparamagnetic to
ferro—ferrimagnetic and the blocking temperature 7y were de-
termined with zero-field cooling (ZFC) and field cooling (FC)
in an applied magnetic field of 100 Oe between 5-320 K
(Fig. 6a). With increasing temperature, the thermal energy in-
creases, and the ZFC curve starts to plunge as Ty is reached.
The values of Ty are given in Fig. 6b as a function of size.
With increasing size, the volume of the nanoparticle in-
creases, and Ty moves to higher temperatures.>**>>® The in-
crease in Tg with is caused by the increased
magnetocrystalline energy. Consequently, higher thermal en-
ergies are required to unblock the magnetic moment of
larger nanoparticles. Thermal anisotropy constants were cal-
culated based on the equation:****

size

)

where V is the mean volume of the iron core, Ty is the
blocking temperature, and kg is the Boltzmann constant. The
anisotropy constant K increases because of the increased
surface-to-volume ratio as the nanoparticle size de-
creases.”>*>31°863 A summary of the magnetic properties of
the nanoparticles is given in Table 2.
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Conclusion

In summary, we have shown that size-controlled synthesis
of iron oxide nanoparticles can be achieved by changing
the concentration via (1) the amount of solvent or (2) the
amount of precursor. Two competing mechanisms were
identified which influence the nucleation and growth of
the nanoparticles: (i) concentration-dependent monomer
diffusion and (ii) monomer stabilization by an excessive
amount of surfactant. The former controls the size when
the amount of solvent (to some extent, the precursor con-
centration) is changed. At a fixed solvent amount, lowering
the precursor amount changes the precursor/surfactant ra-
tio which leads to monomer stabilization, less nucleation
and hence growth of larger nanoparticles. The resulting
nanoparticles show superparamagnetic behavior at room
temperature and ferro-ferrimagnetic behavior at low tem-
perature with a high M; close to the theoretical value for
magnetite.
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