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Uniform magnetite mesocrystals were fabricated by solvothermal
treatment of ferrous chloride in ethylene glycol in the presence of sodium
hydroxide. The formation mechanism of magnetite mesocrystals in
ethylene glycol was deduced by a time-dependent experiment.

Mesocrystals, which are defined as an ordered superstructure
consisting of crystallographically oriented nanoscale subunits, have
received increasing attention in recent years." Mesocrystalline
materials offer many potential applications in catalysis,” sensing,’
energy storage and conversion,® and life science,” owing to their
unique characteristics including high crystallinity, high porosity,
oriented subunit alignment, and collective properties. In contrast to
the classical ion-by-ion addition mechanism of a single-crystal
growth, the crystallization pathway of mesocrystals involves
mesoscopic transformation of self-assembled, metastable or
amorphous precursor particles into highly ordered superstructures.®
To date, a number of materials with mesocrystalline structures,
including metals,” metal oxides,® organic compounds’ and
biominerals,'® etc., have been synthesized or discovered in nature.
However, it remains a challenging to synthesize mesocrystalline
materials with sophisticate architectures, owning to their formation
processes are still poorly understood.

Magnetite (Fe;O4) nanomaterials have recently been considered
an ideal candidate for diverse applications in biomedicine,'"
environmental remediation,'? and lithium ion batteries'> etc., owning
to their unique properties, low cost, and environmental-friendly
nature. After Sugimoto and Matijevi¢ reported the preparation of
magnetite particles with a narrow size distribution by aging ferrous
hydroxide gels in the early 1980s,"* monodisperse magnetite has
been fabricated by various chemistry-based synthetic methods,'
including coprecipitation, the reverse micelle method, sol-gel
techniques, and thermal decomposition. However, most of these
approaches focus on magnetite nanoparticles with single-crystalline
structure rather than mesocrystalline structure. Recently, Li’s group
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Jiagi Wan,* Jing Tang, Chongyu Zhang, Ruiting Yuan and Kezheng Chen*

report a general approach for monodisperse ferrite microspheres with
obvious mesocrystalline structure by the reaction betw _ ..
FeCl;-6H,O and ethylene glycol under solvothermal conditions,
whereas NaAc and polyethylene glycol were simultaneously ac -
to assist the transformation of ferric chloride to magnetite ar !
prevent particle agglomeration.'® This reaction system has been
widely adopted for the fabrication of magnetite superstructures wi 1
various sizes and morphologies.'” However, organic additives s
well as surfactants make the deduction of mesocrystal formatic.
mechanism complicated.'® In particular, the change of the valenc .
state and phase transformation of the iron precursor remain op¢
questions.

In this work, we report the reaction of FeCl,-4H,O in ethyler »
glycol in the presence of NaOH, which leading to uniforn
crystalline, and porous structured Fe;O4 mesocrystals. To the best « €
our knowledge, this is the simplest system for synthetic Fe;O
mesocrystals in ethylene glycol. By employing X-ray diffraction ar 1
electron microscopy techniques, we tracked the time-resolved
evolution of the iron species and deduced the formation mechar® .
of magnetite mesocrystals in ethylene glycol.

Fig. la presents a typical scanning electron microscopy (SEM)
image of the products obtained by solvothermal reaction of
FeCl, 4H,0 in ethylene glycol in the presence NaOH at 200 C for 1
hours, which suggests the formation of ~ 300 nm unifor 1
microspheres with rather rough surfaces. The X-ray diffraction
(XRD) pattern (Fig. 1b) suggests that the products are pu -
magnetite (Fe;04) with spinel structure (JCPDS card No. 65-3107 .
Detailed analysis of the peak broadening of the (311) reflectic
using the Debye-Scherrer formula indicates an average crystallit-
grain size of ~23 nm. The difference between the microsphere siz -
and the grain sizes indicates that the magnetite microspheres are
composed of smaller building units. Fig. 1c shows a typical T :M
image of an individual magnetite microsphere, which confirms . -*
the morphologies of the microspheres are through a dense assemb]+
of the primary particles with recognizable voids or boundaric-
between the particles. The corresponding selected-area electrc 1
diffraction (SAED) of this individual microsphere displays a single-
crystalline diffraction pattern with sharp spots along the [114] zo1 2
axis of magnetite (inset in Fig. 1c). This ED pattern indicates that the
whole microsphere is three-dimensional (3D) assembled by prima: ,
particles along the same crystallographic register orientation, w™
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is in agreement with the characteristics of mesocrystals. Fig. 1d
shows the related high-resolution TEM (HRTEM) image taken from
the area marked with a white rectangle in Fig. 1c. The well-resolved
lattice fringe of the (311) planes (d=0.256 nm) of magnetite, as
highlighted by the Fast Fourier Transforms of the image, further
confirms the single-crystalline nature of the whole magnetite
superstructure. Moreover, it is clearly seen that the three adjacent
primary particles have the same orientation, further confirming that
the as-obtained magnetite microspheres are in fact mesocrystals. The
porous nature of the as-obtained magnetite mesocrystals is
confirmed by nitrogen sorption measurements, which giving rise to a
BET surface area of 15 m* g”'. (Fig. S1). Thus, uniform magnetite
mesocrystals with high-crystallinity and high-porosity were readily
fabricated by solvothermal treatment of ferrous chloride and sodium
hydroxide in ethylene glycol.

100 nm

Fig. 1 (a) SEM image and (b) XRD pattern of magnetite mesocrystals. (c) TEM of a single
magnetite mesocrystal and its SAED pattern (inset). (d) HRTEM image taken of the area
marked with a white rectangle in pane (c) and its FTT pattern.

To obtain a better understanding of the formation mechanism of
the magnetite mesocrystals, a time-dependant experiment was
carried out. The simplification and moderate crystal growing speed
of the reaction system make it possible to spatiotemporally examine
the evolution of the involved iron species. Fig. 2 shows the XRD
patterns and SEM images of the precipitates obtained at different
intervals of the reaction time. As the XRD patterns shown in Fig. 2a,
with a shortened reaction of ~10 min, the obtained gray precipitates
shows a sharp diffraction peak at 8.442° and broad asymmetric
diffraction peaks at 34.5° and 61.6°. The sharp diffraction peak at
small Bragg angle is similar to those reported for iron alkoxides with
a lamellar structure,'® whereas the two asymmetric diffraction peaks
at high Bragg angles are in agreement with those described for two-
line ferrihydrite.” The SEM image (Fig. 2b) shows that the products
are irregular nanoplatelets with sizes of 100~200 nm, which consist
with iron alkoxide compounds with a lamellar structure.' Increasing
reaction time to 30 min, the metallic Fe phase and Fe;0, phase were
simultaneously appeared. From SEM image (Fig. 2¢) it can be seen
that large amount of Fe;O4 microspheres with sizes of 100~200 nm
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coexist with iron alkoxide compounds. A few ~80 nm nanocuu. »
with sharp facets and edges among the Fe;O, microspheres shou' .
be metallic Fe with bec structure.' After reaction for 1 hour, the irc:
alkoxide and ferrihydrite intermediate phases vanished (Fig. 22®
After 2 hours, metallic Fe phase also vanished and left only pu :
magnetite phase. Further extending the duration of the reactiou,
barely increased the crystallinity and grain size, and no new pha: :
appeared. From Fig. 2b-f it can be seen that with the reaction time
extending the sizes of the Fe;0, mesocrystals increase gradually. Z ©
the same time, the sizes become more uniform and the surfaces ax

rougher. It is evident that the growth of Fe;O, mesocrysta’

accomplished by consuming of the sheet-liked iron alkoxide
compounds. Therefore, it is believed that the iron alkoxide
compounds play a crucial role in the formation of the magneti >
mesocrystals.

a  rom alkonide an

= two-ling ferribydrite

=

Intensity (8. u}

Fig. 2 (a) XRD patterns and (b-f) SEM images of the precipitates obtained at different
reaction time from 10 min to 3 h by reaction of FeCl,-4H,0 and NaOH in ethylene glyc .
at200 C.

The morphology and microstructure of the alkoxide compounc
were further examined by TEM and TRTEM. Fig. 3a shows a typic:'
TEM image of the iron alkoxide compounds obtained at 10 minutes
It can be seen that the products are approximately irregular- @ ¢
hexagonal-shaped thin platelets with sizes of 100~200 nm, which
are similar to those previously observed for Co and Ni alkor .Je
compounds.”? Fig. 3b shows a HRTEM image of the alko. de
compounds at 10 minutes. Interestingly, it can be found that a host
of primer particles with size ~2 nm embodied in the alkoxic >
matrixes. These primer particles are crystallographic random
oriented in the alkoxide platelets, suggesting that the phase
transformation occurs at multiple sites within alkoxides in situ. Tk .
SAED pattern (Fig. 3b inset) of these primer particles exhibit tw.
apparent diffraction rings at ~0.25 and ~0.15 nm, indicating tk
sample consists mostly of two-line ferrihydrite.”” When the reacti~
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duration was prolonged to 30 minutes, it can be found from the
corresponding HRTEM image (Fig. 3c) that the ferrihydrite primer
particles embedded in alkoxides were developed denser and the
lattice fringes can be observed more clearly. The corresponding
SAED pattern (Fig. 3b inset) shows three identifiable diffraction
rings at ~ 0.25, ~0.21 and ~ 0.15 nm, characteristic of the
structures of both ferrihydrite and magnetite. Fig. 3d shows the
coexistence of the nascent magnetite mesocrystals and the layered
iron alkoxide compounds at the reaction time of 30 min. At this
intermediate stage, it can be seen that the nascent magnetite
mesocrystals have a relatively rough surface, apparently building
from primary particles with the diameter of ~2 nm, similar to those
of the ferrihydrite primary particles. Therefore, we hypothesize that
the nascent magnetite mesocrystals are constructed and transformed
from the ferrihydrite primary particles. This is consistent with the
recently observations by Baumgartner et al., which showing that the
nucleation and growth of magnetite in alkaline aqueous solution
proceed through rapid agglomeration of nanometric ferrihydrite
intermediate phase in the presence of ferrous ions.”> The HRTEM
image (Fig. 3d inset) shows that all subunits in this area have the
same parallel lattice fringes. The related Fast Fourier Transform
(FTT) reflection and SAED patterns (Fig. 3d inset) both exhibit a
single-crystal pattern corresponding to magnetite phase, suggesting
that the primary particles in the aggregate orient themselves along
the same crystallographic orientation. The diffraction spots of the
SAED pattern of these nascent mesocrystals are slightly elongated,
indicating a small lattice mismatch between the boundaries of the
primary particles, typical for mesocrystals.

Cc

Fig. 3 (a) TEM image of the iron alkoxide compounds obtained at 10 minutes. (b)
HRTEM image of a part of the iron alkoxide compounds obtained at 10 minutes. Inset
shows the corresponding SAED pattern. (c) HRTEM image of the iron alkoxide
compounds obtained at 30 minutes. Inset shows the corresponding SAED pattern. (d)
TEM, HRTEM, FTT, and SAED of the nascent magnetite mesocrystals obtained at 30
minutes.

From these observations, we suggest that the formation
mechanism of magnetite mesocrystals in the present system may
arise as follows. Upon FeCl,-4H,0 and NaOH dissolved in ethylene
glycol, Fe?" and OH’ first formed Fe(OH), with layered brucite-type

This journal is © The Royal Society of Chemistry 20xx
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structure.”* The Fe(OH), sheets became positively charged wis .
partial Fe*" ions were isomorphously substituted by Fe*" at elevate .
temperature, which mainly occurred through oxidation of Fe* by tk
residual oxygen. Then the positive charges in the Fe(OH), sh~e*
were balanced by the deprotonated ethylene glycol anior s
intercalated between the sheets, leading to iron alkoxide compounaus
with a lamellar turbostratic structure (Fig. 3a).>* > The presence « «
ethylene glycol in alkoxide compounds was evidenced by infrarec.
spectroscopy (Fig. S2) and thermogravimetry (TG) analysis (Fi .
S3), while the exact crystal structure remains unclear.

The ferrous phases in the alkoxide compounds are sensitive
oxidation and can undergo a disproportionation reaction under
anaerobic condition, by which the Fe?" phases simultaneouslv
decompose into Fe® and Fe*' species.’® As a result, metallic 1>
phases are observed at the reaction time from 30 minutes to 1 hour
(Fig. 2a). Due to the metallic Fe phases can further react with wat .
by reaction Fe+2H,0—Fe(OH),+H, under anaerobic conditions,
they can vanished from the system after 2 hours reaction. Metalli - ¢
has been observed by Zhang et al. in Li’s system'® at early reaction
stage,'® indicating that the transformation of ferric chloridc
magnetite in ethylene glycol maybe follow the same reaction
pathway.

The ferric ions have a low solubility in alkaline conditio
Owning to oxidized by the residual oxygen and disproportionation
reaction, more and more ferrous phases converted to ferric phase .
When the ferric phases became supersaturated with respect to
ferrihydrite, most of ~2 nm ferrihydrite nanoparticles formed witu 1
the alkoxide matrix in situ through solid-state phase transformatic .
(Fig. 3a and 3b). It is well-known that the nanometric ferrihydritc
have poor structural organization® and can quasi-immediatel*
transform into magnetite phase by adsorption of Fe?" ions.** %’ In tl »
alkoxide matrix, both ferrihydrite and ferrous phases were temporar-
stabilized by the ethylene glycol anions, due to their stror -
coordination ability,’® which delayed the transformation of
ferrihydrite into magnetite phase. As the reaction proceeding, mo =
NaOH reacted with ethylene glycol giving more water molecules.
Upon most ethylene glycol ligands were replaced by w-~*
molecules, both ferrihydrite nanoparticles and ferrous ions becaii.
free to remove. This triggered fast restructuring of nanometric
ferrihydrites into ~2 nm magnetite nanoparticles. These magnetite
primary particles have a high reactivity due to their large surface frc »
energy and rich in coordination unsaturated sites. The Browni: 1
motion allows the adjacent primary magnetite particles rotated w
find the low-energy configuration by sharing a commc .
crystallographic orientation.”' Subsequently, interface eliminatic
and reconstruction further reduces overall energy. Finally,
temporary equilibrium was established when the tendency towar”
oriented aggregation, driven by the decrease in surface energy, w. 3
counterbalanced by the energy barrier imposed by the electrostatic
repulsion.*? Owing to all the primary particles have the same na‘ re,
the resulting superstructures must adopt the same morphology at -~
equilibrium point. Subsequently, these uniform nascent magnetite
mesocrystals underwent a locally dissolution-crystallization proce: <
to further eliminate mismatch defects and interfaces, resulting .1
high-crystallinity and high-porosity mesocrystalline superstructures.

In conclusion, monodisperse magnetite mesocrystals
synthesized through the reaction of ferrous chloride and sodiun.
hydroxide in ethylene glycol without any other organic additives t ,
one-step solvothermal approach. This reaction offers an exce’

we °
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model system to understand the mesocrystal formation in ethylene
glycol solution owning to its simplification and moderate reaction
rate. By conducting a time-resolved experiment, we showed that a
lamellar structured iron alkoxide compound first formed, in which
positive charged Fe®" isomorphously substituted brucite type
Fe(OH), is balanced by ethylene glycol anion intercalation. Then a
host of ferrihydrite primary particles occurred locally within the
alkoxide matrix probably by oxidation and disproportionation
reaction. The nanometric ferrihydrites transform into magnetite
primary particles by adsorption of ferrous ions. Finally, magnetite
mesocrystals formed by oriented aggregation of magnetite primary
particles into ordered superstructures and gradual elimination
mismatch defects and interfaces. This reaction pathway is similar to
that recently found in magnetite crystallization in aqueous solution,?
and provide a mechanistic insight into mesocrystalline materials
formation in non-aqueous solution systems.

This work is supported by the National Natural Science
Foundation of China (No. 51472113) and the Natural Science
Foundation of Shandong Province (No. ZR2013EMMO006).
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