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This work reported an improved approach to the synthesis of iron oxide nanostructures using iron(in)
chloride as the precursor and hexamethylenetetramine (HMTA) as the key auxiliary. A range of iron oxide
(alkoxide) nanostructures including nanosheets, hierarchical flowers (assembled by thin nanosheets),
mesoporous hollow nanospheres and solid nanospheres were obtained only by altering the reaction
temperature from 180 °C to 240 °C in a single synthetic protocol. Supplementary experiments driven by
reaction time were designed in order to further clarify the morphological evolution behaviors of these

nanostructures, which discovered that the spherical morphology with the size of about 150-200 nm
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1. Introduction

The controlled fabrication of iron oxide (e.g. Fe,Os;, Fes;O,,
FeOOH, Fe(OH);) nanostructures in different morphologies has
attracted increasing attention in recent years due to their
potential applications in optical, electrical, magnetic, biological,
catalytic, mechanical and chemical fields.*** From an application
perspective two of the most promising morphologies are flower-
like nanosheet assemblies and hollow nano-spheres. Due to their
large specific surface areas, iron oxide nanosheets and flower-like
assemblies have been reported as high performance anode
materials for lithium-ion batteries and dye-sensitized solar
cells.>* In addition mesoporous iron oxide hollow micro/nano-
spheres have been investigated as vehicles for controlled drug
delivery,>® microwave absorption,”® sensing platforms® and waste
water treatment.'®" Synthesis of iron oxide nanomaterials typi-
cally follows one of two synthetic pathways resulting in different
nanostructure morphologies, namely nanosheets and flower-like
assemblies®>*”**'*'” and hollow nanospheres and solid nano-
spheres.»>'1>1¢ Differing synthetic routes are obtained by
adjusting experimental parameters such as type of precursor,
nucleator, surfactant and solvent ratios in addition to reaction
time and temperature. Therefore the ability to synthesize
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micelles, followed by the oriented attachment assembly and Ostwald ripening.

multiple iron oxide nanostructures in one synthetic procedure
only by altering reaction time and temperature is clearly advan-
tageous. To date, the synthesis of iron oxide flower like assem-
blies and hollow nanospheres utilizing the same synthetic route
has not been reported due to their different structural properties.
Iron oxide nanoflower structures are approximately 10 times
larger in size than hollow iron oxide nanospheres, thereby pre-
senting significant challenges in obtaining both structures using
the same precursor and reactant ratios.*®711%14

Mild alkali media such as hexamethylenetetramine (HMTA)
has previously been used in the synthesis of porous ZnO hollow
spheres,' flower-like NiO™ and CuO?*® assemblies, highlighting
HMTA as a more suitable media for the synthesis of unique
morphologies in the same synthetic route, relative to urea and
aqueous ammonia.**”'” Hence, in this work we highlight the
benefits of using HMTA as the key reactant in the synthesis of
multiple iron oxide (alkoxide) nanostructures. Iron alkoxide
nanosheets, iron alkoxide nanoflowers (assembled by nano-
sheets), mesoporous Fe;0, hollow nanospheres, Fe;0, hollow
nanospheres and solid Fe;O, spheres can be obtained in the
same experimental system by simply tuning the overall reaction
temperature from 160 to 240 °C. The resulting structures are
characterized by XRD, SEM, TEM and HRTEM and the effect of
altering reaction temperatures on subsequent nanostructure
morphology is investigated.

2. Experimental section
2.1 Materials

FeCl;-6H,O and ethylene glycol (EG) were purchased from
Fisher Scientific. Hexamethylenetetramine (HMTA) and

This journal is © The Royal Society of Chemistry 2017
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cetyltrimethylammonium bromide (CTAB) were purchased
from Sigma Aldrich. All chemicals were of analytical grade and
were used without further purification.

2.2 Synthesis

In a typical synthetic procedure, 0.006 mol CTAB and
0.0214 mol HMTA were dissolved in 60 mL ethylene glycol (EG)
with ultrasonic assistance. 0.016 mol FeCl;-6H,O was then
added under continuous stirring until fully dissolved. The
solution was transferred to a 100 ml Teflon-lined autoclave and
sealed. Separate treatments were carried out at 160, 180, 200,
220, and 240 °C for 12 h. Once cooled to room temperature, the
precipitate was washed with deionized water and absolute
ethanol. A brown powder like product was obtained from the
160 and 180 °C reactions and it was possible to separate this by
centrifugation. A black powder like product was obtained at
200, 220 or 240 °C and this was separated by magnetic decan-
tation. Products were dried at 80 °C for 12 h in a vacuum oven.
In addition, the brown powder like product obtained at 160 or
180 °C was further calcined at 400 °C for 1 h.

2.3 Characterizations

X-ray diffraction (XRD) analysis was conducted using a PAN-
alytical X'Pert PRO MRD instrument with a Cu Ka radiation
source (1 = 1.5418 A) and an X'celerator detector. The size and
morphology of iron oxide samples were characterized using
field emission scanning electron microscopy (FESEM, Hitachi
SU-70 system) at accelerating voltages of 10-20 kV. Powders of
samples were mounted onto conductive copper tapes, which
were then attached onto the surfaces of SEM brass stubs.
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Samples were coated with gold by a sputtering method to
minimize charging effects under FESEM imaging conditions.

Both transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) charac-
terizations were performed using a JEOL JEM 2100F field
emission microscope equipped with EDX for performing
Selected Area Diffraction (SAED). To prepare the TEM speci-
mens, the powder samples were dispersed ultrasonically in
anhydrous ethanol. One drop of the suspension was placed on
a carbon film supported on a copper grid and allowed to dry in
air before the specimens were transferred into the microscope.

Specific surface areas were measured by nitrogen adsorp-
tion-desorption method using an ASAP 2010 Micromeritics
apparatus following the BET analysis. Adsorption and desorp-
tion of N, was performed at —196 °C. Samples had been
previously outgassed by heating at 100 °C under vacuum (3 mm
Hg). The corresponding desorption isotherm was used to
determine the pore size distribution using the Barret-Joyner—
Halender (BJH) method.

3. Results and discussion

Table 1 presents an overview of the iron oxide nanostructures
synthesized in HMTA media at varying temperatures. Iron
alkoxide nanosheets, iron alkoxide hierarchical flowers
(assembled by thin nanosheets), Fe;0, hollow nanospheres
with mesoporous shells, Fe;0, hollow nanospheres and Fe;0,
solid nanospheres were obtained in the same experimental
system by tuning the solvothermal temperature from 160 to
240 °C. Interestingly, the iron alkoxide flower assemblies and
Fe;0, mesoporous hollow nanospheres differed significantly in

Table 1 An overview of the iron-contained products synthesized via HMTA approach in this work

Solvothermal treatment Products

Morphologies

Iron alkoxide nanosheets, size: ~200-400 nm,

160 °C, 12 h thickness: ~10-20 nm, Sppr: 182.68 m”> g%, *Fe,05
nanoparticles obtained, followed by calcination at 400 °C
180 °C. 12 h Iron alkoxide nanoflowers, size: ~2.5 um, sheet thickness: ~50 pm,
’ Sper: 208.99 m* g7, *Fe,0; flower then obtained by calcination at 400 °C
200 °C. 12 h Fe;0,4 hollow nanospheres with mesoporous shells, OD: ~250 nm,
’ shell: ~30-50 nm, pore size: ~6.5 nm, Sggr: 148.07 m?> g’1
. Fe;0, hollow nanospheres with solid shells, OD: ~250 nm,
220 °C, 12 h 2 —1
shell: ~50-60 nm, Sggr: 96.42 m~ g
240 °C, 12 h Fe;0, solid nanospheres size: ~200 nm, Sggr: 62.54 m> g~ "

This journal is © The Royal Society of Chemistry 2017
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size (~2.5 micrometers and ~250 nm respectively), however
both nanostructures were obtained by varying the solvothermal
temperature from 180 to 200 °C. Additionally, Fe,O; nano-
particles and flowers were obtained by calcining the iron
alkoxide nanosheets and flowers at 400 °C for 1 h, indicating
that the flower-like morphology is maintained at high
temperatures.

3.1 Crystalline and morphological results

Fig. 1a and b shows the XRD patterns of the alkoxide nano-
sheets and nanoflowers obtained at 160 and 180 °C respectively.
The diffraction peak located in the low-angle region (ca. 8.5° in
Fig. 1a, or ca. 11° in Fig. 1b) can be attributed to the iron
alkoxide species as previously reported,*” the formula for which
can be written as Fe(OCH,CH,0),. The corresponding d-values
at 8.5° and 11° are 1.039 and 0.804 nm, suggesting a reduction
in d-value when reaction temperature is increased from 160 to
180 °C. Fig. 1c and d show the nanosheet and nanoflowers
products after calcination at 400 °C for 1 h. The XRD patterns of
these samples correspond well with the hematite Fe,Oz; poly-
morph (JCPDS 33-0664) based on the characteristic peaks at
24.1° (012), 33.2° (104), 35.6° (110), 40.9° (113), 49.5° (024) and
54.1° (116).

This is further confirmed by the disappearance of the
diffraction peak at about 10 £ 2° indicating the complete phase
transition from iron alkoxide intermediate to the hematite
Fe,O; structure. Fig. 1e-g show the XRD patterns of the Fe;0,
hollow and solid nanospheres obtained at 200, 220 and 240 °C,
respectively. The diffraction peaks at 30.1°, 35.4°, 43.1°, 56.9°
and 62.5° correspond well with the (220), (311), (400), (511) and
(440) lattice planes of magnetite Fe;0, (JCPDS 19-0629) without
any other impurities. The diffraction intensities of XRD patterns
are enhanced and the corresponding FWHMSs of main peaks
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Fig. 1 XRD patterns of the products obtained under solvothermal
treatment for 12 hours at 160 °C (a), 180 °C (b) calcined at 400 °C (c &
d); solvothermal treatment at 200 °C (e), 220 °C (f) and 240 °C (g).
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narrow with increasing temperature, thereby signifying that the
crystalline grain size of product grows larger at higher temper-
atures, in accordance with the Scherrer equation.>**

Fig. 2a shows an FESEM image of the uncalcined scattered
nanosheets obtained at a solvothermal reaction temperature of
160 °C resulting in nanosheets with a length/width of approxi-
mately 200-400 nm. Fig. 2b shows the same nanosheets post
calcination at 400 °C for 1 h. Imaging suggests that while overall
sheet-like morphology is maintained the calcination process
results in nanosheet fracturing and the formation of a granular
morphology with grain sizes of approximately 10-20 nm. This is
also supported by high-resolution TEM imaging (Fig. S1, ESIT).

Fig. 2c shows the flower like clusters obtained by sol-
vothermal treatment at 180 °C for 12 h prior to calcination.
FESEM images indicate a uniform size of approximately 2.5 um.
FESEM images in Fig. 2d indicate flower-like clusters are
formed by aggregating branches of nanosheets with an
approximate thickness of 50 nm. Fig. 2e and f indicate that the
flower like clusters maintain their morphologies post
calcination.

This observation is further supported by TEM imaging
(Fig. S2, ESIT). FESEM and TEM imaging demonstrates that the
structures obtained by solvothermal treatment between 200 and
240 °C have significantly different morphologies from those
obtained at lower temperatures. Fig. 3a and b show the hollow
nanospheres (HNSs) obtained when the solvothermal temper-
ature is increased to 200 °C. The resulting nanospheres have an
outer diameter of approximately 250 nm, and a shell thickness
of 30-50 nm (Fig. 3c) and are approximately 10 times smaller in

Fig. 2 FESEM images of the sample obtained under solvothermal
treatment 160 °C (a) followed by calcination at 400 °C (b); FESEM
images of the sample obtained at 180 °C (c & d) followed by the
calcination at 400 °C (e & f).

This journal is © The Royal Society of Chemistry 2017
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Fig.3 FESEM (a & b) and TEM (c) and HRTEM (d) images of the sample
obtained under solvothermal treatment at 200 °C. Inset in (d) the
corresponding SAED pattern.

size than the flower like structures obtained at 180 °C. SEM
imaging in Fig. 3b indicates that the shells of spheres are
assembled from crystalline grains approximately 20 nm in size
(Fig. S3, ESIt). Fig. 3d shows the HRTEM imaging of the indexed
lattice fringes and corresponds well with the (111) and (220)
planes of magnetite Fe;O, polymorph. The ordered diffraction
lattice shown in the corresponding SAED pattern (inset of
Fig. 3d) confirms the single crystallinity of Fe;0, HNSs, sug-
gesting that the Fe;O, HNSs are composed of smaller primary
crystalline grains.

Increasing the overall reaction temperature to 220 °C results
in hollow nanospheres of approximately 250 nm in diameter.
Fig. 4a and ¢ show the TEM imaging of the hollow nanospheres

Fig. 4 FESEM and TEM images of the sample obtained under sol-
vothermal treatment at 220 °C (a & c) and 240 °C (b & d).

This journal is © The Royal Society of Chemistry 2017
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and highlight the hollow spherical construction with a shell
thickness of 50-60 nm. Increasing the solvothermal tempera-
ture from 200 to 220 °C increases the overall shell thickness and
in some cases causes partial breaking of the spheres to form
a cup-like morphology or hollow hemispheres. Fig. 4b and
d demonstrate that increasing the reaction temperature to
240 °C results in solid spheres with a uniform size of approxi-
mately 250 nm. HRTEM images and corresponding SAED
patterns (Fig. S4, ESIT) confirm that both the hollow and solid
nanospheres are magnetite Fe;0, polymorphs with well-defined
lattice fringes.

3.2 Porosity results

Fig. 5 shows the N, adsorption-desorption isotherms and Bar-
ret-Joyner-Halenda (BJH) pore size distribution plots for each
of the different morphologies. The nitrogen adsorption
isotherms in Fig. 5a should be of type III,>»** but most of them
present high absorbed volume (>300 cm® g~') and obvious
hysteresis loops at higher-pressure region. Specifically,
a distinct hysteresis loop for the products obtained at 160 °C
was observed in the range of 0.7-1.0 P/P,, which belonged to the
H3 type.?*** The red curve (nanosheets formed at 160 °C) shown
in Fig. 5b exhibited a relatively broad porous distribution below
20 nm. One possible reason for this may be due to the effect of
pores on overlapping plate like nanosheets as observed in SEM
and TEM imaging. A hysteresis loop of the H4 type was observed
for the flower-like iron alkoxide product and the corresponding
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Fig. 5 N, adsorption/desorption isotherms (a) and pore size distri-
butions (b) for as-prepared products obtained under solvothermal
treatment at 160, 180, 200, 220 and 240 °C without further
calcinations.
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pore distribution shifted below 6 nm indicating that the
product consists of slit pores accumulated by laminar sheets
with decreased spacing.*>*** This phenomenon further confirms
the formation of flower-like clusters assembled by aggregating
nanosheets.

The Fe;0, hollow nanospheres obtained at 200 °C also
demonstrated a typical hysteresis loop of the H3 type in the
range of 0.5-1.0 P/P,. Absorption/Desorption isotherms for the
hollow nanospheres obtained at 200 °C (Fig. 5b black curve)
show a sharp peak at 6.5 nm indicating an increase in meso-
porous characteristics. This can be attributed to the formation
of the primary crystalline grains that in turn constitute the
shells of Fe;0,4 hollow nanospheres as highlighted in Fig. 3. The
hollow nanospheres obtained at 220 °C did not demonstrate
any porous characteristics. The pore volume of the solid nano-
spheres obtained at 240 °C is further lower than that of the
porous spheres obtained at 220 °C, which is consistent with the
morphologies observed in the SEM and TEM images of Fig. 4.

Meanwhile, the Sggr specific surface areas of the products
obtained under solvothermal treatment at 160, 180, 200, 220
and 240 °C are 182.68, 208.99, 148.07, 96.42 and 62.54 m> g,
respectively. The product obtained at 160 °C has the second
largest specific surface areas among all products probably
because of the disordered accumulation of nanosheets with
considerable thin thickness. The product obtained at 180 °C has
the largest Sppr value (208.99 m” g™ ") probably due to the
hierarchical flower-like morphologies assembled by 2D nano-
sheets, which optimizes its accumulation status better than the
nanosheets products. Then the Sggr specific surface areas
decrease severely after the formation of Fe;O, nanostructures.
This is most likely due to the collapse of the alkoxide based
flower-like assemblies and the formation of Fe;O, crystalline
structures. The Fe;O, product obtained at 200 °C still has
comparatively large specific surface areas (Sgpr = 148.07 m’
g~ "), which should be contributed from its mesoporous feature
and hollow spherical morphology together. The Sppr specific
surface areas decrease severely from 200 to 240 °C, which
should be resulted by the disappearances of mesoporous
feature and hollow spherical morphology progressively.

3.3 Formation mechanism

To further investigate the formation mechanism and investigate
the effect of reaction time on subsequent structure morphology
a series of synthetic experiments were performed whereby the
temperature was maintained at 200 °C for 3, 6 and 9 h,
respectively.

Fig. 6 shows the XRD results for the structures obtained after
3, 6, 9, and 12 h solvothermal treatment and indicate that
crystal growth occurs from metastable iron alkoxides to more
stable polymorphs of magnetite Fe;O, as per Ostwald's step
rule.”***?® Fig. 6a shows an amorphous product is obtained
after 3 h of reaction time. The diffraction peak at about 8.5° in
Fig. 6b (marked as “A”) corresponds well with the XRD pattern
of the iron alkoxide nanosheets in Fig. 1a, indicating that the
iron alkoxide intermediates are formed after an overall reaction
time of 6 h. The product obtained at 9 h (Fig. 6c) exhibits the

26332 | RSC Adv., 2017, 7, 26328-26334
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Fig. 6 XRD patterns of samples obtained in the typical solvothermal
procedure at 200 °C for 3 (a), 6 (b), 9 (c) and 12 h (d).

standard Fe;O, polymorph with low crystallinity co-existing
with a weak diffraction peak at about 11° (marked as “®”).
This corresponds well with the iron alkoxide flower-like
assemblies in Fig. 1b. Finally, the product obtained after 12 h
(Fig. 6d) displays a typical pattern consistent with magnetite
Fe;0,.

Similar to the reported layered sodium titanate,**** the iron
alkoxides herein with a diffraction peak close to 10° should
contain wide lattice spacing (ca. 1 nm), in which iron atoms are
responsible for the basic units of each layer and the glycolates of
differing chain length are responsible for the interlayer spacing.
Iron alkoxides with a diffraction peak at 11° should have higher
condensation than that at about 8.5°. Results indicate that the
condensation process from Fe(OCH,CH,0), to iron oxide can be
performed thermodynamically (e.g. increasing temperature from
180 to 200 °C), or time dependently (e.g. prolonging the duration
time from 6 to 9 h at 200 °C), resulting in the shift of diffraction
peak to higher angles and corresponding growth of nanosheets.

Fig. 7 shows the FESEM and HRTEM images of the structures
obtained after 3, 6 and 9 h of solvothermal treatment at 200 °C.
The FESEM image of the product obtained after a reaction time
of 3 h (Fig. 7a) displays only a sheet-like morphology and is
consistent with amorphous XRD pattern obtained in Fig. 6a.
Fig. 6b shows that nanosheets with a thickness of approximately
10-20 nm are obtained after 6 h of reaction time. It is upon
increasing the reaction time from 6 to 9 h that the most
significant changes in morphology are observed. Fig. 7c shows
the FESEM images of the product obtained after 9 h of sol-
vothermal treatment at 200 °C. The images show sheet and
spherical shaped structures of approximately 150-200 nm in
size. The image suggests that the spheres have grown from
within the nanosheet assemblies. This is further confirmed by
the TEM and HRTEM imaging shown in Fig. 7d-f. Fig. 7f shows
that the incompact nanospheres consist of aggregated nano-
grains ranging in size from 2-3 nm in imperfect oriented
attachment; this is also confirmed by HRTEM imaging (Fig. S5,
ESIf). The corresponding SAED pattern (inset Fig. 7f) highlights
that the nanocrystalline nature of Fe;O, exists in random

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 FESEM images of the sample obtained under solvothermal
treatment at 200 °C for 3 (a), 6 (b) and 9 h (c & d); TEM images (d, e & f)
of the sample obtained under solvothermal treatment at 200 °C for
9 h. Inset in (f) the corresponding SAED pattern.

orientation. The formation status of the spheres inside the
nanosheet assemblies is further observed by supplementary
SEM results (Fig. S6, ESIt).

Based on SEM and HRTEM imaging a schematic of the
proposed morphological evolution herein is presented in
Scheme 1. Self-assembly, oriented attachment and Ostwald
ripening were commonly employed in previous works to eluci-
date the formation mechanism of either flower-like or hollow
spherical morphologies, which were suitable for not only iron
oxide!~*71424.27:3033 byt also various kinds of metal oxide, metal
alloys or non-metal SiO, nanostructures.**?***3¢ These theories/
mechanisms are mostly based on the same intrinsic assump-
tion that the crystal growth and morphological evolution tend
towards a thermodynamic equilibrium regime in the reaction
process. In general, the crystalline/morphological transition is
driven by the reduction of overall lattice/surface energy.***

Our observations suggest that during the initial period of
solvothermal treatment Fe®" ions react with the solvent EG
(Scheme 1a) to form the primary nuclei Fe(OCH,CH,-
0),.>7131417:33 The reduction of the overall surface energy by
elimination of the interface drives the oriented attachment,
thus the lattice planes with higher surface energy are prefer-
entially eliminated in the process of crystal growth.*"*”*® This is
followed by self-assembly to form the 2D nanosheets with the
assistance of surfactant CTAB (Scheme 1b). During this process
it is possible the CTAB effectively reduces the surface energy
toward the vertical axis of the sheet plane, resulting in an

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic illustrations of the morphological evolution
process between tailored iron oxide (alkoxide) nanostructures.

Fe(OCH,CH,0), intermediate with a layered crystalline struc-
ture and XRD peak at 8-8.5°.

When the highest energy interface was eliminated by oriented
attachment, the subordinate high-energy interface became the
highest energy interface; thus, the oriented attachment would
take place sequentially on these subordinate interfaces.*® When
the 2D nanosheets reached a certain size, the iron alkoxide
nanosheets would spontaneously crimp into curled self-
assemblies (Scheme 1c and d). This curling phenomenon has
also been observed in the case of layered titanate nanosheets.*
This behavior is possibly due to continued oriented attachment
and also the upheaval of internal stress during further conden-
sation of iron alkoxide layers (XRD peak shifts from ca. 8-8.5° to
ca. 11°). If this process were maintained at suitable reaction
conditions, (e.g. 180 °C, 12 h) the thickness would change from
approximately 10-20 nm to ca. 50 nm due to the subordinate
oriented attachment and the sheet assemblies would further grow
into the flower-like clusters such as those presented in Fig. 2.

It is likely that the incompact nanospheres grow from the
inside flower-like clusters (Scheme 1d) as a result of condensing
and weaving of the nanosheets. Based on the images observed
in Fig. 7, the iron oxide primary nucleus with a grain size of
approximately 2-3 nm are initially generated by the condensa-
tion of iron alkoxides inside the flower-like assemblies. Subse-
quent aggregation of the nuclei leads to the formation of several
incompact spheres at numerous locations on the flower like
assemblies, followed by Ostwald ripening.>'**”**** Continued
condensation results in the formation of larger crystalline
grains, during which the surfactant micelles located on the
surface of Fe;O, primary nuclei rearrange. Rearrangement of
these free surfactant micelles occurs between 9 h and 12 h at
200 °C reaction temperature resulting in the formation of the
hollow spherical morphology as shown in Scheme 1g. Further
condensation results in thickening of the nanosphere shells
and the formation of solid spheres (Scheme 1h).

4. Conclusions

In conclusion, we have demonstrated a facile procedure for the
synthesis of a variety of iron oxide (alkoxide) nanostructures
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using a single experiment approach that only needs to change the
temperature. Morphologies including nanosheets, nanoflowers,
hollow and solid nanospheres can be reproducibly obtained
simply by varying the reaction temperature between 160 and
240 °C. SEM and HRTEM imaging demonstrated that the
morphological evolution of the nanostructures follows previously
reported oriented attachment assembly and Ostwald ripening
mechanisms. Hollow and solid nanospheres were subsequently
obtained by further condensation of incompact nanospheres.
Facile approaches to the synthesis of iron alkoxide nano-
structures such as those presented in this work can underpin the
use of these materials in high performance applications such as
magnetic data storage, biosensing and drug delivery.
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