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Ferrimagnetic iron oxides are the common choice for many current technologies, especially those with

application in biology and medicine. Despite the comprehensive knowledge accumulated about their

chemistry in the bulk state, the sequence of changes taking place during the precipitation of iron oxide

nanoparticles in aqueous media is much less extensive. We show that using sodium carbonate as a

co-precipitating agent for the synthesis of uncoated iron oxide nanoparticles, the reaction proceeds

sufficiently slowly to enable a detailed study of both the reaction pathway and products. The effect of

pH, temperature and reaction time on particle size, morphology, crystalline phase and its magnetic

properties was investigated. The obtained nanoparticles showed an increase in average particle size of

about 10 nm per pH unit for the magnetite phase leading to 6.9� 0.4 nm, 18 � 3 nm and 28 � 5 nm for

pH 8, 9 and 10 respectively. Goethite was initially formed by an olation mechanism at room

temperature, followed by a slow transformation into magnetite over a 24 h period, as tracked by X-ray

diffraction. In another set of experiments where the reaction temperatures were varied, magnetite was

obtained directly by the oxolation mechanism at temperatures above 45 �C. The optimization of the

experimental parameters led to superparamagnetic nanoparticles with a high saturation magnetization

of 82 A m2 kg�1 at 300 K when synthesized at pH 9.
1 Introduction

The first reported synthetic magnetite nanoparticles were made

in 1852 by Lefort via a co-precipitation method.1 Since then, the

synthesis of iron oxide nanoparticles has seen a vast develop-

ment, giving rise to a wide variety of chemical methods such as

inverse microemulsion,2,3 sol–gel synthesis,4 flow injection,5

electrospray synthesis,6 the sonochemical method,7 hydro-

thermal synthesis8 or thermal decomposition.9 The shape, size

and composition of nanoparticles (NPs) can be tuned depending

on reaction conditions, such as pH, temperature, atmosphere,

use of surfactants, ionic strength of the medium or relative ratio

of the reagents. Nonetheless, most of the above mentioned

methods usually incorporate complex post-synthesis purification

and present low reproducibility, which limits their scalability.

As such, among the available methods for the synthesis of iron

oxide nanoparticles, co-precipitation is the most commonly used

method10,11 due to its simplicity and the possibility of obtaining
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large quantities of nanoparticles in a single batch. However,

control over particle size, morphology and composition is limited

as particle growth is kinetically controlled. Additionally, factors

such as the nature of the precursor salts used (chlorides,

perchlorates, sulfates, nitrates, etc.), Fe(II)/Fe(III) ratio, pH and

ionic strength of the medium are known to affect particle

growth.12–16 The use of bases such as sodium hydroxide or

ammonia constitutes a typical choice in many protocols; this is

due to their benefit as effective precipitating agents directly

leading to iron oxide with an inverse spinel structure. In fact, in

recent years research directed towards bioapplications of

magnetic nanoparticles has been based on Massart’s method,17

which is one of the most cited co-precipitation procedures in

aqueous media. Within these bioapplications, magnetic hyper-

thermia has been a particular focus of interest since it was

revealed that magnetic resonance contrast agents presented good

heating performance under the action of an AC field. Nonethe-

less, commercially available nanoparticles prepared using the

precipitation method were found to present significant batch-to-

batch performance differences. This was pointed out by studies

focused on their use in magnetic hyperthermia-based

treatments.18

This limited control on the production characteristics of

magnetic nanoparticles has been a drawback for some applica-

tions to date. This is particularly so for biomedical applications,

where stringent quality control and adherence to GMP
This journal is ª The Royal Society of Chemistry 2012
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(good manufacturing practice) standards are a determinant of

whether or not a material may be granted regulatory approval

for use. At the same time, there are many opportunities for the

use of magnetic nanoparticles in biomedicine and healthcare.

The main interest within the medical field has focused on

superparamagnetic nanoparticles, which are single-domain

particles that experience a thermal randomization of their

magnetic moments at room temperature in the absence of an

externally applied magnetic field. In biomedicine they have been

used as contrast agents in magnetic resonance imaging (MRI),19

for drug delivery20,21 or biosensing22 or, most recently, magnetic

particle imaging (MPI),23,24 among other applications.25,26 The

ferrimagnetic iron oxides – i.e. maghemite (g-Fe2O3) and

magnetite (Fe3O4) – have become the preferred materials due to

their relative ease of synthesis, their high magnetic moment and

their biocompatibility, being already approved by FDA (US

Food and Drug Administration). In this regard, it is worth

noting that some of the most successful and acclaimed methods

for synthesizing iron oxide nanoparticles27,28 mostly rely on the

use of certain precursors that severely reduce their chances to be

employed in preparing biocompatible systems. To solve this,

thorough post-processing techniques have been commonly used

for purification or phase-transfer, but these could certainly result

in a partial distortion of the final properties and/or an increase in

the production costs, therefore hindering the scalability of the

process. Bearing in mind all these considerations, a much simpler

and water-based synthesis would be more desirable for

producing biocompatible nanoparticles.

Finally, despite the considerable number of publications on

the synthesis of iron oxide nanoparticles, there is still a lack of

reports dealing with both structure and morphology evolution in

nanoparticles at different points of the synthesis from the same

initial precursor solution. This could be due to the fact that the

formation of iron oxide nanoparticles with inverse spinel struc-

ture is a very fast process, which hampers the possibility of

tracking this event.13,14 To that aim, a weak base such as sodium

carbonate, previously used for studying the early hydrolysis of

ferric nitrate solutions,29 would be particularly convenient to

slow down the precipitation process.

This work shows the suitability of sodium carbonate for

studying the sequence of morphological and structural changes

taking place during the precipitation of iron oxide nanoparticles

in aqueous media. Particular attention has been paid to the

influence of pH, reaction time and temperature over the struc-

tural and magnetic properties of the resulting products. A

detailed tracking of the subsequent changes has been performed

by X-ray diffractometry, transmission electron microscopy and

SQUID magnetometry. The set of results provides valuable

information that can be used either to improve existing prepa-

ration methodologies or elaborate new ones, more appropriate

for mass production.
2 Experimental

Ferric chloride hexahydrate (FeCl3$6H2O, >99%), ferrous

chloride tetrahydrate (FeCl2$4H2O, 99%) and sodium carbonate

(Na2CO3, 99%) were obtained from Sigma Aldrich, UK. Double

distilled (dd) degassed water was used for all the experiments. All

reagents were used as purchased without any further
This journal is ª The Royal Society of Chemistry 2012
modification. Iron oxide nanoparticles were synthesized by co-

precipitation of ferric and ferrous chloride salts with sodium

carbonate under inert atmosphere in a Schlenk line. Briefly,

FeCl2$4H2O (0.1988 g, 0.001 mol, 0.02 M) and FeCl3$6H2O

(0.5406 g, 0.002 mol, 0.04 M) were dissolved in degassed ddH2O

under a nitrogen atmosphere. Sodium carbonate aqueous solu-

tion (1 M) was added dropwise until the target pH was reached.

The addition of sodium carbonate was carried out at different

temperatures between room temperature and 70 �C. The initial

samples were taken after the addition of the base and labelled as

t ¼ 0 h. All the remaining nanoparticle suspensions were kept

under nitrogen for 24 h before any further work was carried out.

The obtained nanoparticles were washed by centrifugation

(7500 rpm, 10 min, 3 times, 20 ml ddH2O) and redispersed in

ddH2O leading to neutral pH. A fraction of the as-obtained

product was freeze-dried before XRD characterization.

Iron oxide nanoparticles were synthesized at pH 9 as previ-

ously described and the obtained reaction mixture split into

aliquots. Samples were washed by centrifugation (7500 rpm,

10 min, 3 times, 10 ml ddH2O), redispersed in ddH2O and the

obtained product freeze-dried before XRD analysis. The initial

sample was assigned as time zero and the remaining samples were

processed every hour for a period of 24 h.

Infrared spectra of freeze-dried samples were collected using

a Spectrum 100 instrument with Ge/Ge universal ATR from

Perkin Elmer. Spectra were acquired in the 650–4000 cm�1 region

with a resolution of 2 cm�1, accumulating 16 scans. The

morphology, particle size and size distribution of iron oxide and

iron oxyhydroxide nanoparticles were examined with a JEOL

JEM 1200-EX transmission electron microscope operated at an

acceleration voltage of 120 kV. Samples were prepared by

dropping the aqueous dispersion onto a carbon-coated copper

grid and allowed to air-dry. XRD was conducted on an X-ray

diffractometer PanAlytical, using CoKa radiation l ¼
1.789010�A. Samples were prepared by pressing dried powders on

a zero background silicon wafer and diffraction patterns were

collected within 20–100 2q (degrees) range. Magnetization curves

of iron oxide nanoparticles were carried out in a Quantum

Design hybrid Superconducting Quantum Interference Device-

Vibrating Sample Magnetometer (SQUID-VSM) at 300 K, with

applied fields up to 7 T.
3 Results

3.1 Effect of pH on particle size and morphology

Co-precipitation of a stoichiometric mixture of ferrous and ferric

chloride salts was carried out at pH values between 6 and 10 at

room temperature to study the effect of pH on the properties of

the obtained materials. The experiments were carried out

following the procedures detailed in the Experimental section.

3.1.1 Synthesis at pH ¼ 6. Particles obtained at room

temperature (RT) and pH 6 showed homogeneous acicular shape

with average particle dimension of 30 � 4 nm long and 3.2 �
0.4 nm wide (Fig. 1). No other particle morphology was observed

under these conditions. The magnetite nanoparticles expected

from a mixture of ferrous and ferric ions in a 0.5 ratio

Fe(II)/Fe(III) were not found for these synthetic conditions.
J. Mater. Chem., 2012, 22, 12498–12506 | 12499
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Fig. 1 TEM image of goethite nanoparticles synthesized at RT and pH 6

observed under (a) low magnification and (b) higher magnification.

Fig. 3 TEM image of multiphase nanoparticles synthesized at RT and

pH 7 with (a) goethite acicular nanoparticles and (b) siderite square

crystals over goethite nanoparticles.
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The crystal structure of the obtained acicular nanoparticles was

investigated by powder XRD. The obtained diffraction pattern

was constituted by broad peaks due to the small particle size

(Fig. 2); however, it was found to be in agreement with the

reflections of goethite (a-FeOOH).

3.1.2 Synthesis at pH ¼ 7. Particles obtained at RT and pH 7

showed two different morphologies (Fig. 3). Acicular nano-

particles with an average particle length of 31 � 1 nm and

4� 1 nm width, similar to those obtained at pH 6, were observed

under TEM (Fig. 3a). Predominant particle morphology with

nearly square crystals of 440 � 65 nm was also found (Fig. 3b).

XRD measurements (Fig. 4) confirmed the presence of a multi-

phase system. The analysis of the diffraction pattern revealed

siderite (Fe(CO3)) as the primary phase and goethite as the

secondary one (Fig. 4).

3.1.3 Synthesis at pH ¼ 8. The morphology of the obtained

nanoparticles is dramatically shifted above pH 8, although the

acicular particles could still be found as indicated in the TEM

image (inset Fig. 5b). The predominant particle shape was nearly

square with an average size of 6.9� 0.4 nm forming aggregates of

50–70 nm. XRD analysis of the freeze-dried sample confirmed

magnetite as the primary phase in the material. The 24.69� peak
in Fig. 6 corresponding to goethite is in accordance with the

acicular particles observed in TEM (inset of Fig. 5a). From the

diffraction pattern in Fig. 6, siderite was identified as the tertiary

phase present in the system; however, none of the siderite

squared particles obtained at pH 7 evidenced from XRD were
Fig. 2 XRD pattern of goethite nanoparticles synthesized at RT and pH

6. Peaks are indexed according to the reference patterns for goethite (pdf

ref. 00-029-0713).
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observed under TEM, probably due to their low concentration

relative to the predominant magnetite phase, when the synthesis

had been carried out at pH 8.

3.1.4 Synthesis at pH ¼ 9. The obtained particles at pH 9

were spheroidal with an average size of 18� 3 nm, as exemplified

in Fig. 7a. Interestingly, the tendency to form aggregates was still

observed under this pH condition with an average aggregate size

of 34 nm (Fig. 7b). The diffraction pattern obtained from the

freeze-dried sample showed a single phase corresponding to

magnetite. The Rietveld refinement of the XRD pattern showed

an average crystallite size of 18.4 nm with a lattice parameter of

8.3781 �A (Fig. 8).

3.1.5 Synthesis at pH ¼ 10. Particles observed under TEM

showed a predominantly square shape with an average particle

size of 28 � 5 nm (Fig. 9a); nevertheless, the particles did not

form aggregates as observed under pH 8 and 9. Acicular particles

were found in low percentage within the sample (Fig. 9b). XRD

analysis revealed the presence of both magnetite and goethite

phases, the latter confirmed by the 24.69�, 38.80�, 42.83� and

62.71� peaks (Fig. 10).
Considering the overall process, when a mixture of ferrous and

ferric ions is present in solution the condensation process is

initially oriented towards a specific iron phase, mainly green rusts

with a hydrotalcite structural type.30 Nonetheless, green rusts are

highly reactive intermediates and the system will tend to evolve to

a spinel-type structure. This preferential orientation is dependent
Fig. 4 XRD pattern of iron oxide nanoparticles synthesized at RT and

pH 7. Peaks are indexed according to the reference patterns for goethite

(pdf ref. 00-029-0713) and siderite (pdf ref. 00-029-0696).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 TEM image of nanoparticles synthesized at RT and pH 8 with (a)

nearly square shaped forming aggregates and (b) remaining acicular

goethite nanoparticles present as seen in the inset.

Fig. 7 TEM image of nanoparticles synthesized at RT and pH 9: (a) at

low magnification and (b) higher magnification.
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on the Fe(II)/Fe(III) ratio.31–33 On the one hand, Tronc et al.34

reported the production of goethite when Fe(II)/Fe(III) < 0.1 due

to dissolution of non-stable complexes that recrystallized into

goethite; however, when the ratio was > 0.1 pure magnetite was

obtained. On the other hand, Jolivet et al.35 found that when

using a ratio > 0.35 only the oxide phase was present in solution.

In the present work, the precipitation of iron oxide nano-

particles was carried out with a Fe(II)/Fe(III) ratio of 0.5, which

should orientate the condensation of the iron complexes towards

the formation of a unique oxide phase, either magnetite or

maghemite. The use of carbonate had a profound effect on the

condensation process of the aquo-complexes as the precipitation

process was performed gradually, which prevented drastic

changes of pH, minimizing multiple bursts of nucleation as well.

Nevertheless, this strategy allowed for subsequent metastable

equilibria of the different complexes in solution and at the same

time permitted the interaction of the available species with the

carbonate present leading to competing reactions. The investi-

gation of the reaction equilibria at pH values between 6 and 10

allowed for the study of the synthesis evolution when carried out

to completion to yield iron oxide.

Condensation of ferrous ions does not occur below pH 6,

remaining as aquo-complexes of the form [Fe(OH)h-

(H2O)6�h]
(2�h)+ with h ¼ 0 up to that point, whereas ferric ions

would react under strongly acidic pH (pH $ 1) due to the

speciation of the aquo-complex ([Fe(OH)h(H2O)6�h]
(3�h)+).33 The

study was therefore started at pH 6, as for a mixture of Fe(II) and

Fe(III) both species would be able to react at this point. When the
Fig. 6 XRD pattern of iron oxide nanoparticles synthesized at RT and

pH 8. Peaks are indexed according to the reference patterns for goethite

(pdf ref. 00-029-0713), magnetite (pdf ref. 01-088-0315) and siderite (pdf

ref. 00-029-0713).

This journal is ª The Royal Society of Chemistry 2012
reaction was carried out at pH 6, the Fe(II) present in solution

was not available for reaction with the formed aquo-complexes

of Fe(III), which led to the initial precipitation of Fe(III) into

goethite acicular nanoparticles via an olation mechanism

involving the condensation of the hydroxo ligands associated

with the metal centre acting as a nucleophile in the presence of an

aquo ligand (Fig. 1). As the pH of the reaction was increased to

pH 7, the equilibrium of Fe(II) with the CO3
2� (eqn (1)) present in

solution was favoured towards the precipitation of siderite (as

shown in Fig. 3).36

Fe2+ + CO3
2� # Fe(CO3)(s) (1)

Fe2+ + CO3
2� + OH� # [Fe(CO3)(OH)]� (2)

(3)

At pH 8, the equilibrium of Fe(II) towards the precipitation of

siderite (eqn (1)) will compete with the formation of ferrous

aquo-complexes (mainly [Fe(OH)(H2O)5]
+), which would be

available to react with the Fe(III) aquo-complexes present in the
Fig. 8 (a) Experimental XRD pattern of iron oxide nanoparticles

synthesized at RT and pH 9; peaks are indexed according to the reference

pattern for magnetite (pdf ref. 01-088-0315); (b) calculated diffraction

pattern and (c) difference between calculated and experimental patterns.

J. Mater. Chem., 2012, 22, 12498–12506 | 12501
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Fig. 9 TEM images of iron oxide NPs synthesized at RT and pH 10

showing (a) the predominant square shape and (b) remaining acicular

goethite nanoparticles present (magnified view in the inset).

Table 1 Overview of nanoparticle changes with reaction pH conditions
at t ¼ 24 h

pH Particle size (nm) Morphology Phase

6 30 � 4 (length)/
3.2 � 0.4
(width)

Acicular Goethite

7 31 � 1 (length)/
4 � 1 (width)

Acicular Goethite and siderite

440 � 65 Nearly square
8 6.9 � 0.4 (nanoparticle)/

50–70 (aggregates)
Square forming
aggregates/
acicular

Magnetite,
goethite and
siderite

9 18 � 3 (nanoparticle)/34
(aggregates)

Spheroidal Magnetite

10 28 � 5 Square and
acicular

Magnetite and
goethite
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medium (eqn (3)). Simultaneously, as the pH of the solution is

increased, the equilibrium of Fe(II) with carbonate towards the

formation of siderite is hindered by the presence of hydroxyl

groups leading to the formation of a water soluble complex (eqn

(2)). Stoichiometric mixtures of Fe(II) and Fe(III) drive the reac-

tion towards the formation of iron oxide with an inverse spinel

structure and, as the competing precipitation of siderite is

minimized, the condensation of the aquo-complexes will be

favoured. Consequently, when the reaction was carried out at pH

8, no crystals of siderite were observed (Fig. 5) and the main iron

phase found by XRD was magnetite (Fig. 6). The obtained iron

oxide nanoparticles were found as short rods or square particles

forming aggregates with a clear resemblance to the initial

goethite, which could act as a seed for the formation of the iron

oxide phase via a dissolution–precipitation mechanism.37

At pH 9, only magnetite nanoparticles were observed forming

aggregates of about 34 nm (Fig. 7) as seen at pH8. The constituent

particles were on average 10 nm bigger than the ones obtained at

pH 8, which could indicate that within this stage particle growth is

the prevailing process. The decrease in the aggregate size with the

subsequent increase in particle size would indicate that particle

growth takes place byOstwald ripening. For increasing pHvalues

the concentration of hydroxyl groups in solution will subse-

quently increase and so will the ratio [Fe(OH)(H2O)5]
+/

[Fe(H2O)6]
2+. The kinetics of the formation of iron oxide nano-

particles will be favoured due to the increase in the concentration

of Fe(II) available as aquo-complex, leading the reaction to

completion after 24 h with no remaining goethite (Fig. 8).

Simultaneously, the rise in the concentration of hydroxyl groups
Fig. 10 XRD pattern of iron oxide nanoparticles synthesized at RT and

pH 10. Peaks have been indexed according to the reference patterns for

goethite (pdf ref. 00-029-0713) and magnetite (pdf ref. 01-088-0315).

12502 | J. Mater. Chem., 2012, 22, 12498–12506
in solutionwill favour the reactionofFe(II)with the carbonate and

the hydroxyl groups (eqn (2)) to the detriment of the precipitation

of siderite. As a result, the siderite phase was not found at pH 9 as

observed on the TEM (Fig. 7) and XRD (Fig. 8).

At pH 10, the obtained material was expected to continue the

trend previously described for pH 9; however, goethite particles

were confirmed by TEM (Fig. 9) and XRD (Fig. 10). The use of

carbonate, a weak base, meant doubling the volume of added

base solution in order to achieve pH 10. The increase of the total

volume of the reaction, and therefore the decrease in the

concentration of the species present in solution, led to a decrease

in the rate of the kinetically controlled reaction and therefore the

transformation from the oxyhydroxide phase to the oxide phase

was slower. This difference was confirmed by TEM, as the

studied sample from the reaction at pH 9 at time 24 h (Fig. 7) was

free from goethite nanoparticles, whereas at pH 10 and t ¼ 24 h

acicular goethite nanoparticles were found (Fig. 9b). Pure

magnetite nanoparticles could be isolated by magnetic separa-

tion from the reaction products formed at pH 8, 9 and 10. An

overview of the morphology, phase and particle size changes with

pH can be seen in Table 1.
3.2 Phase change study during reaction time

As previously mentioned, the formation of iron oxide with an

inverse spinel crystal structure from a stoichiometric mixture of

ferrous and ferric ions, as used in the present work, had been

previously established as too rapid to allow the study of the

reaction mechanism.32 However, the use of a weak base allowed

for the slow precipitation of the nanoparticles and allowed for

the observation of the crystalline phase changes of the formed

material over time.

The diffraction pattern obtained from the reaction mixture

aliquoted after the addition of the base (t ¼ 0 h) matched the

reference diffraction pattern of goethite when reaction was

carried out at pH 9 (Fig. 11). Changes on crystal structure over

time were followed. No significant differences were found for the

first two hours after the addition of the base. On the third hour,

the appearance of reflections that did not correspond to the

initial crystal phase was observed; in fact, (220), (311) and (400)

reflections of magnetite started to appear. As the reaction

continued, goethite reflections slowly disappeared as the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 11 XRD pattern shift over 24 h for iron oxide nanoparticles

synthesized at RT and pH 9. Diffraction patterns have been offset along

the y axis for a better comparison.
Fig. 12 Magnetization curves of iron oxide nanoparticles synthesized at

RT and pH 9 aliquoted at t ¼ 0 h and t ¼ 24 h, and measured at 300 K

and 5 K. The inset shows a zoom into the low magnetic field region.

Fig. 13 XRD collected from samples synthesized at temperatures

between RT and 70 �C at t ¼ 0 h. Diffraction patterns have been offset

along the y axis.
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magnetite ones became predominant. On the fourth hour,

goethite (221) reflection started to broaden due to the shift

towards the family of planes (422) of magnetite. A similar situ-

ation was observed from the third hour for the goethite (022)

reflections, shifting towards the magnetite (111) family of planes

represented by the 21.38� peak. The diffraction pattern showed

no trace of a secondary phase 24 h after the reaction was carried

out and the reflections matched those of magnetite. The experi-

mental data therefore accounted for the transformation of

goethite nanoparticles towards magnetite.

This was also confirmed by the ATR-FTIR spectra. The as-

synthesized sample presented the characteristic goethite nOH

stretch, dOH in plane bend and gOH out of plane bend bands, at

3140, 892 and 795 cm�1;38 which were not present 24 h after the

synthesis had been carried out (Fig. S1†) due to the evolution of

the crystal structure over time. As the band observed around

3500 cm�1 for magnetite is also associated to coordinated OH

groups from the physisorbed water on the nanoparticle

surface,39,40 it cannot be used for identification purposes.

In order to check the evolution of the magnetic properties of

the freeze-dried products within the studied 24 h period (Fig. 12),

hysteresis loops corresponding to both ends of the time range

were measured at 300 and 5 K. On the one hand, the 300 K

magnetization curve of the freeze-dried material at t ¼ 0 h

showed the typical linear dependence with the applied field

shown by paramagnets. Although an antiferromagnetic response

is expected from goethite, which is the main phase in the sample

as revealed by XRD patterns (Fig. 11), paramagnetic or super-

paramagnetic behaviour can be observed when forming nano-

particles due to uncompensated spins in the corresponding

magnetic sublattices at the surface of the nanoparticles, similar to

the case of hematite.41 On the other hand, a ferromagnetic-like

curve with ss¼ 77 Am2 kg�1 was obtained for the sample after 24

h, which roughly corresponds to the magnetic saturation of bulk

maghemite (78 A m2 kg�1 at 300 K). This result clearly supports

the spontaneous oxidation process undergone by the magnetite

NPs seen after the preparation in the form of a black to brown

transition, which perforce takes place if no specific measures,

such as coating with suitable molecules, are adopted to prevent it.

The 5 K loop for the same sample exhibits a much higher
This journal is ª The Royal Society of Chemistry 2012
coercivity compared to the 300 K one (Fig. 12, inset), as

a consequence of the exchange between randomly frozen spins

during the lower temperature end of the blocking process of

nanoparticles.

Changes in the crystal structure of the obtained materials were

also studied at pH 10 (Fig. S2†). The phase transformation

observed at pH 9 was also found at pH 10; however, it was

slower. As previously described in this work, the increase in the

total volume of the reaction solution and subsequent decrease in

the concentration of the species present in solution led to a small

decrease in the rate of the kinetically controlled reaction showing

traces of goethite at t ¼ 24 h.
3.3 Phase change study with reaction temperature

XRD patterns obtained from the as-synthesized iron oxide

nanoparticles (t ¼ 0 h) produced at pH 9 and temperatures

between RT and 35 �C agreed with the reference diffraction

pattern of goethite (Fig. 13).When the reaction was carried out at
J. Mater. Chem., 2012, 22, 12498–12506 | 12503
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Fig. 14 Magnetization curves of iron oxide nanoparticles synthesized at

pH 9 and T ¼ RT and T ¼ 60 �C measured at (a) 300 K and (b) 5 K.

Table 2 Overview of the magnetic parameters for the samples synthe-
sized at RT and 60 �C at t ¼ 24 h

Sample
Measurement
temperature (K)

ss
(A m2 kg�1)

Hc

(T)
Mr

(A m2 kg�1)

Synthesized
at RT

300 74.3 0.002 3.4
5 86.5 0.02 25.3

Synthesized
at 60 �C

300 80.6 5.4 � 10�4 0.7
5 83.7 0.03 25.9

Fig. 15 TEM images of iron oxide NPs synthesized at pH 9 and (a) RT

and (b) 60 �C.
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40 �C, a decrease in the intensity of the (111) peak was observed.

The synthesis of iron oxide nanoparticles at 45 �C led to a black

suspension that spontaneously turned light brown after the

standard washing procedure due to the oxidation towards

maghemite. The instability of the formed material resulted in

a deterioration of crystallinity with a remarkable decrease in the

intensity of the (130), (021) and (111) peaks compared to the

products obtained at lower temperatures between RT and 40 �C.
When the reaction was carried out between 50 and 70 �C, the
obtained nanoparticles exhibited a diffraction pattern that

matched magnetite at t ¼ 0 h. The diffraction pattern of the

samples after 24 h did not show any differences and therefore is

independent of the temperature of the reaction.

The mechanism of goethite formation is known to take place

through olation or condensation of hydroxo and aquohydroxo-

complexes in solution.32 Conversely, spinel structures are formed

through oxolation, a two-step reaction involving an initial

condensation of hydroxo complexes followed by b-elimination of
12504 | J. Mater. Chem., 2012, 22, 12498–12506
a proton that leads to the formation of the oxo-bridge. This

second step is favoured at high temperatures, which would

increase the tendency of the system to proceed via an oxolation

mechanism. The obtained diffraction patterns from the iron

oxide nanoparticles at different temperatures between RT and 70
�C showed that the product formed after the addition of sodium

carbonate was initially goethite, but when the reaction was

carried out below and above 45 �C the obtained product was

magnetite. This would indicate that there is a remarkable

difference in the reaction mechanism and the oxolation is clearly

favoured above 45 �C.
The magnetic properties of the samples were found to be

affected also by the reaction temperature. At 300 K (Fig. 14a) the

sample synthesized at RT exhibited a lower magnetization

saturation (ss) compared to the one synthesized at 60 �C, but on
the contrary shows both higher coercivity (Hc) and magnetiza-

tion remanence (Mr). This difference in the magnetic parameters

(Table 2) can be explained in terms of both the different particle

size and oxidation degree towards maghemite between both

samples. Particles observed under TEM synthesised at RT were

18.1 � 2.4 nm in size, whereas particles prepared at 60 �C
were 12.3 � 1.8 nm in size (Fig. 15). On the one hand, the

sS > 78 A m2 kg�1 indicates that there is still some non-oxidized

magnetite in the particles, most likely in their core. On the other

hand, the smaller particle size of the sample synthesized at 60 �C
makes it closer to a pure superparamagnetic behaviour than the

RT one, and hence the lower coercivity and remanence values. In

addition to purely size effects, the magnetite–maghemite ratio

also plays a role in the magnetic properties of these samples. By

virtue of the different magnetocrystalline anisotropy and

exchange stiffness constant typical from each phase, maghemite

is expected to form single domain particles at lower critical sizes,

but these particles become superparamagnetic at bigger sizes

compared to magnetite.42 At 5 K (Fig. 14b) both samples show
This journal is ª The Royal Society of Chemistry 2012
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similar values of Hc and Mr, but the increase is much higher in

the case of the sample synthesized at 60 �C. This indicates that for
the latter, a much larger fraction of nanoparticles became

blocked after decreasing the temperature, reflecting a size

distribution centred at lower values than those of the RT sample.
4 Conclusions

Sodium carbonate has been found to be a suitable co-precipi-

tating agent for the selective synthesis of stable iron oxide and

oxyhydroxide nanoparticles from a stoichiometric mixture of

Fe(II) and Fe(III) at different pH values. The moderate carbonate

concentration contributed to a more gradual precipitation that

allowed for tracking the reaction changes reducing the abrupt pH

variations within the reaction medium leading to a narrow

particle size distribution. The mild reaction conditions and the

slow process permitted the study of the nanoparticle formation,

revealing the initial occurrence of goethite nanoparticles that

evolved to the spinel-type structure after 24 h when the reaction

was carried out below 45 �C. Conversely, above that tempera-

ture, the obtained product was iron oxide with an inverse spinel

structure, which evidenced a change in the preferential reaction

mechanism from olation to oxolation.

At the same time, the reaction temperature was found to affect

the final magnetic properties of the NPs mainly via a decrease in

the average particle size, which also resulted in smaller coercivity

values, closer to pure superparamagnetic behaviour. The reac-

tion pH has been found to be a decisive factor, leading to vari-

ations both in particle size and morphology. Pure acicular

goethite particles were obtained at pH 6, whereas pH 9 was found

to be optimum for producing magnetite. A further increase of pH

leads to well-defined square shaped particles, but owing to the

larger reaction volume there was a very small local reversion to

goethite. The size of the obtained magnetite nanoparticles could

be controlled with the reaction pH. An increase of ca. 10 nm per

pH unit was found leading to 6.9 � 0.4 nm, 18 � 3 nm and

28 � 5 nm for pH 8, 9 and 10 respectively.

These results establish that a sodium carbonate-based co-

precipitation method allows for the preparation of nanoparticles

in aqueous media with tuneable size, morphology and crystal

phase. Not only does this synthetic route permit the formation of

magnetite nanoparticles, but more importantly it offers a bench-

mark for the study of the physicochemical changes that a solution

of Fe(II)/Fe(III) experiences throughout a reaction. Furthermore,

changes throughout the reaction could be studied in detail,

allowing for an improved understandingof the reaction variability

that has limited reproducibility in the production of commercial

particles. The information gathered could be used in achieving

more controllable and reproducible processing, which may allow

progress towards more diverse GMP manufacturing of magnetic

nanoparticles. If this were to be achieved it would represent

a major advance in the field, allowing for the biomedical applica-

tions of magnetic nanoparticles to be extended and broadened

beyond the currently limited range of FDA-approved materials.
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