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Synthesis of size-tuneable -FeOOH
nanoellipsoids and a study of their morphological
and compositional changes by reductiont
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Shape anisotropy has been shown to positively influence the performance of nanoparticles in many appli-
cations. Size-tuneable akaganéite (B-FeOOH) nanoellipsoids have been prepared and used as precursors
for producing anisotropic iron oxide nanoparticles by reduction. Nanoellipsoids with a size between 25-
235 nm in length and aspect ratio of 5 or 6, compatible for biomedical and catalytic applications, were
obtained by using different amounts and molecular weights of branched polyethyleneimine. The reaction
was scaled-up by a factor of two leading to a yield increase of 55%. Oleylamine or hydrazine was used to
reduce B-FeOOH nanoellipsoids at different reaction temperatures and times. With oleylamine at 200 °C,
the same nanoellipsoid shape was retained with clear voids, but the phase changed to oxide-hydroxide;
while at a higher temperature of 250 °C, the phase converted to iron oxide but the nanoparticles lost their
original morphology. In the case of hydrazine, with the presence of polyethyleneimine, goethite (a.-FeOOH)
wires were formed, the amount of which is proportionally increased with time and concentration of the
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Introduction

Nanomaterials have many potential applications from cataly-
sis” to energy conversion,”* medicines®” and environmen-
tal®® and even in military uses.’® Of great interest are aniso-
tropic crystals such as cubes, wires, triangles, platelets and
others which exhibit altered properties compared to their iso-
tropic counterparts. Elongated nanostructures are of
intense scientific interest'"'> and many materials have been
shown to exhibit better performance compared to other
shapes. For example, gold nanorods exhibit higher size-
normalised optical cross-section compared to gold nano-
spheres,”® and polymeric filomicelles had prolonged blood
circulation and enhanced retention at the tumour site com-
pared to their spherical counterparts. Similarly, polystyrene
nanorods showed reduced non-specific attachment and en-
hanced accumulation to the lungs and brain,> while silver
nanorods with different aspect ratios could scatter light from
visible to the near-infrared region'® in comparison with
spherical nanoparticles of each material. Recently, iron oxide
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polymer; without the latter, iron oxide particles were formed of variable shapes.

nanorods were shown to induce a stronger magnetic field
around themselves and therefore exhibit better contrast in
Magnetic Resonance Imaging (MRI)'” and enhanced perfor-
mance in magnetic hyperthermia'® compared to nanospheres.
Among magnetic nanoparticles, spheres are by far the most
common and facile shape to obtain and synthetic procedures
of more complex shapes such as rods are scarce with only a
handful of reports in the literature due to the difficulty in pro-
ducing anisotropic magnetite (Fe;O,) nanoparticles due to
their cubic crystal habit."”"*?° Broadly, the two approaches
taken so far are to either form the iron oxide nanorods di-
rectly from an iron pentacarbonyl precursor or form nanorods
of an FeOOH polymorph and then reduce the compound to
form the iron oxide phase. The one-step syntheses of the iron
oxide nanorods reported in the literature are either using be-
spoke reagents or suffer from very poor magnetic properties.’
The difficulty in forming elongated iron oxide structures di-
rectly is related to their cubic crystal structure with no prefer-
ential orientation for growth. To that end, different surfac-
tants are used to arrest the growth of some crystallographic
planes and allow others to grow resulting in anisotropic iron
oxide nanoparticles. In contrast, FeOOH polymorphs often
crystallise in the form of elongated structures even in the ab-
sence of any surfactants.”’>* A two-step facile synthesis pro-
duces -FeOOH first by simple hydrolysis and then a reduc-
tion procedure converts it to the oxide. Using the two-step
synthesis, some results have shown that the morphology of
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the nanorods is not preserved after reduction due to the
changes in the crystal structure and efforts are made towards
controlling the morphology during reduction.>® In this article,
we expand on the synthesis of f-FeEOOH nanoellipsoids to
provide a wider range of sizes as precursors for reduction re-
actions to produce anisotropic iron oxide nanoparticles.

A high-temperature method has been previously tried to
convert one material to another. Usually, this method causes
aggregation and sintering losing the nanostructure character-
istics.>* Attempts to prevent sintering and aggregation involve
the use of various solvents and surfactants. Phase transfor-
mation from B-FeOOH rods to iron oxide is achieved while
retaining their shape, but they have hollow structure, and
weak magnetic properties.”>>®

In this work, we explored further the synthesis of
B-FeOOH nanoellipsoids to produce a wider range of sizes
and increase the yield of the reaction by scaling-up. The re-
duction of the f-FeOOH nanoellipsoids with reducing agents
of different reduction potentials was also investigated. We
found that certain experimental parameters are important for
driving the reactions to have polymorphic transformation of
-FeOOH to o-FeOOH or reduction to iron oxide. A loss of
the ellipsoidal morphology is observed when iron oxide is
formed. We were able to preserve the elongated morphology
in the polymorphic transformation process to produce
o-FeOOH nanowires in the presence of polyethyleneimine
(PEI).

Experimental

Chemicals

Iron(m) chloride hexahydrate (99%), branched PEI solution
50 weight (wt)% (M,, 750 kDa) and branched PEI (M,, 25 kDa)
were purchased from Merck UK. Iron(u) chloride tetrahydrate
(99%) was purchased from Honeywell, UK. Oleylamine (80—
90%) and HCl (37%) were purchased from Acros Organics
UK. Acetone (technical grade) was purchased from VWR, UK.
Ethanol (100%) was purchased from HaymanKimia Ltd. Wa-
ter was purified by Purelab Ultra, Elga, UK.

Characterisation methods

The nanoparticles were visualised by transmission electron
microscopy (TEM) using a JEOL JEM 1200-EX operating at an
accelerating voltage of 120 kV using Gatan DigitalMicrograph
software. The samples were cast on carbon coated copper
grids and air-dried. Size analysis was performed using image
analysis software Image]. The X-ray diffraction (XRD) patterns
of the powder samples were recorded at room temperature
between 20-110° on a PANalytical X'Pert® equipped with a co-
balt source (2 = 1.789 A) in transmission-reflection spinning
mode. Thermogravimetric analysis (TGA) was performed
using a Discovery TGA (TA Instruments) under a nitrogen at-
mosphere between room temperature up to 700 °C with a
heating rate of 10 °C min™'. The infrared spectra of the dry
powder samples were recorded on a PerkinElmer Spectrum
100 attenuated total reflectance Fourier transform infrared
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spectrometer (ATR-FTIR) at room temperature accumulating
20 scans between 600-4000 cm™* for each sample which were
analysed with the software Spectrum. Magnetic measure-
ments were recorded on a Quantum Design MPMS 3 super-
conducting quantum interference-vibrating sample magne-
tometer (SQUID-VSM) between +70 kOe at 300 K.

Synthesis of the p-FeOOH nanoellipsoids

A general synthesis of the f-FeOOH nanoellipsoids was previ-
ously described."” Briefly, FeCl;-6H,O (5.4 g, 20 mmol) was
added in water (100 ml) containing PEI. The mixture was
heated at 80 °C in an oil bath for 2 h under magnetic stirring
(500 rpm). The nanoparticles were isolated by centrifugation
(8000g, 10 min), rinsed with acetone and ethanol sequentially
and dried. The amount of PEI, its molecular weight and the
reaction time have been varied to investigate the role of each
parameter in the formation of the 3-FeOOH nanoellipsoids.

Reduction with oleylamine

Oleylamine was used as a mild reducing agent. 200 mg of
B-FeOOH nanoellipsoids were mixed with oleylamine (3.14 g,
11.7 mmol) in a three-neck round bottom flask. Under a ni-
trogen atmosphere, the mixture was heated to 200 °C under
magnetic stirring (500 rpm) for 4 h. The product was left to
cool down, washed three times with ethanol and centrifuged
(8000g, 5 min). The solid product was recovered from acetone
and dried at 80 °C in an oven.

Reduction with hydrazine

Hydrazine was employed as a strong reducing agent. 90 mg
of B-FeOOH nanoellipsoids were dispersed in water (20 ml)
in a three-neck round bottom flask. The nanoparticles were
completely resuspended after 20 min of magnetic stirring.
Approximately 1 ml of hydrazine monohydrate was added to
reach a pH value of 10.5 which was determined using a
Thermo Scientific Orion 3-Star pH meter. The mixture was
refluxed at 100 °C under magnetic stirring (500 rpm) for 4 h.
The reaction mixture was left to cool down and the product
was washed with ethanol and acetone and centrifuged
(8000g, 5 min) three times. The nanoparticles were dried at
80 °C in an oven.

Results and discussion

The amount of the -FeOOH nanoellipsoids obtained with a
typical reaction was very low, limiting the characterisation
and future use of the product. To achieve adequate character-
isation and expedite the development of -FeOOH as poten-
tial precursors for magnetic nanoparticle synthesis, the scal-
ability of the reaction was initially assessed. For the scaled-up
syntheses, two PEI with different molecular weights (25 and
750 kDa) were separately used and the amount of all the re-
agents was increased by a factor of two. Both reactions were
successfully scaled-up as it was confirmed from the TEM im-
ages shown in Fig. 1 producing morphologically identical

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TEM images of the B-FeOOH nanoellipsoids. A and C are the
nanoellipsoids prepared with 750 kDa and 25 kDa PEI, respectively. B
and D are their corresponding 2x scaled-up syntheses.

nanoellipsoids. Using TGA, the yield of the initial and scaled-
up reactions were determined; it was found that the weight
of the products was increased from 0.25 g to 0.76 g (10.5 and
16.3% yield, respectively), corresponding to a yield increase
of 55% (Fig. S17). All further experiments were performed
with the scaled-up reactions.

Time-dependent growth of the nanoellipsoids

To the best of our knowledge, the growth of f-FeOOH has
not been previously investigated with respect to reaction
time. Aliquots have been taken from the reaction mixture at
different times and TEM images were collected. The size and
aspect ratio of the nanoparticles were assessed using image
analysis software Image] for at least 100 nanoparticles per
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condition. The reaction was performed in the presence of 0.2
g of 750 kDa PEI and aliquots were taken between 30 and
180 min. As can be seen from Fig. 24, the length of the nano-
ellipsoids increases with time (p value = 0.0005, 0.04 and 3.4
x 1072* for Student ¢-test between 60 and 90; 90 and 120; 120
and 180 min, respectively). The different spatial growth rate
of the anisotropic structure is observed here with two times
faster growth in the long axis in comparison with the short
axis resulting in the same aspect ratio at all times, as shown
in Fig. 2B.

Surfactants play a very important and complex role in
nanoparticle synthesis in controlling facet kinetics,”” forming
by-products crucial for some reactions,'® in situ generation of
precursors,'***2? acting as reducing agents®* and even act as
solvents in some cases.>® Even more complex, in the case of
polymers, it is possible to crosslink particles or engulf multi-
ple nuclei at the same time,*" which is not possible with sin-
gly functionalised molecules. To this end, the effect of PEI on
the forming nanoparticles was investigated.

Role of PEI on the composition and morphology of the
nanoparticles

To increase the understanding of the role of PEI in the syn-
thesis of the material, the synthesis was performed in the
presence or absence of different molecular weights of PEL
Interestingly, the (-FeOOH phase was obtained in all
cases, as shown in Fig. 3. Similar to the nanoparticles pre-
pared in the presence of PEI, the nanoparticles obtained in
the absence of PEI also exhibit an elongated structure al-
though of much less definition and homogeneity (Fig. S27).
The elongated morphology observed in the absence or pres-
ence of PEI is a result of the monoclinic crystal structure of
B-FeOOH favouring anisotropic growth.>! In combination, the
data suggest that PEI plays a role in determining morphology
predominantly while the composition is independent of PEL.
The length of the nanoellipsoids depends on the amount
of PEI used. The more PEI (25 kDa) used leads to a decrease
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Fig. 2 A) Long axis and B) aspect ratio of the B-FeOOH nanoellipsoids with increasing reaction time prepared with 0.2 g of 750 kDa PEI. The solid

line is a guide to the eye.
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Fig. 3 XRD patterns of the nanoparticles formed in the presence or
absence of PEI.

in the length of the long axis of the nanoparticles from 225
nm to 25 nm, as shown in Fig. 4. The aspect ratio of the ellip-
soids remains the same at a value of 6 and therefore the
amount of PEI can be used to tune the size of the resulting
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B-FeOOH nanoellipsoids while retaining the same aspect ra-
tio. The homogeneity of the nanoellipsoids remains high over
the PEI amounts tested (6-300 mg). A similar trend is ob-
served with PEI with a molecular weight of 750 kDa for both
the size and the aspect ratio of the nanoparticles with the
length of the nanoellipsoids between 50-25 nm and a con-
stant aspect ratio of 5 (Fig. S37).

As B-FeOOH is paramagnetic, we studied the reduction of
these nanoellipsoids with both mild and strong reducing
agents under variable experimental conditions, in an attempt
to form Fe;O, nanoparticles.

Effects of oleylamine high-temperature reaction with
p-FeOOH on the composition, morphology and magnetic
properties of the nanoparticles

It was previously reported that oleylamine could reduce
B-FEOOH to Fe;O, as solid nanorods."”” We employed this
method to convert the nanoellipsoids to Fe;O, but instead
porous nanoellipsoids of an FeOOH phase with

# L]

0 50 100 150 200 250 300
Amount of PEI (mg)

Amount of PEI

~
1

Aspect ratio
el

»

0 50 100 150 200 250 300
Amount of PEI (mg)

Fig. 4 A-C are the TEM images of the 3-FeOOH nanoellipsoids synthesised with 10, 100 and 300 mg of 25 kDa PEI, respectively. D) Size depen-

dence and E, aspect ratio change with different amounts of PEI.
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Fig. 5 A) TEM image of the oleylamine-reduced B-FeOOH nanoellipsoids with visible voids. B) M(H) plots of the 3-FeOOH nanoellipsoids reduced
with different amounts of oleylamine, C) M(H) plots of the oleylamine-reduced B-FeOOH nanoellipsoids at different reaction times and D) M(H)
plots of the oleylamine-reduced B-FeOOH nanoellipsoids at different temperatures.

orthorhombic crystal habit were obtained, as shown in
Fig. 5A and S4. The pores could be exploited for potential
application in drug delivery. The porous and hollow ellip-
soids are believed to be the result of the dehydration of the
oxide-hydroxide phase to form an oxide.>® Chandy et al. indi-
cated that the chloride and water molecules from the tunnels
in the B-FeOOH crystal structure are partially removed due to
the thermal treatment.** Consequently, there is a contraction
in the crystal lattice changing from the monoclinic structure
of B-FeOOH to orthorhombic FeOOH before converting to
haematite (a-Fe,O;). This is true in this case of reacting with
oleylamine at high temperature. It is also stated that further
heating treatment at 320 °C of this FeOOH would result in
a-Fe,0; as with all the iron oxide-hydroxide phases.** The
intensity of the peaks on the diffraction patterns obtained
from XRD is low suggesting poor crystallinity, which might
be due to a transitioning phase in-between the oxide-hydrox-
ide and the oxide phases. Previously, a single condition has
been used to reduce f-FeOOH to iron oxide. Herein, we inves-
tigated different experimental parameters such as the
amount of oleylamine, reaction time and temperature in at-

This journal is © The Royal Society of Chemistry 2019

tempts to preserve the shape and control the extent of phase
transformation to increase the crystallinity.

The amount of oleylamine used during the reaction did
not make a difference with regards to the material formed
as it can be concluded from the XRD data shown in Fig. S4.F
Similarly, the size of the resulting nanoparticles also
remained constant with changing the amount of oleylamine
used (Fig. S5t). Oleylamine was found to coordinate on the
surface of the nanoparticles by infrared spectroscopy (Fig.
S61).

Even though the colour of the nanoparticles changes from
light brown before reaction with oleylamine to black after re-
action, which is indicative of Fe;O,, the magnetic behaviour
of the resulting particles was almost purely paramagnetic as
can be seen from magnetometry measurements shown in
Fig. 5B. The nanoellipsoids after reaction with oleylamine
have a shorter long axis by approximately 10 nm while their
width remained the same, essentially decreasing their aspect
ratio. The reaction time seems to have a small effect on the
magnetic properties of the material, as shown in Fig. 5C.
From the shape of the magnetisation curve, it can be seen

CrystEngComm, 2019, 21, 1293-1301 | 1297
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that a paramagnetic component of FeOOH remains in the
material because a plateau is not reached even at high ap-
plied magnetic fields although an iron oxide ferrimagnetic
phase is formed in a higher extent as indicated from the
steep increase of magnetisation at low applied magnetic
fields which is absent at shorter reaction times.

Lastly, the reaction temperature was further increased to
250 °C to overcome any thermodynamic or kinetic barriers
for atom rearrangement and also promote the formation of
highly crystalline materials. The temperature increase
resulted in phase transformation to Fe;O, to a great extent as
can be concluded from the data in Fig. 5D with only a small
contribution of FeOOH, as shown from the XRD measure-
ment (Fig. S71). The magnetic properties increased manifold
to values typical of high-quality magnetic nanoparticles. Un-
fortunately, the morphology of the resulting nanoparticles is
lost, and a variety of shapes are formed including cuboid and
parallelepiped shapes (Fig. S87).

Other high-temperature reductions observed in the litera-
ture often result in sintering, merging many nanoparticles to-
gether and losing the nanosize and morphological character-
istics. To promote reduction and allow the reaction to
proceed at lower temperature, hydrazine has been used as a
stronger, water-miscible reducing agent.

Physicochemical changes of p-FeOOH induced by hydrazine
reduction

As far as we know, hydrazine has not been previously used
to reduce the B-FEOOH nanoellipsoids. Hydrazine, a stron-
ger reducing agent than oleylamine, was employed to in-
duce the reduction at lower temperature to prevent thermal
dehydroxylation and possibly avoid porous/hollow structure
formation. The transformation was shown to follow a disso-
lution-recrystallization mechanism through the formation
of Fe(OH),” species in a basic medium.** A pH value of 10.5
was shown to induce the slowest rate of transformation
within the window of 9-11.5 where this process takes
place.*® By adopting the pH value of 10.5, we hypothesised
that the transformation could be controlled due to its slow
kinetics possibly retaining the overall shape of the nano-
particles. The reduction reaction of -FeOOH with hydrazine
is described in eqn (1).

12B-FeOOH + N,H, — 4Fe;0, + 8H,0 + N, 1)

The reduction with hydrazine is fast and occurs at 100 °C
as opposed to 250 °C with oleylamine. The reaction mixture
turns from brown to black after approximately 10 min of stir-
ring and aliquots from 30-240 min show the same morphol-
ogy at every time-point indicating that the reaction is com-
plete after 30 min (Fig. S9f). The XRD patterns reveal
primarily an iron oxide phase with a few low intensity peaks
indexed to a-FeOOH, as shown in Fig. 6.

The resulting nanoparticles from hydrazine reduction lose
their ellipsoidal morphology producing faceted nanoparticles
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Fig. 6 XRD patterns of the hydrazine-reduced B-FeOOH nano-

ellipsoids at 100 °C after 4 h of reaction. Indexed reflections are
colour-coded with respect to the reference patterns.

including cuboids, wires and truncated triangles (Fig. S77).
Due to the loss of their morphology, PEI was introduced into
the reaction mixture to reduce the rate of reaction by coordi-
nating on the surface of f-FeOOH and retain the shape by co-
ordinating on the surface of the iron oxide limiting further
growth. Initially, 0.2 g of PEI was introduced, and the reac-
tion time was varied from 30 min to 4 h. At 30 min, hollow
nanoellipsoids prevail in the TEM image with a few wires
also being visibly shown in Fig. 7A. The TEM image of the
prolonged reaction time shows mostly the nanowires with
some rod-shaped particles as well shown in Fig. 7B. The XRD
data show a mixture of Fe;O, and o-FeOOH, as shown in
Fig. 7C. When the reaction time was increased to 4 h, the
product was an almost pure a-FeOOH phase with some low
intensity Fe;0, peaks (for clarity in Fig. 7C, not all reflections
have been indexed). The formation of a-FeOOH with increas-
ing reaction time and disappearing of Fe;O, can be moni-
tored by the 220, 311 and 400 reflections of Fe;O, at 35.1°,
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Fig. 7 A and B are the TEM images of B-FeOOH reduced in the pres-
ence of N,H,4 and 0.2 g PEI at 100 °C for 0.5 h and 4 h, respectively. C
is the XRD patterns of the nanoparticles in A and B. Indexed reflections
are colour-coded with respect to the reference patterns.
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Fig. 8 A) TEM image of the 3-FeOOH nanoellipsoids reduced by N,H4 at 100 °C in the presence of 0.4 g PEI. B) XRD patterns of the -FeOOH
nanoellipsoids reduced by N,H,4 at 100 °C in the presence of 0.2 and 0.4 g PEI. C) M(H) plots of the B-FeOOH nanoellipsoids reduced by N,H4 in

the absence or presence and different amounts of PEI.

41.3° and 50.4°, respectively. From the population of the wires
on the TEM images and in accordance with the XRD data, it
can be concluded that the nanowires are composed of
o-FeOOH and a longer reaction time favours the formation of
o-FeOOH making this polymorphic transformation rather than
reduction. The effect arises from the presence of PEI only un-
der the same experimental conditions but in its absence, only
Fe;0, is obtained. This might be the result of strong coordina-
tion of the amine groups of PEI with the iron atoms which
might prohibit or considerably slow their desorption from the
nanoellipsoids to perform the dissolution-recrystallization re-
duction mechanism and favour polymorphic transformation
instead. To further understand what the role of PEI is in these
reactions, its amount was doubled to 0.4 g and the reaction
was carried out for 4 h. The composition of the resulting mate-
rials is similar to the 0.2 g PEI reaction, a predominant
o-FeOOH with some Fe;O, peaks although the TEM image
shows smaller nanowires as shown in Fig. 8A and B. The prod-
ucts of reduction by hydrazine in the presence and absence of
PEI were analysed by SQUID-VSM. The results shown in Fig. 8C
show high saturation magnetisation for the nanoparticles re-
duced in the presence of hydrazine only while when PEI was
used, the saturation magnetisation was significantly lower
which agrees with the XRD data of a dominant o-FeOOH
phase. These data suggest that the formation of o-FeOOH is
favoured in the presence of PEI while the more magnetic phase
Fe;0, is formed in its absence.

Conclusions

These advances in controlling the size of -FeOOH nano-
particles will find use in oxide-hydroxide based catalysis, en-
vironmental remediation and possibly in anisotropic mag-
netic nanoparticle synthesis, all of which have been
previously attempted using -FeOOH-based materials.

A high degree of control over the synthesis of the f-FeOOH
nanoellipsoids has been achieved by changing the molecular
weight and amount of PEI used in the reaction providing a
wider range of sizes to scientists interested in iron oxide-hy-
droxide based nanomaterials. Experimental variables in the
synthesis of the B-FeEOOH nanoellipsoids were studied and
the PEI used during the preparation of the material was

This journal is © The Royal Society of Chemistry 2019

shown to play a morphological role only. The long-axis growth
of the nanoellipsoids is time-dependent and also affected by
the molecular weight of the PEI used. The aspect ratio of the
nanoellipsoids is independent of the reaction time but it can
also be changed by changing the molecular weight of PEI.

Oleylamine used as a mild reducing agent to convert the
B-FeOOH nanoellipsoids to porous iron oxide nanoellipsoids
at all reaction times and amounts tested at 200 °C but mag-
netic measurements and XRD did not show a ferrite material.
Increasing the temperature to 250 °C drives the transforma-
tion to completion according to XRD and magnetometry
studies which is accompanied by a loss of morphology.

Hydrazine employed as a strong reducing agent also
caused a loss of morphology when used alone but success-
fully forms Fe;O, confirmed by XRD and magnetometry fast
at lower temperature. When PEI is present during reduction
with hydrazine, the morphology is retained, hollow nano-
particles are observed along with a mixture of Fe;O, and
o-FeOOH whose ratio is dependent on the amount of PEI
present in the reaction. From the experiments performed
herein, it is shown that when phase transformation occurs, a
loss of morphology is also observed while when the morphol-
ogy is preserved, polymorphic transformation takes place in-
stead of reduction indicating the need for further studies to
achieve the formation of anisotropic iron oxide nanoparticles
by using FeOOH materials as precursors.
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