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Abstract

The control of the growth of hematite nanoparticles from iron chloride solutions under hydrothermal conditions in the
presence of two different structure promoters has been studied using a range of both structural and spectroscopic
techniques including the first report of photo induced force microscopy (PiFM) to map the topographic distribution of
the structure-directing agents on the developing nanoparticles. We show that the shape of the nanoparticles can be
controlled using the concentration of phosphate ions up to a limit determined to be ~6 × 10−3 mol. Akaganéite (β-
FeOOH) is a major component of the nanoparticles formed in the absence of structure directors but only present in the
very early stages (< 8 h) of particle growth when phosphate is present. The PiFM data suggest a correlation between the
areas in which phosphate ions are adsorbed and areas where akaganéite persists on the surface. In contrast, goethite (α-
FeOOH) is a directly observed precursor of the hematite nanorods when 1,2-diamino propane is present. The PiFM data
shows goethite in the center of the developing particles consistent with a mechanism in which the iron hydroxide re-
dissolves and precipitates at the nanorod ends as hematite.
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Introduction
With potential applications in analytical chemistry, ca-
talysis, magnetic resonance imaging, and nanomedicine,
the synthesis of magnetic nanoparticles and identifying
strategies to control their size and morphologies are the
subject of a great deal of fundamental research [1–4].
Magnetic properties facilitate both physical manipulation
of particles as well as the ability to selectively heat them
by magnetic hysteresis energy loss. However, the phys-
ical properties of the nanoparticles such as size, shape,
and degree of crystallinity are important parameters that
need to be optimized in many potential applications. To
influence these properties additional “structure direct-
ing” components are often added to the synthesis pro-
cedure. Understanding the role of such additives is
important if nanoparticles with improved aspect ratios

and crystallinity are to be achieved. In many cases, very
different additives result in similar particle growth but it
is not clear whether the mechanisms by which they con-
trol growth are similar.
The precipitation of paramagnetic hematite nanorods

from ferric chloride solutions is a case in point, two con-
trasting structure-directing additives, phosphate ions [5]
and 1,2-diaminopropane [6], lead to hematite “nanorods”
as the final product but since the 1,2-diaminopropane-di-
rected rods achieve higher crystallinities and larger aspect
ratios, it is possible the two processes involve different
mechanisms. There has been considerable discussion of
the mechanisms involved [7–10], but the picture is com-
plicated by the range of conditions under which nanorod
synthesis is performed, phosphate-directed nanorods have
been synthesized at temperatures ranging from ~100 °C
[11] to 210 °C [10] for example whilst the FeCl3:PO4

− ratio
ranges from 6:1 to 40:1.
Studying the formation mechanism of such nanoparti-

cles is also hindered by the difficulty of identifying
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individual components and phases at the nanoscale;
transmission electron microscopy (TEM) is extremely
informative but is only really effective in areas of good
structural order leading to the potential to neglect
amorphous regions.
The aim of this study is to explore some of the factors

that influence the synthesis of hematite nanorods, in
particular the concentration of phosphate ions, and to
compare results using two different structural pro-
moters. Whilst it is not possible to use identical condi-
tions for the two directors [6], the study is the first to
combine bulk and surface averaging analytic methods
such as x-ray absorption spectroscopy (XAS), powder x-
ray diffraction (PXRD), and x-ray photoelectron spec-
troscopy (XPS) with photo-induced force microscopy
(PiFM) a combined surface topographic and vibrational
probe, which has a lateral resolution of better than 10
nm. This combination of complementary techniques has
enabled us to investigate the local environment of the
nanoparticles as a function of topography at different
stages of nanoparticle growth. The results show the
presence and location of different intermediates during
particle growth. In the case of the phosphate-directed
particles, akaganéite is observed in a narrow band
around the developing hematite nanoparticle early in the
synthesis whereas goethite is evident in the center of the
nanorods developing in the presence of 1,2-diaminopro-
pane. Finally, PiFM data shows the presence of carbon-
ates on both phosphate and diaminopropane-directed
rods in areas also associated with the iron hydroxides
and likely to be areas of nanorod growth.

Experimental Methods
Synthesis of Phosphate-Directed Hematite Nanorods
Hematite nanorods were prepared using the method de-
veloped by Ozaki et al. [5] in which a FeCl3 solution (50
ml, 4 × 10−2 M) containing 10 ml of between 0 and 8 ×
10−3 M XH2PO4 (X = K or Na) is allowed to age for be-
tween 1 and 72 h at 110 °C. “Standard” synthesis condi-
tions refers to a concentration of 5 × 10−3 M KH2PO4,
allowed to age at 110 °C for 72 h. After separation and
washing, a starting volume of 50 ml of FeCl3 solution
typically yielded ~ 0.2 g of dried nanorods.

Synthesis of 1,2-Diaminopropane-Directed Hematite
Nanorods
FeCl3 (7 ml of 0.86M solution) was added to a glass
pressure reactor and stirred in an ice bath. 1,2-Diamino-
propane (7 ml) was added slowly to the flask and allowed
to stir in the ice bath for 15 minutes. The flask was then
sealed and heated at 180 °C for 16 h. After cooling, the
nanoparticles were separated by centrifugation and
washed thoroughly with ethanol and water before freeze
drying. Yield of product was about 0.62 g.

Synthesis of Magnetite and Maghaemite Nanorods
Magnetite rods were prepared by freeze drying a suspen-
sion of the phosphate-directed hematite rods and placing
the resulting solid in a furnace for 6 h at 350 °C in a re-
ducing gas atmosphere (10:1 N2/H2).

Characterization
For mechanistic studies of the growth of the nanoparticles
using pXRD, XAS and Raman, the nanorods were ex-
tracted from solution by centrifugation and deposited on
silica substrates without further washing. For XPS, TEM,
and PiFM, the nanoparticles were isolated with a series of
washing/centrifugation steps and vacuum dried onto sil-
ica, mica, and carbon-coated copper grids respectively.
For XPS the dried nanorods were pressed into con-

ductive tape and analyzed with a Kratos Axis Ultra-DLD
photoelectron spectrometer with a monochromatic Al
Kα x-ray source in the “hybrid spectroscopy” mode. The
analysis area was approximately 700 × 300 μm. A pass-
energy of 40 eV was used for high-resolution scans and
60 eV for survey scans. CasaXPS [12] was used to
analyze the spectra. Binding energies are referenced to
the largest C(1 s) peak at 284.7 eV with an uncertainty of
~ 0.2 eV. Since intensities for powder samples are
dependent on the surface area analyzed, which can be
poorly reproducible between different powder samples,
XP spectra in the figures are normalized to the point of
maximum intensity.
Powder X-ray diffraction (PXRD) was performed using a

PANalytical X’Pert Pro diffractometer with a monochromatic
Cu Kα source (λ = 0.154 nm) operated at 40 kV and 40mA.
The scans were recorded over the 2θ range 10–80°.
X-ray absorption spectroscopy (XAS) measurements

were performed on beamline B18 at Diamond Light
Source [13]. Calibration of the monochromator was con-
ducted using an iron metal foil prior to the measure-
ments. Pellets of the different samples were collected in
transmission mode at the Fe K-edge (7111 eV) simultan-
eously with the foil. The data were analyzed using the
Athena program [14].

Results
The nanorods generated using the two different
structure-directing molecules, phosphate and 1,2-dia-
mino propane, were examined with a range of tech-
niques and are discussed below. The results are
classified in terms of shape and crystallography and, sub-
sequently, their spectroscopic properties.

Shape and Crystallography
Transmission Electron Microscopy (TEM)

Phosphate-Directed Nanorods TEM images of the
phosphate-directed nanorods synthesized at a phosphate
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concentration of 4 × 10−3 mol are shown in Fig. 1. The
ellipsoid shape and uneven surface of the nanorods is
clearly visible in (a), and a relatively well-defined mean
aspect ratio (length/width) of 5.91 was calculated from a
sample of ~ 200 particles (b). A higher magnification
TEM micrograph of a particle in (c) shows few signs of
long-range structure with only occasional examples in
the images of distinct lattice fringes.
It was not possible to determine any direction of

growth along any particular crystal planes. Where lattice
fringing was identified, fast Fourier transform (FFT) in-
dicates two d-spacings at 0.27 nm, consistent with the
(104) plane of hematite and in agreement with the most
intense peak of the pXRD pattern, and 0.376 nm, con-
sistent with the hematite (012) plane.

Effect of Phosphate Concentration on the Nanorod
Aspect Ratio Previous work by Ma et al. [7] has shown
that different quantities of the phosphate-directing agent
affects the final morphologies of the nanoparticles; how-
ever, their study did not include a detailed determination
of the extent to which the aspect ratio could be

controlled. Using sodium and potassium phosphate con-
centrations between 0 and 8 × 10−3 M, Fig. 2 shows an
elongation of the nanoparticles as the phosphate concen-
tration is increased from 0 to ~6 × 10−3 M, but above 6
× 10−3 M, there is a precipitous drop in aspect ratio. By
7 × 10−3 M, there is almost no morphological control.
Figure 2 also shows that whilst sodium phosphate-
directed rods are always slightly shorter than the potas-
sium phosphate-directed rods, the difference between
the two cations is close to experimental error.

1,2-Diaminopropane-Promoted Nanorod Growth
Figure 3 (a) and (d) show the morphology of hematite
nanoparticles obtained using 1,2-diaminopropane as a
structural promoter at 140 and 180 °C respectively. At
the lower temperature, the nanoparticles are generally
spherical in shape but do show the beginnings of the
growth of rods perpendicular to the particle surface.
At higher temperatures, the proportion of the “spher-

ical” nanoparticle intermediates decreases (see Fig. 4, for
data at 160 °C) being replaced by more rod-like particles
until, by 180 °C, the intermediate spherical type particles

Fig. 1 TEM studies of hematite nanorods. a, b Typical hematite nanorods synthesized in the presence of 4 × 10−3 M phosphate capping agent at
110 °C for 72 h. c The distribution of aspect ratios amongst ~ 200 hematite nanorods synthesized in the presence of 4 × 10−3 M phosphate
capping agent at 110 °C. d, e Close up TEM micrographs of hematite nanorods showing some of the lattice fringing. d Fast Fourier transform of
the lattice fringe showing the d-spacing of the hematite nanorod sample
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are entirely absent. A median aspect ratio of 9.25 was
measured for the nanorods at this temperature. Figure 3
(a) shows 2 nanoparticles at different levels of growth at
140 °C, one with the hematite apexes protruding from the
center and another without any clear protruding crystals.
However, within the developing “arms” of the nanoparti-
cle, lattice fringes can already be seen. Figure 3 (b) shows
a magnified image of one of the crystal arms and (c) shows
the FFT of this image.
Within the FFT, there are 2 main maxima which, like the

phosphate-directed growth, correspond to the hematite (104)
and (012 planes). The nanorods generated at 180 °C show
higher crystallinity than the equivalent rods produced by the
phosphate-directing agent. Li et al. [6] showed that changes
in the concentration of 1,2 diaminopropane has much less
impact on the aspect ratio of the rods than is the case with
the phosphate but the temperature of aging is significant
(Fig. 4). At 140 °C, the majority of particles are similar to
those imaged in Fig. 3(a) with only limited anisotropy. By
160 °C, the population of spherical type particles has reduced
and a substantial number of rod-like particles have developed
with a median aspect ratio of ~ 8. Preparation at 180 °C gives
almost exclusively nanorods with aspect ratios close to 9.25.

Powder pXRD
The development of the nanorods synthesized under a
range of conditions for both directing agents was studied
by powder pXRD (Fig. 5). The characteristic hematite
[15] (012) and (104) reflections that were found in the
FFT from the TEM images, together with the (110)

reflection, are evident in all of the samples but most
clearly in the phosphate and 1,2-diaminopropane-di-
rected rods synthesized under standard conditions and
aged for 8 h or more (Fig. 5a, b, f, g).
For the phosphate-directed rods, the quality of the

hematite pattern degrades as the aging time is shortened
to the extent that the rods aged for only 1 h have exten-
sive broadening of the (110) and (104) hematite reflec-
tions and strong evidence for the presence of akaganéite
[16]. The rods developed in the absence of any directing
agent, but allowed to age for 16 h, give an pXRD pattern
indicating that akaganéite is the dominant state (Fig. 5e).
At the other end of the scale, in the presence of 8 ×
10−3 M of phosphate, the pXRD patterns show no evi-
dence for akaganéite with hematite the only structure
present. This is despite the TEM images showing no
well-defined particles.
For the diaminopropane-directed rods, reducing the

aging time also degrades the hematite pattern, but even at
1 h of aging, the hematite structure is more distinct than
is the case with the phosphate. The rods aged at 160 °C,
however, show additional peaks characteristic of the (110),
(130), and (221) lines of α-FeOOH (goethite) [17].

Spectroscopy
Raman
Raman spectra of the hematite nanorods prepared using
the two different structure-directing agents are shown in
Fig. 6. The spectrum for the 1,2-diaminopropane pro-
moted nanorods shows better signal to noise ratio than

Fig. 2 Graph of hematite nanoparticle aspect ratio as a function of potassium and sodium phosphate concentration. The figure demonstrates
that the difference between the two cations is only just outside of experimental error and the concentration limits of the approach are very
similar. The dashed line is drawn to guide the eye. Errors were calculated from repeated measurements of ~ 100 nanoparticles for each point
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the phosphate-directed rods, but this is probably related
to the slightly higher concentration of rods in the sam-
ple. Both samples show four distinct peaks at ~ 220
cm−1, ~ 300 cm−1, ~ 410 cm−1, and ~ 500 cm−1 which

match well with the phonon modes reported by Jubb
and Allen [18] for hematite at 229 cm−1 (A1g), 295 cm−1

and 302 cm−1 (Eg), 414 cm−1 (Eg), and 500 cm−1 (A1g).
None of the peaks that identify maghemite (365 cm−1

Fig. 4 Variation of the nanorod aspect ratio as a function of aging temperature in the presence of 1,2-diamino propane as a structure-directing
agent. Data was collected from ~ 75 nanorods in each sample

Fig. 3 TEM of hematite nanoparticles synthesized at two different temperatures in the presence of 1,2-diaminopropane as a structure-directing
additive. a Nanoparticles synthesized over 24 h at 140 °C. b Higher magnification of the developing arms of a 140 °C particle. Lattice fringes are
evident suggesting good crystallinity. c FFT analysis of the 140 °C particle. d Nanoparticles synthesized over 16 h at 180 °C showing the
development of nanorods with aspect ratios much larger than those obtained from the phosphate-directing agents
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(T2g), 511 cm−1 (Eg), 700 cm−1 (A1g)) or magnetite (310
cm−1 (T2g), 554 cm−1 (T2g), 672 cm−1 (A1g)) are
present.
It is also noticeable that the often-reported peak [19]

at 660 cm−1 is not present in the spectra of either of the
samples. This peak has been assigned to the longitudinal

optical (LO) Eu mode of hematite, which is IR active but
expected to be Raman forbidden. Its presence in Raman
spectra of hematite has been attributed to the presence
of significant disorder within the lattice, and its absence
here points to well-ordered crystalline structures [18].
The degree of crystallinity can also be inferred from the

Fig. 5 A comparison of pXRD patterns from nanorods synthesized using the two structure directors with three standard materials from the ICSD
library [15–17]. A Phosphate-directed nanorods, prepared at 100 °C: (a)–(c) prepared with 5.75 × 10−3 M phosphate solution and aged for (a) 72 h;
(b) 32 h; (c) 1 h; (d) prepared with 8.00 × 10−3 M phosphate solution and aged for 72 h; (e) prepared in the absence of phosphate ions, aged for
72 h. B 1,2-Diaminopropane-directed nanorods (f) aged for 16 h at 180 °C; (g) aged for 8 h at 180 °C; (h) aged for 1 h at 180 °C; (k) aged for 24 h
at 160 °C
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well-resolved peaks and relatively flat baseline suggesting
the particles are predominantly crystalline although with
some amorphous areas.

X-ray Photoelectron Spectroscopy (XPS)
The Fe(2p) region of the XP spectrum is known to dis-
criminate between different iron oxides and hydroxides.
In the present case, both the “standard” phosphate and
1,2-propaneamine-directed rods show an Fe(2p3/2) peak
at 710.7 eV, which matches literature values [20] and a
reference sample of hematite (Fig. 7). The value of 710.7
eV is approximately 0.5 eV lower than expected for an
iron hydroxide, and the assignment to hematite is con-
firmed by the clear satellite feature at 718.6 eV which is
characteristic of hematite rather than the hydroxide.

X-ray Absorption Spectroscopic Studies (XAS)
XAS measurements were recorded of the nanoparticles
at different stages of synthesis and with varying concen-
trations of structure-directing agents (Fig. 8). Without
the requirement for long range order, XAS provides
complementary information on the iron coordination
environment to PXRD. Despite the very different
conditions of each sample, the changes in the XAS are
quite subtle. The clearest differences are evident in the
x-ray absorption near edge spectroscopy (XANES) re-
gion (Fig. 8a), where the spectrum of the phosphate-
directed sample aged for just 1 h is characteristic of

akagnéite [21] whereas the phosphate-directed samples
aged for 24 h or longer show peak shapes characteristic
of hematite [22]. These differences are also reflected in
the Fe K-edge extended x-ray absorption fine structure
(EXAFS) Fourier transforms (Fig. 8b) notably in the dis-
tances and relative intensities of the peaks associated to
the Fe-O and Fe-Fe coordination. It is also clear from
Fig. 8a, that a reduction in the concentration of phos-
phate reduces the hematite character of the samples and
increases the akaganéite character (Fig. 8b(d)). The 1,2-
diaminopropane-directed sample, which was synthesized
at 180 °C, very closely matches the hematite spectrum
and shows no evidence of ferric hydroxides.

Photo-Induced Force Microscopy (PiFM)
PiFM combines atomic force microscopy and vibrational
spectroscopy in a single instrument, providing simultan-
eous topography and chemical signatures at the nano-
meter scale [23]. In the present study, this technique
allowed exploration of the distribution of specific species
over the surface of the nanoparticles. The topography of
three rods from different synthesis conditions is shown
in the images to the left-hand side of Fig. 9. Red crosses
on the images show points at which the vibrational spec-
tra in Fig. 10 were acquired whilst the images to the
right of Fig. 9 show intensity maps at specific wavenum-
bers and the intensity of the color reflecting the strength
of the specified frequency.

Fig. 6 Raman spectra of hematite nanoparticles. (a) Prepared at 100 °C with 5.75 × 10−3M phosphate solution and aged for 72 h; (b) 1,2-diaminopropane-
directed nanorods prepared at 180 °C and aged for 16 h
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The background spectrum in Fig. 10 (i) was
recorded at the point shown in Fig. 9, at some dis-
tance from any nanoparticle (note the × 5 reduction
of Fig. 10 (i) compared to the other diaminopropane
spectra). It is dominated by an intense peak at 1020
cm−1, which corresponds exactly with the Si-O stretch
of mica. A peak at similar frequencies occurs in all
the spectra recorded on the nanoparticles themselves,
albeit at a weaker level. However, at these points, the
tip is > 30 nm above the surface and would not detect
the mica; we must conclude that the process of de-
positing the nanoparticles from solution leads to
some redistribution of mica dust across the samples.
Fortunately, mica does not have any other vibrational
bands in the region 750–1850 cm−1 and so does not
complicate the spectra any further. A medium

strength peak at ~ 1265 cm−1 is present in some posi-
tions on both the diamino- and phosphate-directed
rods but does not correspond to any previously re-
ported band for mica, hematite, goethite, or akaga-
néite [24–26]. The peak is at least 100 cm−1 too high
in frequency to be assigned to either an adsorbed
phosphate or the 1,2-diaminopropane. A possible as-
signment is to a carbonate generated by reaction of
carbon dioxide with the iron hydroxide surface as
suggested by Persson et al. [27]. Alternatively, a 1265
cm−1 peak is characteristic of siloxane which could
have been adsorbed as a contaminant.
Of most interest to this study is the strong peak at

910 cm−1 in (ii) assigned unambiguously to the OH de-
formation mode of goethite [26, 28]; mapping of this
peak’s intensity across the whole sample (Fig. 9(c))
shows that the goethite is present mainly around the
central spherical part of the developing particle and
interestingly, completely absent from the apex.
In the phosphate-directed rods, a new feature is

observed near 1667 cm−1, and mapping the intensity of
this peak across the two different nanorods (Fig. 9e, g)
shows it to be most intense around the edges of the par-
ticle growing at low phosphate concentrations but con-
centrated at the ends of the nanorods grown under
higher phosphate concentrations. The peak can be
assigned to akaganéite [28–30], and its intensity map is
interesting. On the particle synthesized under low phos-
phate conditions, where the aspect ratio of the rods is
expected to be low, akaganéite has a high concentration
around the edge of the rod, but, as Fig. 10(iv) shows, is
virtually undetectable in the middle of the rod. Under
higher phosphate concentrations, where much better as-
pect ratios are expected, the akaganéite is present at the
apex of the rods. This is consistent with Frandsen et al.
[31] model of the development of the hematite rods in
which growth occurs through the precipitation of hy-
droxide followed by conversion into hematite.

Discussion
The phosphate-based preparation procedure first de-
scribed by Ozaki et al. [5] reproducibly creates hematite
particles with a narrow size distribution, and our results
show that the aspect ratio of the particles can be pre-
cisely tuned from 1 to ~ 7.5 by increasing the FeCl3:
PO4

− phosphate molar ratio from 100:1 to 30:1. At
higher ratios, corresponding to phosphate concentra-
tions above ~6 × 10−3 M, however, control of the par-
ticle shape breaks down.
The TEM images in Fig. 3 confirm previous reports

that phosphate-directed hematite rods formed under the
entire range of conditions we have studied lack long
range crystallinity. Their appearance seems consistent
with the formation mechanism proposed by Frandsen

Fig. 7 XPS: a comparison of the Fe(2p) region of the phosphate- and 1,2-
diaminopropane-directed nanorods synthesized under standard conditions,
with a hematite standard. (a) Hematite standard. (b) Phosphate-directed
nanorods. (c) 1,2-Diaminopropane-directed rods. To allow for the different
sample sizes, peaks are normalized in total area and a constant linear
background subtracted from each
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et al. [31] in which akagenéite sub-units convert into
hematite after aggregation into the final “rice” shape.
However, Itoh and Sugimoto [8] took a different view
concluding that after an initial nucleation of akagenéite
sub-units, hematite crystalizes directly from the solute
fed by the dissolution of the akaganéite. In both models,
the phosphate principally acts as a site blocker and as a
result has an overall inhibitive effect on growth rates.
Chen et al. used higher relative phosphate concentra-
tions (FeCl3:PO4

− ~ 23:1 and ~ 6:1), at a much higher
temperature (220 °C) [10], to successfully synthesize
hematite nanorods and nanodisks. The higher
temperature perhaps being necessary to counteract the
overall higher phosphate concentration by reducing the
equilibrium surface coverage. In Chen et al.’s work at
the lower phosphate concentrations, “spindle-like parti-
cles” formed from the aggregation of “relatively stable”
β-FeOOH nanorods. The outer shell of the particles sub-
sequently crystallized to form hematite. At higher phos-
phate ratios, the akagenéite intermediate is not seen
with hematite particles formed directly but aggregating

into disks rather than rods. These observations would
both appear to support the Frandsen model.
For our samples, the XPS, XANES, Raman and

pXRD data show the dominant phase to be hematite
with only those particles prepared at the shortest
aging times, or in the absence of phosphate, showing
any significant concentrations of akaganéite. The
mapping of akaganéite by PiFM in Fig. 9 is interesting
in this respect, showing akaganéite at the edges of the
developing nanoparticles where one would expect to
see growth occurring to give rod like particles, again
supporting the Frandsen model. Our data makes an
interesting comparison with the work of Chen et al.
performed at 220 °C and higher phosphate concentra-
tions. In both pieces of work, increasing the phos-
phate concentration led to more rapid conversion of
the akaganéite “intermediate” into hematite, despite
Sugimoto’s observation that phosphate inhibits the
overall rate of nanoparticle formation. This could in-
dicate that the whilst phosphate does block sites, it
also plays a role in aiding the crystallization of the

Fig. 8 XAS spectra of hematite samples obtained under a range of conditions: a Normalized x-ray absorption near edge spectroscopy (XANES)
spectra measured at the Fe K-edge. b Extended x-ray absorption fine structure (EXAFS) Fourier transforms of k3χ(k). (a) 6 × 10−3 M phosphate-
directing agent aged for 1 h; (b) as (a) but aged for 24 h; (c) as (a) aged for 72 h; (d) no phosphate-directing agent, aged 72 h; (e) 8 × 10−3 M
phosphate aged for 72 h; (f) 1,2-diaminopropane-directing agent aged for 16 h; (g) phosphate-directed nanorods reduced in H2/N2 at 350 °C to
form magnetite rods
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hematite from akaganéite. This is an intriguing sug-
gestion that should be investigated in more detail.
In contrast to the phosphate-directed rod growth,

varying the concentration of diaminopropane gave much
less control over the nanorod anisotropy with more of
an effect on the yield of rods synthesized. TEM and
PIFM data support the growth mechanism suggested by
Li et al. [6] for the diaminopropane-directed rods with
direct evidence for the initial formation of goethite

spheres followed by a recrystallization of hematite on
opposing sides of the sphere until the entire particle
forms a hematite rod.

Conclusion
The extent to which the aspect ratio of hematite rods
can be controlled by phosphate and 1,2-diaminopro-
pane structure directors has been delineated. In the
case of the phosphates, the aspect ratio can be tuned

Fig. 9 Topography (left-hand side) and PiFM intensity maps of three nanoparticles synthesized under different conditions. The frequencies at
which the intensity maps were recorded are indicated on the images. a–c A 1,2-diaminopropane-directed particle synthesized at 160 °C and
therefore still in the process of forming the anisotropic rods. d, e A particle synthesized in the presence of 2.5x10−3 M phosphate solution and
aged for 48 h. h, g A particle synthesized in the presence of 6 × 10−3 M phosphate solution and aged for 72 h. The spectra in Fig. 10 were
recorded at the points indicated by crosses on the topographic image
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from between 3 and 7, whilst the diamino rods give a
consistent aspect ratio of 9.8. The first use of PiFM
to study the role of the structure directors on the
growth of the rods has shed new light on the synthe-
sis mechanism backing up XAS, pXRD, and XPS
studies of the reactions. In particular, the data hints
that the phosphate ions used to control the nanopar-
ticle shape may also play a role in accelerating the
conversion of akaganéite into hematite.

Abbreviations
PiFM: Photo induced force microscopy; TEM: Transmission electron
microscopy; XAS: X-ray absorption spectroscopy; PXRD: Powder x-ray diffrac-
tion; XPS: X-ray photoelectron spectroscopy; FFT: Fast Fourier transform;
ICSD: Inorganic Crystal Structure Database; EXAFS: Extended x-ray absorption

fine structure; XANES: X-ray absorption near edge spectroscopy;
KESS: Knowledge Economy Skills Scholarships; ESF: European Social Fund;
EPSRC: Engineering and Physical Sciences Research Council;
HarwellXPS: EPSRC National Facility for Photoelectron Spectroscopy

Acknowledgements
The authors are grateful to Molecular Vista for access to the PiFM system. UK
Catalysis Hub is kindly thanked for access to XAFS via our membership of
the UK Catalysis Hub Consortium funded by EPSRC grant: EP/K014706/2, EP/
K014668/1, EP/K014854/1, EP/K014714/1, and EP/M013219/1. We wish to
acknowledge the use of the EPSRC funded Physical Sciences Data-science
Service hosted by the University of Southampton and STFC under grant
number EP/S020357/1. The authors acknowledge the Diamond Light Source
for provision of beamtime (SP15151).

Authors’ Contributions
CJA and JLB conceived the project and contributed to the manuscript
preparation. VC and SG recorded and analyzed the XAS data. JAD-J per-
formed all the experiments, analyzed data, and prepared the first draft of the
manuscript. PO’R performed the PiFM experiments. MS and PRD managed
the project, analyzed data, and wrote the final manuscript. All the authors
read and approved the final manuscript.

Funding
JAD was funded by Knowledge Economy Skills Scholarships (KESS), a pan-
Wales higher level skills initiative led by Bangor University on behalf of the
HE sector in Wales. KESS is partly funded by the Welsh Government’s Euro-
pean Social Fund (ESF) convergence program for West Wales and the Valleys.
SG is funded by the EPSRC National Facility for Photoelectron Spectroscopy
(HarwellXPS), operated by Cardiff University and UCL under contract number
PR16195.

Availability of Data and Materials
The datasets generated and/or analyzed during the current study are
available in the Cardiff University repository [The DOI for the dataset ‘The
role of growth directors in controlling the morphology of hematite
nanorods’ is https://doi.org/10.17035/d.2020.0112804647].

Competing Interests
The authors declare that they have no competing interests.

Author details
1CMD Ltd, Green Meadow Springs, Cardiff CF15 7AB, UK. 2Cardiff School of
Pharmacy & Pharm. Sciences, Cardiff University, Cardiff CF10 3NB, UK.
3Diamond Light Source Ltd, Harwell Science and Innovation Campus,
Oxfordshire, Didcot OX11 0DE, UK. 4Cardiff Catalysis Institute, School of
Chemistry, Cardiff University, Cardiff CF10 3AT, UK. 5Molecular Vista, 6840 Via
Del Oro Suite 110, San Jose, CA 95119, USA.

Received: 23 April 2020 Accepted: 21 July 2020

References
1. Lu A-H, Salabas EL, Schüth F (2007) Magnetic nanoparticles: synthesis,

protection, functionalization, and application. Angewandte Chemie
International Edition 46:1222–1244

2. Hyeon T (2003) Chemical synthesis of magnetic nanoparticles. Chem
Commun:927–934

3. Wu W, He Q, Jiang C (2008) Magnetic iron oxide nanoparticles: synthesis
and surface functionalization strategies. Nanoscale Research Letters 3:397

4. Ay AN, Konuk D, Zumreoglu-Karan B (2011) Prolate spheroidal hematite
particles equatorially belt with drug-carrying layered double hydroxide
disks: Ring Nebula-like nanocomposites. Nanoscale Res Lett 6:116

5. Ozaki M, Kratohvil S, Matijević E (1984) Formation of monodispersed spindle-
type hematite particles. Journal of Colloid and Interface Science 102:146–151

6. Li Z, Lai X, Wang H, Mao D, Xing C, Wang D (2009) Direct hydrothermal
synthesis of single-crystalline hematite nanorods assisted by 1,2-
propanediamine. Nanotechnology 20:245603

7. Ma Z, Han H, Tu S, Xue J (2009) Fabrication of shape-controlled hematite
particles and growth of gold nanoshells. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 334:142–146

Fig. 10 Vibrational spectra recorded using PiFM at the points indicated in
the images in Fig. 9. 1,2 dp indicates -1,2-diaminopropane. (i) A spectrum
of the mica support, recorded away from any particles. (ii)–(iiii)) Spectra
recorded from different points on the 1,2-diaminopropane-directed
nanorods. (iv),(v) Spectra recorded on selected nanorods synthesized with
different concentrations of phosphate-directing agent

Allender et al. Nanoscale Research Letters          (2020) 15:161 Page 11 of 12

https://doi.org/10.17035/d.2020.0112804647


8. Itoh H, Sugimoto T (2003) Systematic control of size, shape, structure, and
magnetic properties of uniform magnetite and maghemite particles. Journal
of Colloid and Interface Science 265:283–295

9. Cai Z, Leong ESP, Wang Z, Niu W, Zhang W, Ravaine S, Yakovlev NL, Liu YJ,
Teng J, Lu X (2015) Sandwich-structured Fe2O3@SiO2@Au nanoparticles
with magnetoplasmonic responses. J Mater Chem C 3:11645–11652

10. Chen J, Macfarlane S, Zhang C, Yu K, Zhou W (2017) Chemistry of hydrolysis
of FeCl3 in the presence of phosphate to form hematite nanotubes and
nanorings. Crystal Growth & Design 17:5975–5983

11. Ocaña M, Morales MP, Serna CJ (1995) The growth mechanism of α-Fe2O3
ellipsoidal particles in solution. Journal of Colloid and Interface Science 171:85–91

12. Fairley N (2009) CasaXPS Manual: 2.3.15 Spectroscopy. Casa Software Ltd
13. Cicco AD, Filipponi A (2009) The 14th International Conference on X-ray

Absorption Fine Structure (XAFS14). J Phys: Conf Ser 190:011001
14. Ravel B, Newville M (2005) ATHENA, ARTEMIS, HEPHAESTUS: data analysis for

X-ray absorption spectroscopy using IFEFFIT. J Synchrotron Rad 12:537–541
15. Pailhé N, Wattiaux A, Gaudon M, Demourgues A (2008) Impact of structural

features on pigment properties of α-Fe2O3 haematite. Journal of Solid State
Chemistry 181:2697–2704

16. Post JE, Buchwald VF (1991) Crystal structure refinement of akaganéite.
American Mineralogist 76:272–277

17. Yang H, Lu R, Downs RT, Costin G (2006) Goethite, alpha-FeO(OH), from
single-crystal data. Acta Crystallogr Sect E-Struct Rep Online 62:I250–I252

18. Jubb AM, Allen HC (2010) Vibrational spectroscopic characterization of
hematite, maghemite, and magnetite thin films produced by vapor
deposition. ACS Appl Mater Interfaces 2:2804–2812

19. Bersani D, Lottici PP, Montenero A (1999) Micro-Raman investigation of iron
oxide films and powders produced by sol–gel syntheses. Journal of Raman
Spectroscopy 30:355–360

20. NIST X-ray Photoelectron Spectroscopy Database, Version 4.1 (National
Institute of Standards and Technology, Gaithersburg, 2012). In: NIST X-ray
Photoelectron Spectroscopy Database, Version 4.1 (National Institute of
Standards and Technology, Gaithersburg, 2012). http://srdata.nist.gov/xps/.

21. Jiang S, Kim M-G, Kim IY, Hwang S-J, Hur H-G (2013) Biological synthesis of
free-standing uniformed goethite nanowires by Shewanella sp. HN-41. J
Mater Chem A 1:1646–1650

22. Boubnov A, Roppertz A, Kundrat MD, Mangold S, Reznik B, Jacob CR, Kureti
S, Grunwaldt J-D (2016) Towards advanced structural analysis of iron oxide
clusters on the surface of γ-Al2O3 using EXAFS. Applied Surface Science
386:234–246

23. Rajapaksa I, Uenal K, Wickramasinghe HK (2010) Image force microscopy of
molecular resonance: a microscope principle. Appl Phys Lett 97:073121

24. Parameshwari R, Priyadarshini P, Chandrasekaran G (2011) Optimization,
structural, spectroscopic and magnetic studies on stable akaganeite
nanoparticles via co-precipitation method. American Journal of Materials
Science 1:18–25

25. Darezereshki E (2011) One-step synthesis of hematite (α-Fe2O3) nano-
particles by direct thermal-decomposition of maghemite. Materials Letters
65:642–645

26. Ruan HD, Frost RL, Kloprogge JT, Duong L (2002) Infrared spectroscopy of
goethite dehydroxylation: III. FT-IR microscopy of in situ study of the
thermal transformation of goethite to hematite. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 58:967–981

27. Persson P, Nilsson N, Sjöberg S (1996) Structure and bonding of
orthophosphate ions at the iron oxide–aqueous interface. Journal of Colloid
and Interface Science 177:263–275

28. Veneranda M, Aramendia J, Bellot-Gurlet L, Colomban P, Castro K,
Madariaga JM (2018) FTIR spectroscopic semi-quantification of iron phases:
a new method to evaluate the protection ability index (PAI) of
archaeological artefacts corrosion systems. Corrosion Science 133:68–77

29. Vernekar D, Jagadeesan D (2015) Tunable acid–base bifunctional catalytic
activity of FeOOH in an orthogonal tandem reaction. Catal Sci Technol 5:
4029–4038

30. Murad E, Bishop JL (2000) The infrared spectrum of synthetic akaganéite, β-
FeOOH. American Mineralogist 85:716–721

31. Frandsen C, Legg BA, Comolli LR, Zhang H, Gilbert B, Johnson E, Banfield JF
(2014) Aggregation-induced growth and transformation of beta-FeOOH
nanorods to micron-sized alpha-Fe2O3 spindles. Crystengcomm 16:1451–
1458

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Allender et al. Nanoscale Research Letters          (2020) 15:161 Page 12 of 12

http://srdata.nist.gov/xps/

	Abstract
	Introduction
	Experimental Methods
	Synthesis of Phosphate-Directed Hematite Nanorods
	Synthesis of 1,2-Diaminopropane-Directed Hematite Nanorods
	Synthesis of Magnetite and Maghaemite Nanorods
	Characterization

	Results
	Shape and Crystallography
	Transmission Electron Microscopy (TEM)

	1,2-Diaminopropane-Promoted Nanorod Growth
	Powder pXRD
	Spectroscopy
	Raman
	X-ray Photoelectron Spectroscopy (XPS)
	X-ray Absorption Spectroscopic Studies (XAS)
	Photo-Induced Force Microscopy (PiFM)


	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Competing Interests
	Author details
	References
	Publisher’s Note

