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Time-Resolved In Situ Synchrotron X-ray Study and Large-Scale
Production of Magnetite Nanoparticles in Supercritical Water**
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Nanomaterials are of key importance owing to their dimen-
sion-dependent properties that provide novel technological
applications. The magnetic properties of metal nanoparticles
have been intensively explored due to their impact on the
development of ultra-high-density storage media,!"! biomed-
ical applications,”! magnetically guided drug delivery,” and
magnetic field cancer therapy.*” Iron oxide magnetic nano-
particles are of particular interest since they are biocompat-
ible and have low toxicity.!

Magnetic nanoparticles can be synthesized by several
methods,” ! and control of particle size and particle-size
distribution has been achieved. However, challenges associ-
ated with large-scale production, such as the use of organic
solvents, phase purity of the nanoparticles, and long reaction
times, remain.""! In situ studies on the synthesis of nano-
particles performed in near-critical (nc) and supercritical (sc)
water provide an exceptional opportunity to understand and
optimize the production of nanoparticles in an environ-
mentally friendly medium with high production rates. The
most attractive feature of nc-H,O and sc-H,O synthesis is the
possibility to tune the particle size and morphology by simply
varying the pressure, temperature, and residence time. The
thermal decomposition of metal precursors in a supercritical
medium leads to high nucleation rates, which lead to the
formation of small primary clusters."”) We focus on the use of
analytical tools capable of following nanoparticle formation
and growth in real time. In situ diffraction studies are
particularly suitable to achieve this goal*™ but in situ
studies under supercritical fluid conditions remain rare. We
recently reported the first in situ study in sc-CO, (P, =74 bar,
T.=31°C) on the formation of TiO, by using simultaneous
small- and wide-angle X-ray scattering (SAXS/WAXS).['!
Time-resolved SAXS/WAXS are complementary methods
that enable determination of particle size, size distribution,
morphology, and crystallinity. These studies also offer
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detailed information on the kinetics and mechanisms of
nanoparticle formation.

Herein we present a time-resolved in situ study of the
formation and growth of pure phase magnetite nanoparticles
at much higher pressures and temperatures in nc- and sc-H,O
(P,=221 bar, T,=374°C) using simultaneous SAXS/WAXS.
To follow the formation of the product, we used a specially
designed reactor and a new experimental methodology.
Pulsed injections of the precursor into a reactor kept at set
temperatures, as illustrated in Figure 1, were performed using
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Figure 1. SAXS and WAXS in situ studies: a) Top view of the steel
capillary of 2 mm inner diameter in an aluminum heating block.

b) Setup applied to obtain single-phase magnetite nanoparticles in nc-
and sc-water. ¢) Schematic temperature profile of pulsed injections.
2D color plots (relative intensities indicated by the color scale) of the
data obtained by d) SAXS and e) WAXS for the experiment performed
at 309°C and 300 bar.

a pulsed pump and a proportional relief valve that adjusts the
pressure to 300 bar. High-energy X-rays are required to
penetrate the steel capillary reactor capable of withstanding
sc-water pressures and temperatures. The novel pulsed
injection reactor avoids the severe problem of particle
deposition on the reactor walls that typically makes in situ
studies of continuous-flow reactions very difficult.

The SAXS and WAXS data during the first 250 s after
injection of the nanoparticles at 309°C show nucleation of
magnetite after 80 s (Figure 1d, e). The SAXS data further-
more shows the formation of an intermediate amorphous
phase after 40 s. It has been observed that after nucleation of
the magnetite, the nanoparticles grow continuously. The same
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process was repeated at higher temperatures, such as 337, 367,
and 395°C.

To extract information regarding particle sizes, size
distributions, and morphologies, the SAXS data was modeled
using a sphere model and a Schulz-size distribution. By
sequential least-squares refinement of the SAXS data the
evolution of the numerical size distribution was determined.
The unit cell dimensions, the crystallite size, and the overall
scale factor were obtained by Rietveld refinement of the
diffraction data.

Diffraction data provides the ‘volume-averaged’ crystal-
lite sizes, which are calculated by the Scherrer equation. Sizes
are weighted by Dpxrp = +/(D?)/(D®), where Dpygp is the
weighted crystallite diameter.'”) To compare sizes obtained
from SAXS and WAXS directly, the number-weighted SAXS
particle sizes are weighted in the same way as the Scherrer
estimate. For details on SAXS modeling and refinement of
the diffraction data, see the Supporting Information. Experi-
ments were performed at four different temperatures and the
sizes of the particles were determined separately by SAXS
and WAXS (Figure 2a, b). The size distributions obtained
from SAXS are shown in Figure 3. The plots show a relatively

@ 3075 0 o
S 25 25 2
T [}
E 20 20 @
~ o
81 15 =
w
o 10 10’35
g s 5 %
> o
O 0 0
8.425]° g
‘ 1.0 3
()
8.420 5
< 0.8 2
< 8415 @
[°R
8.4101 06 -OH
a
8.4051 g
0.4

0 40 80 120 160 2002400 40 80 120 160 200 240
t/s t/s

Figure 2. Magnetite nanoparticles formed in nc- and sc-H,0. Evolution
of crystallite and particle sizes determined by a) WAXS and b) SAXS.
c) Unit cell dimensions (a) for magnetite nanoparticles and d) normal-
ized scale factor for the synthesis of nanoparticles performed at 309°C
(2), 337°C (e), 367°C (m), and 395°C (0).

slow initial stage of particle growth, followed by a sudden
increase in the growth rate until the nanoparticles reach a size
between 15 to 20 nm. After this stage, a slower rate in the
growth of the nanoparticles is observed. Excellent agreement
is observed between the SAXS and WAXS size estimates. The
Rietveld refinement scale factor (Figure 2d) is a measure of
the amount of crystalline material. Initially, the formation
rate of the nanoparticles is high, but only a few seconds after
the onset of crystallization the rate abruptly goes to zero,
indicating that the precursor has been entirely consumed,
rendering fully crystalline magnetite particles.
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Figure 3. Size distribution as a function of time for magnetite formed
at 309°C and 300 bar. For clarity, size distributions are shown in steps
of 10 seconds. The inset shows the SAXS invariant and a fit to the
intermediate.

Figure 3 shows the size distribution as a function of time
for magnetite nanoparticles formed at 309°C and 300 bar.
Similar plots at higher temperatures can be found in the
Supporting Information. During nucleation, the size of the
particle increases only slowly and the size distribution is
narrow throughout the nucleation period. Therefore, fully
crystalline nanoparticles with an average size of less than
10 nm and a narrow size distribution can be produced by this
method if the residence time is chosen correctly. Gradually, as
the particles grow there is a simultaneous broadening of the
particle-size distribution, which indicates that after the initial
nucleation the particles grow mainly by a coarsening mech-
anism.

The time-resolved in situ SAXS data indicates the
formation of amorphous nanoclusters prior to crystallization
(Figure 1d and Figure 3). The amorphous clusters dissolve or
decompose completely, before the formation of magnetite
nanocrystals. To study the amount of amorphous materials
that are formed, we calculated the SAXS invariant

[ I(q)q*dgq, which is proportional to the volume of scattering
0

material. At the lowest temperature, 309°C, the invariant
clearly shows two peaks separated by 6 s, which indicate that
the cluster formation occurs as a two-step process (Figure 3,
inset). Applying the SAXS model used for magnetite, the
intermediate clusters are found to be monodisperse with a
diameter of 3 nm. The particle size does not increase with
time. SAXS data do not provide structural information, but it
appears that the formation of the amorphous species is
associated with the decomposition of the citrate, which also
occurs before the nucleation of magnetite starts. One of the
great advantages of the present synthesis is the use of ferrous
ammonium citrate as the precursor, which results in the
formation of single-phase Fe;O, particles.'"! Tron(IIT)
partially reduces to iron(II) owing to the formation of
carbon monoxide during the thermal decomposition of the
citrate. A homogeneous reaction atmosphere is provided as
carbon monoxide is miscible with supercritical water, and this
allows the iron oxide particles to form as single phase
Fe;0,.'%11 A likely explanation is that during initial heating,
clusters of amorphous iron(III) hydroxide forms as an
intermediate, but the reduction process induces dissolution
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and recrystallization of magnetite.””! The role of citrate and
electrostatic effects merit further study.?!!

An interesting trend is that the increase in particle size is
coupled to a decrease in unit cell length. This can be clearly
observed in Figure 2 ¢, which shows the unit cell dimensions
for the time-resolved in situ X-ray measurements. Magnetite
is the only mixed-valence iron oxide and it has a cubic inverse
spinel structure with a unit cell axis of 8.4045(4) A at ambient
conditions  (Inorganic  Crystal  Structure = Database
no. 082234). Effects of particle size on the cell parameters
and lattice symmetry have been observed for several
oxides,” and an expansion of the lattice constants is
associated with a decrease in particle size for most non-
metallic solids.! In few cases, for example, Fe,O;, these size
effects are large enough to cause a structural transition.**! For
a large class of oxides it has been proposed that the decrease
in particle size has the same effect as the application of a
negative pressure on the lattice leading to an expansion in
lattice cell volume.”>? The size effect is typically reported
for a few particle sizes, however, the in situ study presented
herein reports hundreds of unit cell values that can be
correlated with particle sizes ranging from 5 to 25nm
providing much stronger confirmation of the phenomenon
(Figure 2a-c). There is a large decrease in the unit cell
parameters with increasing particle size up to a crystallite size
of a about 13 nm followed by a gradual decrease until the
limiting bulk value is reached at about 25 nm. The decrease
possibly relates to the gradual decrease in iron(II) content
and inclusion of iron(IIT).*!

The heating profile of the reactant in a continuous-flow
synthesis resembles the thermal profiles obtained from the
pulsed injection used in the present study (see the Supporting
Information). The insight gained from the present experiment
therefore relates directly to the continuous-flow synthesis and
the in situ data suggest that it is possible to obtain magnetite
nanoparticles of around 5 nm with a narrow size distribution,
that is, in the superparamagnetic state,”® without adding
surfactants. To demonstrate the application of the in situ
information we have carried out the continuous-flow syn-
thesis of gram-scale quantities of highly crystalline magnetite
nanoparticles with an average size of 6 nm (Figure 4) and a
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Figure 4. a) TEM size distribution of magnetite nanoparticles obtained
from a gram-scale production using the continuous-flow supercritical
synthesis. b) HR-TEM image of a single magnetite nanocrystal display-
ing (111) lattice fringes. c) A representative TEM image used for
particle size statistics.

www.angewandte.de

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

specific surface area of 120 m?g. In previous continuous-flow
studies in supercritical water much larger particles sizes (ca.
50 nm) were obtained.” For details of the synthesis con-
ditions, see the Supporting Information.

In summary, we have performed a one-step synthesis of
pure phase and fully crystalline magnetite nanoparticles in an
environmentally friendly medium in less than one minute.
Most synthesis methods for small magnetite nanoparticles use
organic stabilization to obtain size control. The fast heating
rates of the present method allow very short reaction times
under controlled and reproducible conditions, and thus
stabilizers are not required. The study demonstrates that
control over the synthesis process can be obtained based on
insights of a time-resolved in situ SAXS/WAXS experiment,
which has been carried out for the first time under super-
critical water condition. As proof of concept, superparamag-
netic magnetite nanoparticles with an average size of 6 nm
and a narrow size distribution were synthesized in large-scale,
offering great potential for industrial applications. The
experimental methodology introduced here offers a general
solution to in situ studies in supercritical water, thus providing
a fundamental understanding of the interplay between the
structure and properties of nanocrystalline materials.

Experimental Section

The X-ray measurements were performed at beamline 11D at the
Advanced Photon Source, Argonne National Laboratory. The reactor
was developed specifically for these experiments. Pulses of
C¢HgO,FeNH; (1.0M, 0.7 mL, RT) was injected at 300 bar into the
preheated reactor by a pulsed pneumatic pump, resulting in initial
heating rates of 25-100°Cs™".

Continuous hydrothermal synthesis were performed using the
flow reactor described elsewhere."”! Preheated water and an aqueous
solution of C,HgO,FeNH; (0.20Mm) were mixed continuously at
300 bar at flow rates of 5.0 mLmin~'. Further experimental details
are provided in the Supporting Information.
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