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Shape Evolution and Tunable Properties of Monodisperse Magnetite Crystals
Synthesized by a Facile Surfactant-Free Hydrothermal Method
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Monodisperse Fe;O, crystals have been synthesized by a
simple hydrothermal method. Reaction conditions are per-
formed in an ethylene glycol (EG)/NaOH system using FeCl;
as the iron source without adding any surfactants. By ad-
justing the initial molar ratio of NaOH to Fe3*, several mor-
phologies including solid spheres, hollow spheres, spherical
chains, tetrakaidecahedrons, octahedrons, and some flower-
like structures can be obtained. Further investigation reveals

that all of the spherical structures are formed by the highly
oriented assembly of Fe;O, nanoparticles. The evolution of
the morphology from spheres to octahedrons can be attrib-
uted to the competition effect between ethylene glycol and
NaOH under the reaction conditions. The saturation magne-
tization, coercivity, and remanent magnetization of the as-
synthesized samples vary as the morphology and grain size
changes.

Introduction

The controlled synthesis of nanocrystals, which include
uniform nanoparticles, and the assembly of architectures by
nanoscale building blocks are of fundamental importance
for both basic scientific research and practical technological
applications. The size and shape of certain monodisperse
nanocrystals have a significant effect on their physical and
chemical properties, such as their photonic, electronic, mag-
netic, and catalytic traits.['! Additionally, these shape-con-
trolled nanoparticles can be taken as building blocks for
constructing novel self-assembled structures.*>! The com-
plex interactions between the building blocks can give rise
to extraordinary collective properties.[®] However, develop-
ment of simple and reliable synthetic methods for nanopar-
ticles, especially the hierarchically self-assembled architec-
tures with controlled morphology and size, is still a chal-
lenge.[”!

While shape-controlled studies have been actively pur-
sued on metal and semiconductor nanocrystals,®1% only a
few studies focus on magnetic iron oxide systems — a-
Fe,05,'1 y-Fe,03,21 B-FeOOH!'3 and Fe O-Fe;0,4.[14
Systematic shape-controlled studies related to magnetite
(Fe50,4) are rare despite its distinguished role in basic mag-
netism and technological applications, which include mag-
netic resonance imaging (MRI),['>] magnetic storage me-
dia,'® ferrofluids,!'”! catalysis,['8] and clinical diagnosis and
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treatment.['” So far, various Fe;O, structures, such as
nanoparticles,’?”! spindles,?!! rods,??! wires,[>3! tubes,** oc-
tahedrons,®*! and nanoparticle assemblies®®! have success-
fully been fabricated by different methods. Several groups
have reported examples for the variable shape of Fe;O,4 par-
ticles by using complex iron sources or various surfac-
tants.?7-2°1 However, fine shape control of Fe;O, structures
through a simple synthesis process with good size and
shape-dependent properties remains a difficult task.

In previous studies, monodisperse Fe;O, microspheres
and hollow spheres have been synthesized in an ethylene
glycol (EG) reaction system using different surfactants and
additions [e.g. polyethylene glycol (PEG),1*” dodecylamine
(DDA),BU diethylene glycol (DEG),1*?! poly(vinylpyrrol-
idone) (PVP),133! oleic acid,?* ethylenediamine (EDA)I3]]
by a hydrothermal method. Although surfactants are neces-
sary in many wet chemical synthesis procedures, they are
often adsorbed onto the surface of the formed particles and
are difficult to eliminate, which may deteriorate the proper-
ties and limit the applications of the final products.l*°l As
for the Fe;0, particles, the residual surfactants may lead to
a low magnetization, which restricts their application in
fields requiring a high magnetic field responsiveness.?”]
Therefore, the exploration of simple and surfactant-free
methods for the preparation of uniform Fe;O, particles
with high purity and superior magnetic properties is in de-
mand.

In this study, we present a very simple hydrothermal
method for the synthesis of Fe;O, crystals without addition
of any surfactant. By adjusting the initial molar ratio of
NaOH to Fe*" in the EG reaction system, highly arranged
nanoparticle assemblies (e.g. microspheres, hollow spheres,
spherical chains, flowerlike spheres) and regular polyhedron
particles have been obtained. This surfactant-free prepara-
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tion method can be assigned as a “green” synthesis route.
Furthermore, the evolution of the morphology and grain
size can deeply affect the magnetic properties of the prod-
ucts, which reveals tunable properties.

Results and Discussion

Ethylene glycol is a good solvent and a strong reducing
agent, which has been widely used in the polyol process to
synthesize monodisperse metal or metal oxide crystals.38-3]
Alkaline conditions are also very important in many hydro-
thermal synthesis procedures, as the free hydroxy groups
and the metal ions can combine to form some intermediate
compounds, which can then be transformed to the more
steady phases in the following reaction process.! ‘]

Figures 1 and 2 show the low- and high-magnification
SEM images of the as-synthesized samples, respectively.
With a Fe?* content of 4 mmol and by adjusting the con-
centration of NaOH, the morphology of the products
changes significantly. When the content of NaOH was 0.4 g,
solid spheres (Figure 1a) were obtained. By slightly increas-
ing the NaOH content to 0.5 g, the solid spheres trans-
formed into hollow spheres (Figure 1b). High-magnifica-
tion SEM images reveal that these spherical structures are
composed of small nanoparticles (Figure 2a and b). Polyhe-
dron structures appear when the NaOH concentration in-
creases. Figures Ic and 2c show the tetrakaidecahedrons
synthesized with a NaOH content of 0.6 g. Some particles
of the tetrakaidecahedrons have open pores but maintain
the geometry shape (Figure 2d). Uniform and regular octa-
hedrons were obtained when the NaOH content is increased
to 0.8 g (Figures 1d and 2e). Both the spherical and polyhe-
dral structures exhibit a very narrow size distribution with
average particle sizes of 200 and 150 nm, respectively.

Figure 1. SEM images of the as-synthesized samples: (a) S1, (b) S2,
(c) S3, (d) 54, () S5, (D) S6, (g) 87, (h) S8, (i) S9.

By decreasing the Fe3* content to 2 mmol and by in-
creasing that of NaOH to 1.0 g, big spheres, as shown in
Figure le, were fabricated. These micrometer spheres also
have interesting subsidiary structures. Many self-assembled
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Figure 2. High-magnification SEM images of (a) S1, (b) S2, (c) and
(d) S3, (e) S4, (f) S5, (g) S6, (h) S7, (i) S8.

nanoparticles are arranged tightly with relatively close
growth directions, as shown in Figure 2f. Further increase
in the molar ratio of NaOH/Fe*" to 15 at low Fe** content
values (1 mmol) leads to the formation of spherical chains
made up of tens of uniform micrometer spheres. The
average lengths of the spherical chains are about 20 pm
(Figure 1f). Figure 2g shows the detailed morphology of the
junction of two adjacent spheres. The boundary can be seen
clearly, and small particles on the two sides of the boundary
show symmetrical arrangement directions. The novel mor-
phologies of the big spheres and spherical chains indicate
the self-assembly feature of the samples.

At relatively low Fe** content, when the NaOH content
is increased to 1.5 g, flowerlike structures can be obtained
(Figure 1g and h). Figure 2h shows the morphology of S7,
whose particles keep a nearly spherical shape but composed
of regular triangular crystals. Although the triangle crystals
are much larger than the subsidiary particles of S5, they are
also tightly arranged with special growth directions. When
the Fe** content is further decreased to 1 mmol, the par-
ticles consist of even lager crystal structures, which are ag-
gregated together in a spherical shape with an octahedral
profile (Figure 2i). These flowerlike structures can be seen
as the transition structures from spheres to regular octahe-
drons. By continuously increasing the alkaline concentra-
tion led to irregular particles, but under extremely high al-
kaline conditions, octahedrons with an average particle size
of 800 nm were obtained. All the big octahedrons possess
smooth surfaces and clear edges and vertexes (see Fig-
ure 11), which indicates very good crystallinity.

In order to further confirm the effect of the NaOH/Fe**
molar ratio on the morphology of the products, experi-
ments were performed at very high and very low Fe3* con-
centrations while varying the NaOH content. The results
showed that at very high Fe** content (8 mmol) when the
NaOH content was 0.5 g, 1.0 g, and 1.5 g, the shape of the
products were solid spheres (50 nm), hollow spheres
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(120 nm), and octahedrons (120 nm), respectively (Support-
ing Information, Figure S1). The particle size becomes
smaller at high Fe** concentrations. At very low Fe3* con-
tent values (0.5 mmol), chainlike structures were obtained
at various NaOH concentrations. By increasing the NaOH
content from 0.5 g to 1.5 g, the building blocks of the chain-
like structures change significantly from spheres to octahe-
drons (Supporting Information, Figure S2).

The morphologies and microstructures of the as-pre-
pared Fe;O, samples were further investigated by trans-
mission electron microscopy (TEM). Figure 3a and ¢ shows
the morphologies of the solid spheres and the hollow
spheres. For the hollow structures, the subsidiary structures
can be seen clearly (inset of Figure 3c). High-resolution
TEM (HRTEM) results reveal that the lattice spacing dis-
tance is calculated to be 0.485 nm for the solid spheres and
0.296 nm for the hollow spheres, which correspond to the
(111) and (220) planes of spinel cubic Fe;O, structure,
respectively (Figure 3b and d). Both samples display single
crystalline features (inset of Figure 3b and d), which implies
that the subcrystals are highly organized. The self-as-
sembled feature of the chainlike structure is also confirmed
by TEM images (see Supporting Information, Figure S3).
Figure 3e and f shows the morphologies of the big octahe-
drons. From the inset of Figure 3e it can be seen that the

Figure 3. TEM and HRTEM images and the related SAED pat-
terns of: (a) and (b) S1, (¢) and (d) S2, (e) and (f) S9. The inset in
(c) shows a single particle with open pores. The inset in (¢) shows
the equal-thickness fringes along the edge of the octahedrons, and
the bottom right inset of (f) presents the amplificatory image of
the edge of the octahedron.
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equal-thickness fringes along the edge of the octahedrons
reflect a homogeneous incline edge of the octahedrons. The
HRTEM image and SAED pattern (Figure 3f) also demon-
strate very good crystallinity, and the lattice spacing dis-
tance is calculated to be 0.485 nm, which corresponds to
the (111) plane of the Fe;O,4 structure. The bottom right
inset of Figure 3f is the amplificatory image of the edge of
the octahedron, which clearly reveals that the atoms exhibit
a closely packed stacking into a face-centered cubic struc-
ture.

X-ray diffraction (XRD) is a sophisticated technique
used to identify the phase and to study the crystal structure.
Figure 4 shows typical XRD patterns of the products. Small
spheres (S1), big spheres (S5), hollow spheres (S2), small
octahedrons (S4), and big octahedrons (S9) were chosen as
the representative samples. All the diffraction peaks can be
indexed to the Fe;O, crystals (JCPDS 65-3107) without
any impurity phases. In Figure 4d and e, small peaks lo-
cated at 260 values of 47.2 and 65.8°can be identified, which
can be assigned to the (331) and (531) planes, respectively.
The emergence of small peaks represents good crystallinity
in the octahedral structures. The full width at half maxi-
mum (FWHM) (Figure 4a—e) becomes narrower, which im-
plies that the average grain size decreases. The estimated
average grain sizes based on the SEM and TEM results for
small octahedrons (S4) and big octahedrons (S9) are about
150 and 800 nm, respectively. For spherical structures com-
posed of subcrystals, the average grain size can be calcu-
lated by the Debye-Scherer equation. Calculations based
on the (440) peaks reveal that the average grain sizes of the
small spheres (S1), big spheres (S5), and hollow spheres
(S2) are 13.6, 28.3, and 54.3 nm, respectively.

Intensity(a.u.)

20 30 40 50 60 70

Figure 4. XRD patterns of typical samples: (a) S1, (b) S5, (c) S2,
(d) S4, (e) S9.

Energy dispersive X-ray (EDX) spectroscopy was used to
determine the elements of the Fe;O, crystals, and the results
indicate a very good purity of the samples (see Supporting
Information, Figure S4). X-ray photoelectron spectroscopy
(XPS) was further applied to identify the composition of
the as-synthesized samples. Figure 5a and b shows the spec-
tra of O 1s and Fe 2p core-level peaks of S1 and S9, respec-
tively. In Figure 5a, the major peaks at 529.8 eV for both
S1 and S9 are assigned to the lattice oxygen (Fe-O bond)
in the Fe;0O4 products, while the smaller peak with higher
4501
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BE for S1 may be assigned to the adsorbed hydroxy group
and H,O of the crystals, which were also identified from
the FTIR spectrum (Supporting Information, Fig-
ure S5).#1 The photoelectron peaks located at 711.7 and
725.2 ¢V are the characteristic doublet of the Fe 2p3/2 and
Fe 2p1/2 core-level spectra, respectively. The small peak at
55.5eV was also detected as the characteristic peak of Fe
3p, as shown in the inset of Figure 5b. All the data match
well with those of Fe;O, reported in the literature.[>43
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Figure 5. XPS spectra of S1 and S9: (a) O 1s peaks, (b) Fe 2p peaks
(inset: Fe 3p peaks).

The results above suggest that it is feasible to tune the
shape and grain size of Fe;O, crystals by controlling the
initial content of NaOH and Fe’*. In order to further
understand the growth mechanism, experiments were car-
ried out at 200 °C for different reaction times. We found
that very large and regular hexagonal sheets with an average
size of 20 pm and thickness of 600 nm were obtained (Fig-
ure 6a) at an earlier stage in the synthesis process of the
spherical chains (S6). Some sheets had spherical bumps on
the surface, which indicate nucleation of new particles.
Thicker and larger flakes were also found at a reaction time
of only 30min for S1 (Supporting Information, Fig-
ure S6a). When the reaction time was extended to 60 min,
small spherical particles formed on the edge of the flakes
(Figure 6b and see Supporting Information, Figure S6b).
By further increasing the reaction time to 90 min, a large
amount of spheres with some remaining pieces of flakes
were obtained as the final products (Figure 6¢). The same
phenomenon was also seen for the synthesis procedure of
4502
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S4 at 90 min. Figure 6d reveals that the small polyhedrons
stack together and the larger ones separate out. The growth
procedures for the big spheres and big octahedrons are dif-
ferent. As for S5 and S9, the original morphologies of the
products are similar to those of the final products (Fig-
ure 6e and f), and it was difficult to detect any intermediate
phase in the earlier formation stage (see Supporting Infor-
mation, Figure S7).

Figure 6. SEM images of the samples at different reaction stages:
60 min for (a) S6 and (b) S1; 90 min for (c) S1, (d) S4, (e) S5, and
() S9.

The systematic growth mechanism for different samples
is illustrated in Figure 7. The control experiments show that
the final products are a-Fe,O3 with various morphologies
when EG is not used under the same reaction conditions
(Supporting Information, Figures S8a, S9a-c). A minor
amount of Fe;O4 mixed in with a predominant amount of
polyhedral a-Fe,O3; was obtained at low NaOH content
with a water/EG ratio of 20/20 mL (Supporting Infor-
mation, Figures S8b, ¢, and 9d, e), while under high alka-
line conditions, a pure Fe;O4 phase was obtained with ir-
regular particle shapes (Supporting Information, Fig-
ures S8d, S9f). The results above indicate the important ef-
fects of EG and NaOH in the morphology and phase for-
mation of the products. As a good solvent and reducing
agent, EG has a significant effect on the spherical mor-
phology of the particles in many hydrothermal synthesis
processes. The two hydroxy groups of EG and Fe** can
attach to each other and finally aggregate into spherical
structures in isotropic growth directions. At a relatively low
NaOH/Fe** molar ratio, flakelike precursors formed firstly
as the intermediate phase, and then a large number of small
particles formed as initial crystal nuclei. The as-formed
crystal nuclei are unstable and tend to aggregate to form
larger Fe;O,4 spheres through the attachment of the H-
bonds of EG and the OH-bonds protruding out of the edge
of the nuclei.*! Because of the greater viscosity of the EG
solution, the rate of aggregation of the Fe;O,4 particles was
slow, which provided enough time for the formation of ori-
ented assemblies. Slightly more alkaline conditions can ac-
celerate this process. In the synthesis process of S2, solid
spheres were obtained within 2 h (see Supporting Infor-
mation, Figure S6¢c, d), which were then transformed into
hollow spheres as a result of the Ostwald ripening pro-
cess.[*3] Even lower Fe3* concentrations could lead to chain-
like structures, and the formation of this novel structure

Eur. J. Inorg. Chem. 2010, 4499-4505
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might follow an in situ nucleation growth mechanism on the
pre-formed hexagonal sheets (see Supporting Information,
Figure S6e, f). A detailed formation mechanism of the
spherical chains still needs further investigation.
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Figure 7. Schematic illustration of the growth mechanism of the as-
synthesized samples.

The tetrakaidecahedrons and octahedrons possessed
clear vertexes and edges appeared when the NaOH concen-
tration was continuously increased. Under high alkaline
conditions, the as-formed small particles have a high solu-
bility and can dissolve again to form more steady structures.
As already known, the surface energies of face-centered cu-
bic Fe;04 follow y{111} < y{100}< y{110}.1*¢] Therefore
the growth habit determines that the preferred structure is
the octahedral structure with eight {111} surfaces exposed
outside. The tetrakaidecahedrons with eight {111}, four
{110}, and two {100} surfaces can be assigned as the transi-
tion structure to the octahedral structure. Some particles
with open pores (e.g. S3) can be attributed to the dissol-
ution—recrystallization effect in the growth process, in which
large and regular particles form at the expense of small and
irregular ones.

At relatively high NaOH concentrations and a low Fe*
content, the growth mechanism is different, as there is no
intermediate phase formed as the precursor. In solution, the
as-formed magnetite nuclei are attached through the iron
atoms with the assistance of the chelating effect of EG. The
spheres formed directly from the solution and tend to ex-
tend along the radial directions. The flowerlike structures
of S7 and S8 maintain the spherical profile, and the low-
energy surfaces in the self-assembled regular triangular and
octahedral crystals are exposed outside in order to mini-
mize the whole particle surface energy. Under very highly
alkaline conditions, abundant free hydroxy groups combine
with Fe** first, and octahedral structures form following
the anisotropic growth mode. As no intermediate phase and
minor initial nuclei formed, the homogeneous nucleation
mechanism can lead to large particle sizes.

Shape evolution reveals that alkaline conditions and the
EG reaction conditions have a competitive effect on the
shape of the final products, and the obtained morphologies
are the result of a balance between the two factors. The
isotropic and anisotropic growth modes can lead to spheri-
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cal and octahedral structures, respectively. Although some
mixed morphologies (e.g. polyhedrons with big spheres, ir-
regular spheres, and polyhedrons) (see Supporting Infor-
mation, Figure S10) have been observed, the particle size
changes abruptly from 100-200 nm to 1-2 um, and it is dif-
ficult to see other transitional size magnitudes with uniform
morphologies. This might be attributed to thermodynamic
factors and different growth mechanisms (e.g. non-homo-
geneous and homogeneous nucleation mechanisms) under
the complex hydrothermal conditions.

The magnetic properties of the as-synthesized samples at
room temperature are shown in Figure 8a. All samples exhi-
bit hysteresis loops, which reveal the ferromagnetic features.
The main magnetic parameters (e.g. saturation magnetiza-
tion M, coercivity H., and remanent magnetization M,) are
significantly affected by the average grain size. Table 1 lists
the main magnetic parameters and average grain sizes of
typical samples. The influence of the grain size on the satu-
ration magnetization values is evident. The larger the
average grain size of the Fe;O,4 crystal, the higher is the
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Figure 8. (a) Room-temperature magnetic hysteresis curves of the
as-synthesized samples. (b) The coercivity and remanent magne-
tization as a function of the average grain size.

Table 1. Magnetic properties and the average grain sizes of the as-
synthesized samples.

S1 S5 S2 S4 S9
M, [emu/g] 70.09 82.95 8533 86.25 87.77
M, [emu/g] 191 733 8.33 12.50  4.86
H_ [Oe] 13.96 50.86 79.62 116.85 49.41
Average grain size [nm] 13.6  28.3  54.3 150 800
www.eurjic.org 4503
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saturation magnetization value of the sample. This size ef-
fect may be due to the crystallinity of the magnetite par-
ticles. The saturation magnetization can be affected by lat-
tice defects, which are more abundant in nanoparticles.*%!
Figure 8b shows the coercivity and remanent magnetiza-
tion as a function of the average grain size. With increasing
grain size, the magnitude of both the coercivity and the
remanent magnetization increases and reaches a maximum
before dropping again with further increasing grain size.
For lager particles, the magnetostatic energy can be de-
creased by restructuring lager grains into domains. The do-
main walls can be considered as a transition region across
which the direction of magnetization gradually changes.
When the size of the particles decreases down to a critical
particle diameter, the energy cost of domain formation ex-
ceeds the benefits from decreasing the magnetostatic energy
and the whole particles tend to become a single domain
structure. Since there are no domain walls to move, magne-
tization reversal in single-domain particles occurs via spin
rotation. As it is more difficult to rotate the magnetization
than to move a domain wall, single-domain particles have
larger coercivity values than those of the multidomain sys-
tem.[*”] When the particle size decreases to a relatively low
value, the thermal energy is sufficient to overcome the cou-
pling forces between neighboring atoms, and a transition
from ferromagnetic to superparamagnetic then occurs. In
this case, the coercivity and the remanent magnetization of
the whole sample tend to zero;*®! therefore, the particle size
where maximum coercivity occurs corresponds to the size
of the single-domain particle.*) As the remanent magne-
tization is also deeply affected by the moving of the domain
wall and by spin rotation, the evolution trends of the rem-
anent magnetization are similar to those of the coercivity.[>"!
The variation in the magnetic properties of the as-synthe-
sized Fe;O,4 samples is well consistent with the theoretical
analysis. The magnetic parameters change with grain size,
which implies very good tunable properties. These are very
important in the application of magnetic materials.

Conclusions

In summary, we have successfully synthesized monodis-
perse Fe3O, crystals with various morphologies, which in-
clude solid spheres, hollow spheres, spherical chains, tetra-

Table 2. Synthesis conditions for the preparation of typical samples.

kaidecahedrons, octahedrons, and some flowerlike struc-
tures in the EG/NaOH system without the addition of any
surfactants. The morphology evolution from spheres to oc-
tahedrons can be attributed to the competitive effect be-
tween EG and NaOH under the reaction conditions. The
alternating appearance of spherical structures and polyhe-
dral structures with two significantly different particle sizes
indicates two different growth mechanisms. The magnetic
properties vary as the morphology and the grain size
change. With increasing grain size, the saturation magne-
tization value increases, while the coercivity and the reman-
ent magnetization increase and reach a maximum before
dropping again with further increasing grain size. Control
of the size and morphology to tailor the chemical and phys-
ical properties is also of great significance in other func-
tional material areas. We believe that this facile synthesis
process with the EG/NaOH system is extendible to the syn-
thesis of other functional materials.

Experimental Section

All chemicals were of analytical grade and were used as received
without further purification. In a typical synthesis procedure,
FeCl;-6H,0 (4 mmol) was dissolved in EG (20 mL) under magnetic
stirring. NaOH (0.4 g) was then dissolved in EG (20 mL) whilst
stirring at 60 °C. The two solutions were mixed together at room
temperature to get an even solution. The mixture was transferred
into a 50-mL Teflon-lined stainless steel autoclave, sealed, and
heated at 200 °C for 10 h. The system was then allowed to cool to
room temperature. The black product was collected by centrifuging
and by sequentially washing several times with ethanol and deion-
ized water and then dried in a vacuum oven at 60 °C for 4 h. In
order to investigate the effect of the initial molar ratio of the rea-
gents, the experimental parameters of other molar ratios of NaOH/
Fe3* were also varied out under the same hydrothermal conditions.
The detailed synthesis conditions for the preparation of typical
samples are listed in Table 2.

The crystal structures of the products were examined by X-ray dif-
fraction (XRD) on a D/max-RB diffractometer by using Cu-K,
radiation (1 = 1.5418 A). The microstructures were observed with a
field emission scanning electron microscope (FESEM, LEO-1530),
which was equipped with an energy dispersive X-ray (EDX) spec-
trometer. TEM (HRTEM) images and corresponding selected area
electron diffraction (SAED) patterns were obtained with a JEOL-
2011 high-resolution transmission electron microscope (HRTEM,
JEOL) at an acceleration voltage of 200 kV. X-ray photoemission

Sample no. NaOH [g/mmol] FeCl; [mmol] Molar ratio NaOH/Fe3*  Particle sizel® [nm] Morphology

S1 0.4/10 4 2.5 200 solid spheres

S2 0.5/12.5 4 3.125 200 hollow spheres

S3 0.6/15 4 3.75 150 tetrakaidecahedrons
S4 0.8/20 4 5.0 150 octahedrons

S5 1.0/25 2 12.5 1500 solid spheres

S6 0.6/15 1 15.0 2000(! sphere chains

S7 1.5/37.5 2 18.75 1500 flowerlike spheres
S8 1.5/37.5 1 37.5 2000 flowerlike spheres
S9 3.0/75 2 37.5 800 octahedrons

[a] The particle size was estimated from SEM and TEM observations, which reveal the average level of each sample. [b] The particle size

of S6 indicates the average size of the building block units.
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spectroscopy (XPS) measurements were carried out with a PHI
quantera scanning X-ray microprobe instrument by employing mo-
nochromatic Al-Ka radiation as the excitation source. The charge
effect was corrected with the adventitious Cls photoelectron signal
at 284.8 eV. Fourier transform infrared (FTIR) spectroscopy was
performed with a Nicolet 6700 spectrometer. The magnetic proper-
ties were investigated with a BHV-50HTI vibrating sample magne-
tometer (VSM) at room temperature.

Supporting Information (see footnote on the first page of this arti-
cle): SEM images of the products at different reagent concentra-
tions (Figures S1, S2, and S10) and of typical samples at different
times (Figure S6), TEM images of the chainlike structure (Fig-
ure S3), FTIR spectrum of S1 (Figure S5), EDX spectrum of the
products (Figure S4), photos of the suspensions of the samples pre-
pared at different hydrothermal reaction times (Figure S7), and
XRD patterns (Figure S8) and SEM images (Figure S9) of the
products without using EG and with a water/EG ratio of 20/20 mL
are presented.
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