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h  i  g  h  l  i  g  h  t  s

• We  synthesized  hematite  cube-

shaped  nanoparticles  using  different

synthesis  paths.
• Iron  chloride  concentration  and  aka-

ganeite  concentration  influence  mor-

phology  and  particle  size.
• We  use  electron  microscopy  and

diffraction  methods  to  characterize

the  particles.
• Controlling  the  akaganeite  concen-

tration  and  size  is  key  to tune  particle

size  and  crystallinity.
• We  discuss  possible  formation  mech-

anisms  of single  and  polycrystalline

hematite  nanocubes.

g r  a p  h  i c  a l a  b  s t  r  a c t

We have  synthesized  hematite  cube-shaped  nanoparticles  using  different  synthesis  paths  to  examine  the

effect  of the  intermediate  product  akaganeite  (�-FeOOH)  on  the  size  and  shape  of  the  final  hematite  par-

ticles.  Akaganeite  spindles  and  hematite  nanocubes  are  prepared  using  forced  hydrolysis  of iron  chloride

(FeCl3) salt.  We  use  a  combination  of transmission  electron  microscopy  (TEM),  high  resolution  transmis-

sion  electron  microscopy  (HR-TEM),  selected  area  electron  diffraction  (SAED)  and  dynamic  light  scattering

(DLS).  Akaganeite  particles  are  found  to be  spindles,  with  an average  length  that  depends  linearly  on  the

FeCl3 concentration,  while their  aspect  ratio  is  hardly  affected  by  the  same  parameter.  Adjusting  the

akaganeite  concentration  from  0.01  M to  0.10  M equivalent  of FeCl3 in the  subsequent  transformation

to  hematite  leads  to single  crystal  nanocubes  with  sizes  ranging  from  37  to 175  nm.  The  combination  of

akaganeite  concentration  and  size  is found  to be  the  key  parameter  to control  the  size  and  crystallinity  of

the  resulting  hematite  particles.  Possible  formation  mechanisms  of single  and  polycrystalline  hematite

nanocubes  are  discussed.
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1. Introduction

Colloidal nanoparticles are increasingly important for applica-
tions in  biomedicine [1], imaging [2], DNA separation [3], colloidal
crystallization [4–6] and numerous other areas. Controlled syn-
thesis techniques are  required to obtain monodisperse colloids
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with tunable size, shape, physical and chemical properties. Partic-
ularly well-known and increasingly studied classes of particles are
oxides and hydroxides of iron, for example hematite, magnetite,
maghemite, and goethite. Hematite (�-Fe2O3) shows very interest-
ing magnetic properties, which change with particle size and shape.
Nanosized hematite has been synthesized in various shapes such as
cubes [7–9], rods [10], spheres [11,12], pseudocubes [12], platelets
[13], ellipsoids [14,15], nanobelts and dendrite micro pines [16,17].
The final hematite particle size and shape can be tuned by adjusting
synthesis parameters such as the concentration of the reactants
[7], duration of the reaction [18], ionic strength [19,20], reaction
temperature, surfactants [10], presence of hematite seed [21] and
pH of the solution [19]. The addition of organic additives to aque-
ous reaction mixtures was shown to have an appreciable effect
on the geometry of hematite particles [22]. Changing the ratio of
solvent mixtures strongly influences the final shape, yielding spin-
dle, rhombohedral, or cubical geometries particularly in  the case of
ethylene diamine/ethanol mixtures [9].

Fine-tuning can be achieved by the addition of sulphate and
phosphate salts to the reaction mixture. These salts restrict the
growth of hematite nuclei in the direction perpendicular to the
c-axis [19,20]. The adsorption of sulphate ions has been found to
depend on the pH of the solution, and was reported to decrease
with increasing pH [19].When dissolved in  water at 100 ◦C, FeCl3
initially forms spindle shaped akaganeite (�-FeOOH) particles [23].
Hematite particles are then grown via the dissolution and re-
precipitation of this intermediate metastable phase. In  order to get
full control over the formation of hematite, it is essential to under-
stand the formation and interparticle interactions of akaganeite. In
this context it is also important to realize that akaganeite spindles
form diverse aggregates such as stacks depending on the balance
between repulsive and attractive forces between them [24], which
can influence the resulting size, shape and structure of hematite
particles formed.

The  formation mechanisms of differently shaped hematite par-
ticles from akaganeite precursors were studied in the past by
Bailey and Mercartney as a  function of the FeCl3 concentration
(0.018–0.45 M)  [12]. They described in particular the formation of
polycrystalline pseudocubical hematite particles (i.e. cubes with
round edges) at high FeCl3 concentration through a  three-step pro-
cess: first, akaganeite rods are formed, which then arrange into
stacks, finally leading to pseudocubes [12]. An important observa-
tion made was that these particles were found to be  polycrystalline.
The polycrystalline nature of the pseudocubes was  related to  the
fact that nucleation of hematite occurs at the akaganeite interface,
and a model for the formation mechanism was developed based on
Debye–Huckel theory [25].Given the importance of single crystal
nanoparticles for various applications and the fact that the char-
acterization of typical materials properties is generally easier for
single crystal particles [26–29], we thus started an investigation
of the formation hematite particles at low FeCl3 concentrations
(0.01–0.1 M).  Moreover, in our  attempt to  achieve full control over
the nanostructure of hematite particles we extended this study also
to an investigation of the influence of the size  and concentration of
the metastable akaganeite precursor particles on the crystallinity
and size of the final hematite particles.

2. Materials and methods

Reagent  grade FeCl3 was purchased from Merck and used
without further purification. MilliQ water with a resistivity of
18.2 M� cm was used for all the syntheses. Carbon coated grids
(300 mesh) from Electron Microscopy Services Inc. were used for
the preparation of the TEM grids and the investigations of the par-
ticle morphology.

2.1. Characterization techniques

X-ray  powder diffraction (XRD) patterns of the products were
measured on a X-ray diffractometer (XRD-IC100P) in the 2� range of
10–80◦. A transmission electron microscope (TEM-CM200, Philips)
operating at 200 keV was  used for size and morphology studies,
selected area electron diffraction (SAED) analysis and high reso-
lution TEM (HRTEM) imaging of the individual particles. A typical
sample for TEM was  prepared by concentrating the particle dis-
persion using a  centrifuge at 5000 rpm and drying one droplet of
1 vol% of particles onto a carbon coated (300 mesh) grid. For the size
distribution of nanoparticles in a  liquid suspension, dynamic light
scattering (3DDLS goniometer system from LS Instruments Inc.)
was employed. Intensity cross-correlation functions were analyzed
using a  second order cumulant expansion. Nanoparticle suspen-
sions (0.01 vol% in water) were measured in a cylindrical DLS
cuvette (10 mm diameter) at room temperature. The scattering
angle was kept at 90◦.  We were not able to  accurately determine
the hydrodynamic radius of S1  due to the fast sedimentation of the
large particles in  the DLS tube.

2.2. Synthesis

For  the preparation of akaganeite, solutions of FeCl3 with con-
centrations of 0.01, 0.02, 0.04, 0.08 and 0.10 M were prepared
by dissolving the appropriate amount of FeCl3 (162 mg–1.62 g)
into 100 mL  of MilliQ water. These reaction mixtures were kept
in a preheated oven at 98 ◦C for 1 h and then quenched to  room
temperature by inserting the samples into a water bath at room
temperature.

We followed the synthesis of hematite in (1) a one step pro-
cess, starting from FeCl3 solutions at two initial concentrations
(S1: 0.1 M; and S2: 0.01 M),  and (2) in a two-step process, where
the reaction was  quenched after the production of the metastable
akaganeite precursor.

One-step  process: For sample S1 (FeCl3 concentration 0.10 M),
1.62 g FeCl3 was  dissolved in 100 mL  water, for sample S2 (FeCl3
concentration 0.01 M),  356 mg  of FeCl3 was dissolved into 220 mL
of water. Sample S1 was  divided into four glass bottles of equal
volume, which were kept at the reaction temperature for 1  h, 4 h,
24 h and 192 h, respectively. Sample S2 was divided into eleven
tightly closed glass bottles of equal volume, which were removed
from the oven after reaction times ranging from 5 min  up to 192 h.
All samples were quenched into a  water bath at room temperature
after these different reaction durations. The products were then
concentrated and characterized by TEM.

Two-step process: In the two-step process, two  stock solutions
of respectively 0.01 M (sample S3) and 0.10 M (sample S4) of FeCl3
in water were prepared. The concentration of akaganeite particles
was then adjusted and the reaction was started again (S3: initial
FeCl3 concentration 0.01 M,  final concentration 0.1  M; and S4: ini-
tial FeCl3 concentration 0.1 M,  final concentration 0.01 M).

One liter of S3 solution was  kept in the preheated oven at 98 ◦C
for 1 h and quenched to  room temperature to stop the reaction, then
90% (900 mL)  of the water was removed from the quenched aka-
ganeite solution using a  rotary evaporator at 50 ◦C under reduced
pressure. The resulting solution was considered to have an equiv-
alent iron chloride concentration of 0.10 M.  This solution was
labelled as 0 h solution. It was  divided into five batches with equal
volume (20 mL), kept in  the preheated oven at 98 ◦C and removed
after different periods of time (1–192 h).

In  parallel, five batches of 5 mL  of S4 solution were kept in the
preheated oven for 1 h (labelled as 0 h solution). To each batch
45 mL  of preheated (98 ◦C) deionized water was added after 1 h of
reaction, diluting all batches of the S4 starting solution by a  factor
of 10,  which leads to a  solution with an equivalent concentration of
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Table 1

Description of initial ([FeCl3]ini) and final ([FeCl3]f) concentration of FeCl3.  TEM

derived  and hydrodynamic (DLS) particle size are also shown for all experiments.

Sample [FeCl3] (M)  [FeCl3]f (M)  d (nm) from

TEM

Rh (nm)

from DLS

S1 0.1 0.1  925 ± 230 –

S2 0.01 0.01 103 ± 35 71

S3 0.01 0.1  175 ± 45 128

S4 0.1 0.01 37 ± 13 65

0.01 M of iron precursor. These solutions were then allowed to react
for different periods of time (1–192 h). Particle size and final mor-
phologies were determined using TEM and DLS. The results from
these experiments are summarized in  Table 1.

3.  Results and discussion

Independent  of initial FeCl3 concentration ([FeCl3]) and subse-
quent treatment of the solution, all synthesized hematite particles
exhibit a cube-like shape (Fig. 1). This is somewhat surprising,
as other studies exploring the effect of [FeCl3], though under dif-
ferent experimental conditions (0.02 M),  indicated that the actual
shape of the particles would sensitively depend on [FeCl3]  [1].
However, although the shape of the particles remained essen-
tially cube-like in all our experiments, the dimensions of the
particles strangely varied with the experimental procedure, as
summarized in Table 1. The resulting particle size distributions all
have polydispersities around 20–30%, and the aggregates visible
in the TEM images are due to the drying procedure used in the
TEM sample preparation process and do  not exist in  suspension
as indicated by the average hydrodynamic radii Rh measured by
DLS.

The reduction of the initial FeCl3 concentration [FeCl3]ini from
0.1 M (S1, Fig. 1a) to 0.01 M (S2, Fig. 1b) has a  dramatic influ-
ence on the size of the resulting final nanocubes, which decreases
from d = 925 ± 230 nm for S1 to d  =  103 ± 35 nm for S2. However,
the FeCl3 concentration is  not  the only relevant parameter that
determines the final product. This is demonstrated with samples S3
(Fig. 1c) and S4 (Fig. 1d). In the S1- and S2-experiments we  main-
tained the initial volume (0.1 M  and 0.01 M,  respectively) for the
entire reaction time of 7 days during which essentially all start-
ing materials were converted into hematite. In contrast, in  the
S4-experiment, we diluted the sample after 1 h to 0.01 M;  at this

point  of the reaction the starting material has already been com-
pletely converted to akaganeite, but the amount of hematite was
still negligible. After this dilution step, the system was then again
left to fully convert to hematite for 7 days. Under these conditions
the resulting nanocubes in S4 with d =  37 ± 13 nm are now much
smaller than those obtained when starting directly with an FeCl3
concentration [FeCl3]ini = 0.01 M.  Similarly, when we started with
[FeCl3]ini = 0.01 M,  and then quenched the reaction and concen-
trated the sample in  a rotavap to  an equivalent FeCl3 concentration
of 0.1 M before starting the synthesis again, the resulting nanocube
size after 7 days, i.e. after full conversion, was now d  =  175 nm.  This
value is about a factor of 1.7 larger than what has been found for S2
(same [FeCl3]ini), but about a  factor of 5.3 smaller than what was
obtained with sample S1 ([FeCl3]ini =  [FeCl3]f). This clearly indicates
that [FeCl3]  is  not the only size determining factor, but  that the size
and number density of the akaganeite particles as a  precursor phase
also play an important role in determining the final dimensions of
the hematite particles. In order to  explore the role of the akaganeite
precursor particles, we  thus characterized the shape and size of
particles formed 1 h after the start of the reaction using different
initial FeCl3 concentrations. As described above, at this point the
bulk of the starting material has been converted to akaganeite for
all samples investigated, while no detectable amount of  hematite
has yet been produced. For the investigated concentration range
of [FeCl3]ini = 0.01 and 0.1 M,  we found that all akaganeite particles
were spindle-shaped, but of different size  and aggregation state
(Fig. 2a and b).

Depending  on [FeCl3]ini, akaganeite spindles of various sizes
were obtained during the first hour of the synthesis at 98 ◦C (Fig.  2a
and b). The average length determined by measuring the long axis of
100 particles (from different meshes on the TEM grid) increases lin-
early with [FeCl3]ini (Fig.  2c). The average aspect ratio appears to be
almost independent of the initial precursor concentration (Fig. 2d),
with values always remaining between 4 and 5.  In addition to spin-
dles, some star shaped and stacked structures of akaganeite are
observed after 1 h of reaction time (Fig. 2a and b), where the star
shaped structures are  twinned akaganeite [30]. The relevant pre-
cursor particles to consider when trying to understand the final
hematite particles shown in Fig. 1 are thus the akaganeite spindles
(Fig. 2a and b).

Having  established the size and shape of the akaganeite pre-
cursor particles that are then converted to  hematite in the
synthesis routes underlying samples S1–S4, we next performed a

Fig. 1. TEM images of the final hematite cubes obtained in samples (a) S1, (b) S2, (c) S3 and (d) S4.
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Fig. 2. Properties of the precursor akaganeite spindles as a  function of the initial FeCl3 concentration. TEM images of akaganeite spindles synthesized with different [FeCl3]ini

values of (a) 0.01 M,  (b) 0.1  M (scale bar = 500 nm). (c) Akaganeite spindle length (long axis) as a function of [FeCl3]ini .  (d) Aspect ratio of akaganeite spindles (long axis/small

axis) vs. [FeCl3]ini .

Fig. 3.  (a) TEM images of sample S1 after (a)  1  h, (b) 4 h, (c) 24  h  and (d) 192 h.

detailed investigation of the time dependence of the conversion
akaganeite–hematite and the morphology of the resulting hematite
nanocubes.

In sample S1 obtained without subsequent dilution
[FeCl3]ini = [FeCl3]f =  0.1 M,  large hematite pseudocubical par-
ticles are formed (Fig. 3). Our experiments with S1 appear to
be in accordance with the earlier findings in  Ref. [6]. Our data
show that after 1 h of reaction only akaganeite spindles can be
observed which appear to  have aggregated into larger stacks or
rafts (Fig. 3a). The spindle axes are parallel to the c-axis of the
�-FeOOH structure. Diffraction patterns taken with the aperture
over an entire raft show that the c-axes of the spindles forming a
raft are well aligned (Fig. 4a). Moreover, these rafts may  contain
more than one layer of spindles (Fig. 4b).

The hematite particles nucleate epitaxially on the akaganeite
rods (Fig. 5), i.e. the crystallographic orientation of the nuclei is
controlled by the akaganeite structure. The following orientation
relationship is observed: the b-axis of akaganeite is parallel to the

Fig. 4. (a)  SEAD pattern from an akaganeite raft. Diffraction spots from two different

rods  (indexed spots and arrowed spots) are visible, the c-axes of both rods are well

aligned,  however the b-axes are not  aligned. (b) TEM image of an akaganeite raft,

white line: orientation of the c-axis; arrows 1 and 2 point at the two  rods, which are

either above or below the longer lighter contrasted rods.
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Fig. 5. Detailed view on the initial conversion akaganeite–hematite from HRTEM and TEM: Images are obtained from sample S4 after 1 h of reaction time. (a) HRTEM image

depicting crystallographic orientation of hematite and akaganeite particles. (b) TEM image of a hematite particle, growing on top of a  akaganeite raft.

c axis of hematite and the c axis of akaganeite is  parallel to the b
axis of hematite. The nuclei grow by consuming iron in solution
from already dissolved akaganeite. Several hematite nuclei may
form within the same stack, and their mutual crystallographic ori-
entation is fixed as long as the akaganeite spindles are held together
in a stack.

To  some extent there seem to be also topotaxial replacement,
as indicated by embayments in the akaganeite surface occupied
by hematite. In this process, hematite nucleates in a  crystallogra-
phically controlled way on the surface of the akaganeite rods and
grows into the latter by  consuming it. As multiple nuclei form on a
single raft, the growing individual hematite nanocubes eventually
aggregate/fuse and form a  single polycrystalline pseudocube.

Nanocube fusion is  supported by Fig. 6 where various crystal-
lographic orientations can be observed in a HRTEM image of a
large pseudocube. Furthermore, the solution chemistry enhances
the cohesion between the hematite nanocubes. The point zero
charge (pzc) increases slightly with particle size from 7.8 for 12 nm
particles to 8.8 for 65 nm particles as reported by  He et al. [31].
The stability ratio as a  measure of the colloidal stability against
aggregation for nanohematite suspensions drops from 1000 to  1
when increasing the electrolyte concentration from 0.01 M  to 0.1 M.

Fig. 6. HRTEM image of sample S1. Shown is a  [1 1 0] lattice fringe image from the

boundary between two  subcrystals together with two  SAED patterns. The  upper

SAED pattern is taken with the aperture centered over the upper lamella, whereas

the  lower pattern is taken with the aperture centered over  the boundary. The

boundary  is parallel to the [−1 1 4] and [1 −1  2] lattice fringes (arrows show the

corresponding  diffraction spots).

Nanocubes, which get in contact with each other, will therefore
stick together. The growth of the individual cubes is enhanced
by the presence of non-aggregated single spindle and small star-
shaped aggregates, which act as reservoirs that enhance the growth
of hematite crystals by Ostwald ripening. This formation scenario
for large hematite pseudocubes is in line with the proposed growth
model by Bailey et al. [12]. They suggested that for the forma-
tion of large pseudocubical particles, akaganeite rods of similar
length have first to aggregate into stacks. Nucleation of the hematite
then takes place at the interface of the akaganeite rod stacks. The
hematite crystals present in  the stack coalesce then to a  large poly-
crystalline pseudocubical hematite particles.

The relative orientation of the hematite subcrystals within a
pseudocube cannot be observed in a  normal TEM experiment due to
the  large size of the particle. In  order to  examine the internal nano-
structure of the pseudocubic particles, 20 nm thick slices obtained
by sandwiching the pseudocubes in an epoxy resin and cut using a
microtome were studied with TEM. Many sections of the hematite
particles have a  nearly quadratic shape and almost all edges are
rounded, but the curvature is not  the same for each edge (Fig. 3d).
The inner structure of the section is characterized by lath-like sub-
crystals, delineated by changes in  contrast (usually lines of  bright
contrast) or cracks which radiate out from the center of the section
or which are parallel to  one external face of the cube, resembling
the raft-like arrangement of the primary akaganeite crystal (Fig. 7a).
The diffraction patterns taken from different regions of many larger
crystals are  identical, i.e. the crystallographic orientation does not
change across the particle (Fig. 7b–d). Weaker diffraction spots are
also present, indicating some misorientation of smaller subgrains,
partly an artifact of microtoming.

The observed external shape and internal structure of the
hematite cubes are very similar to the features described by  Park
et al. [32], for monodispersed hematite particles synthesized from
highly condensed hydroxide gels [13]. The pseudocubic parti-
cles are bound by [0 1 2]  faces. The internal structure consists of
columnar sub-grains that radiate in all directions. Although the ori-
entation of the morphological long axis of the sub-grains changes
continuously, the crystallographic orientation from one sub-grain
to the next remains the same. The presence of the sub-grains and
the constant crystallographic orientation across the particle indi-
cates oriented aggregation of basic particles, in our case primary
hematite particles which grew epitactically onto akaganeite rafts
(Fig. 5).

Having obtained a detailed description of the formation process
and the resulting particle morphology and internal nanostructure
of the hematite particles formed at [FeCl3]ini =  0.1 M,  we next looked
at the particle formation at low [FeCl3]ini = 0.01 M,  i.e.  sample S2.
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Fig. 7. Details of the interior structure of a  large hematite nanocube obtained from sample S1: (a) TEM image of a  microtomed large hematite nanocube. (b) SAED pattern

from region 1 of hematite nanocube (c) from region 2  and (d) from region 3  of hematite nanocubes. All three diffraction patterns show the same zone axis orientation. The

slight  streaking is due to rotational disorder caused by microtoming. The long axis of the subcrystal in region 2 is oriented at 90◦ with the long  axis of the subcrystal in

region 3.

As shown in Figs. 2a and 8a, the transformation to hematite occurs
via much smaller akaganeite spindles. Akaganeite particles are in
fact formed during the first 5 min  of the reaction as evident by an
XRD powder diffraction analysis (Fig. 2a, supplementary data), and
also established by measuring the evolution of the pH during the
synthesis (data not shown). In contrast to the synthesis with 0.10 M
initial [FeCl3] concentrations, no large rafts are visible after 1 h,  and

the akaganeite spindles appear to exist mostly as isolated spindles
and star-like twinned particles. The lower electrolyte concentration
relative to  S1 prevents the akaganeite spindles to aggregate. When
compared to  the temporal evolution of the particles in S1 (Fig. 3),
in S2 a  significant number of hematite nuclei and smaller nanopar-
ticles are already visible after 4 h (Fig. 8b). After 24 h of  reaction,
cubic and rhomboid-shaped individual hematite crystals are

Fig. 8. TEM images of sample S2 after (a) 1 h, (b) 4 h, (c) 24 h  and (d) 192 h.
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Fig. 9. Selected area electron diffraction (SAED) patterns obtained from hematite nanoparticles through three different routes: (a)  S2, (b) S3 and (c) S4.

predominant and only a  small amount of remaining small aka-
ganeite debris is left. The akaganeite debris completely disappear
after 192 h of reaction, indicating the full transformation of
akaganeite into hematite. The cubic morphology of hematite
nanoparticles was also confirmed using SEM (Fig. 1, supplementary
data)

The influence of the initial FeCl3 concentration and thus the
ionic strength appears to be  dramatic. We  obtain large polycrys-
talline hematite pseudocubes in S1 and small nanocubes in  S2.
Moreover, hematite nanoparticles obtained in  S2 single crystals as
demonstrated by selected area electron diffraction (SAED) experi-
ments (Fig. 9a). In the spirit of the model proposed by Bailey et al.,
it is tempting to link the different final size and microtexture to
the size of the transient akaganeite crystals and their aggregation
state. Akaganeite rods formed at 0.01 M  [FeCl3]ini are  smaller, but
more polydisperse than those formed at 0.1 M  [FeCl3]ini. The lack
of aggregation and stack formation can be explained by  the solu-
tion chemistry and the surface chemistry of akaganeite. The point
of zero charge (pzc) of akaganeite in  water is  between 7 and 8,  and
for pH values below the pzc the surface of the nanorods is  positive.
The calculated pH values for all solutions used in the synthesis of
akaganeite have indeed a much lower pH. The stability of the charge
stabilized suspensions will thus depend on the electrolyte concen-
tration. At 0.1 M initial [FeCl3]ini concentration and with a  high
concentration of chlorine anions the surface charge of akaganeite
will become effectively screened and aggregation promoted. Sub-
sequent dilution with water will significantly reduce aggregation.
The non-aggregated spindles serve as a substrate for the nucleation

of  hematite, which will grow independently of each other, slowly
consuming the smaller akaganeite structures. This mechanism is
distinctly different from that proposed at high [FeCl3]ini. Appar-
ently the existence of stacks is a pre-requisite for the subsequent
formation of larger hematite pseudocubes.

However, it is not only the resulting size and morphology
that distinguishes S2 from S1. A comparison of Figs. 3 and 8 also
reveals that the transformation kinetics at 0.01 M [FeCl3]ini is much
faster, which at first seems counterintuitive. Iron hydroxide phases
such as akaganeite and lepidocrocite are  metastable phases, which
subsequently transform into a stable phase such as hematite or
magnetite. The degree of metastability mainly depends on two fac-
tors, surface charge and solid–liquid surface free energy. While we
are not changing the surface charge when changing [FeCl3]ini, the
differences in akaganeite particle size result in a  significant varia-
tion of the surface free energy. If we treat the akaganeite particles as
cylinders of finite length (L) and radius (r),  the surface free energy
per unit volume for S2 akaganeite rods is higher by one order of
magnitude than that of S1, and the large akaganeite particles will
thus take much more time to  dissolve and transform into hematite.

The results presented so far show that in S2 the formation of
hematite is  also a two-step process; first �-FeOOH is  formed, which
then enables the nucleation and growth of hematite. The resulting
hematite particles size and the transformation kinetics for both S1
and S2 are directly linked to the state of the precursor akaganeite
particles (size, aggregate state). However, it remains to  be  seen
whether [FeCl3]ini is  the only relevant control parameter. We  there-
fore performed two  more experimental series using a two-step

Fig. 10. TEM images of the sample S3 after (a) 0 h, (b) 4 h,  (c) 24 h  and (d) 192 h.
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Fig. 11. TEM images of the sample S4 after (a)  0 h, (b) 4  h, (c) 24 h  and (d) 192 h.

synthesis procedure to decouple the role of the precursor particle
size and the total amount of precursor material available.

In  these two additional series S3 and S4, we study the trans-
formation akaganeite–hematite using a  precursor suspension of
small akaganeite spindles (prepared at [FeCl3]ini =  0.01 M) concen-
trated by a factor of 10 to a high effective or final Fe-concentration
(denoted by [Fe]f)  of 0.1 M (S3) and compare it with a  transfor-
mation of large akaganeite spindles (prepared at [FeCl3]ini =  0.1  M)
diluted by a factor of 10 to a low final Fe-concentration (denoted by
[Fe]f) of 0.01 M (S4). The resulting conversion kinetics and the size
and shape of the formed particles are summarized in  Figs. 10 and 11.

When we first compare the effect of the number density or
[FeCl3]f for the small precursor spindles (S2 and S3),  we see that
despite the 10-fold higher particle concentration the aggregation
behavior appears unchanged and the appearance of the sample at
early stages is still dominated by individual small akaganeite spin-
dles and a few twins. We observe the first hematite nanoparticles
to appear after about 4 h of reaction (Fig. 10b), quite similar to the
situation encountered for sample S2  (Fig.  8b) at a 10-fold lower
particle number concentration. The akaganeite spindles appear to
have converted completely to hematite nanoparticles after 24 h of
reaction (Fig. 10c), and no change in size and shape of the hematite
particles can be observed upon further aging at 98 ◦C. The particle
growth is thus accelerated at the higher concentration when com-
pared to Fig. 8, where after 24 h there is  still a small but detectable
akaganeite population present. Additional TEM experiments (data
not shown) show that already after 16 h of reaction no akaganeite
can be detected anymore in S3. There is no evidence that the final
hematite particles consist of hematite subunits, and the electron
diffraction patterns confirm their single crystalline nature (Fig. 9b).
Our experiments thus indicate a  growth mechanism in agreement
with nucleation and (diffusional) growth rather than an initial for-
mation of stacks of precursor particles that are then converted into
hematite nanocubes.

It  is interesting to compare the sizes of the final nanocubes.
While the procedure followed for S2 leads to hematite nanocubes
with an average size of 103 nm,  the 10-fold higher precursor par-
ticle concentration in S3 leads to a  nanocube size of 175 nm.  This
corresponds to an increase in  particle volume of a factor of 5. It  thus
appears as if the total number of particles has only increased by a
factor of two, and most of the additional material has been used to
grow larger particles, despite the fact that the number concentra-
tion of precursor particles has increased by  a  factor of 10. A first

rather  unexpected result of these investigations is  thus that the
small akaganeite spindles act as nucleation sites for the formation
of hematite nanocubes, but that their number is not directly cor-
related with the number of nuclei. A two-step synthesis procedure
as applied in  sample S3 could thus be used as a  tool to tune the size
of the final hematite nanocubes.

When  we next compare the effect of the number density or
[FeCl3]f for the large precursor spindles (S1 and S4), we still observe
the presence of rafts with well aligned stacks of akaganeite spindles
at lower total concentration (Fig. 11a). However, multiple hematite
nuclei appear to  grow now not only on rafts but also on star-like
twins. In contrast to the large hematite pseudocubic particles syn-
thesized in  sample series S1, Fig. 11d shows that the final particles
obtained in S4 are  hematite nanocubes with a much smaller size
of about 37 nm.  Moreover, SAED (Fig.  9c) clearly indicates that the
nanocube particles are single crystal in  nature. We therefore do  not
observe a particle synthesis mechanism along the model initially
proposed for the hematite particle production at high (0.10–0.45 M)
iron salt concentration through a nucleation and growth of  multi-
ple nuclei on rafts of akaganeite rods, where large polycrystalline
hematite particles form. Instead, nuclei appear on each aggregate
or even on individual large akaganeite rods, and lead to the for-
mation of small single crystalline nanocubes. In this case a  lower
concentration not only suppresses growth as seen for S2 and S3,
but at the same time appears to enhance nucleation, leading to the
formation of small cubes in S4.

Again it is interesting to compare the initial akaganeite precur-
sor particle size (length a  about 500 nm,  axial ratio l/b about 5) with
the size of the final hematite nanocube (cube size  about 37 nm),
which indicates that every precursor particle provides material
for a larger number of hematite nanocubes, in this case approx-
imately 60. This two-step synthesis process appears to follow a
LaMer model-like mechanism. According to this model, individ-
ual nuclei grow by dissolution and precipitation of existing species
(akaganeite in this particular case) [33]. Hematite nuclei form
in the solution and grow by consuming akaganeite. Our exper-
iments thus demonstrate that the presence of stacks of  large
akaganeite precursor particles does not necessarily lead to  the for-
mation of large polycrystalline pseudocubic hematite particles. It
is  only in  combination with a high mass concentration that we
find evidence for this scenario, whereas at lower particle con-
centrations we  still observe the formation of small single crystal
nanocubes.
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4. Conclusion

We  have performed a  detailed analysis of the particle growth
in FeCl3 solutions under forced hydrolysis conditions at 98 ◦C,
where first akaganeite spindles form that then convert into cube-
like hematite particles with time. For the akaganeite spindles we
observe that the average length depends linearly on the initial FeCl3
concentration, while the anisotropy is hardly affected by the same
parameter. Studying the subsequent conversion into hematite, we
find that depending upon the initial FeCl3 concentration either
small, single crystal hematite nanocubes or  larger, pseudocubical
polycrystalline hematite particles form. At first it seems tempting to
link the final size, shape and crystallinity of the hematite particles to
the different sizes and state of aggregation of the intermediate aka-
ganeite particles. However, our experiments clearly demonstrate
that both the particle size and concentration of the akaganeite pre-
cursor have a significant effect on the resulting hematite particles,
their size and crystallinity.

Although  we find rational arguments that allow us for exam-
ple to interpret the differences in conversion kinetics for small
and large precursor particles in  terms of their different surface
free energy, or the variations seen for different final concentra-
tions as due to a concentration-enhanced growth, we lack a  model
that provides a consistent description of the findings. However,
while the findings made during our study pose new questions
with respect to the formation mechanism of cube-like particles
that will require more detailed investigations of the nucleation and
growth processes using high-resolution techniques, they neverthe-
less offer new pathways towards better size control for hematite
nanoparticles. Following a two-step synthesis procedure, single
crystal hematite nanocubes with tunable sizes ranging from 37 nm
to 175 nm can be obtained by properly choosing the akaganeite
precursor dispersion in terms of its particle morphology and con-
centration. It will certainly be  interesting to see whether we can
generalize our findings and extend them to other systems, or  use
the resulting nanocubes as templates for creating more advanced
structures for example through an additional coating step with
silica.
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