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Unravelling the growth mechanism of the co-
precipitation of iron oxide nanoparticles with the
aid of synchrotron X-Ray diffraction in solutiont
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Co-precipitation is the most ubiquitous method for forming iron oxide nanoparticles. For a typical co-
precipitation synthesis, the pH of a ferrous and/or ferric ion solution is increased via the addition of a
base. The latter can be added either slowly (a steady addition over either minutes or hours) or fast (a one-
time addition) resulting in an abrupt increase in the pH. However, understanding the mechanism of
particle formation is still lacking, which limits the reproducibility of the co-precipitation reaction due to
intermediate phases still being present in the final product. In this work, we study in detail a co-precipi-
tation synthesis with an abrupt increase in pH via the addition of sodium carbonate. Fast and reproducible
mixing at defined precursor and base solution temperatures was achieved utilising a flow reactor.
Transmission electron microscopy, electron diffraction and room temperature °’Fe Mdssbauer spec-
troscopy showed a distinct transition from an amorphous ferrihydrite phase to a mixture of magnetite-

Received 17th January 2019,
Accepted 8th March 2019

DOI: 10.1039/c9nr00531e

maghemite (FesO4/y-Fe>Os). Synchrotron X-ray diffraction revealed the initial formation of crystalline iron
hydroxide carbonate (green rust) plates occurring before the FezO4/y-Fe,Os appeared. The ferrihydrite
particles increase in size over time as the proportion of iron hydroxide carbonate plates are re-dissolved
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Introduction

Iron oxide nanoparticles (IONPs) are used extensively in appli-
cations in biomedicine, magnetic storage media, water treat-
ment and catalysis."”” The most ubiquitous synthetic method
used to date to form IONPs is the co-precipitation method,
which is carried out in aqueous solutions containing ferric
(Fe*") and ferrous (Fe*") salts as precursors,® to which a base is
added at moderate temperatures (<100 °C). While IONPs
mostly contain magnetite and maghemite phases, there are
many other iron phases that can form during synthesis; each of
them has very different magnetic properties. Even though the
co-precipitation reaction is widely used, the mechanism of the
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into solution, until the ferrihydrite particles crystallise into FesO4/y-Fe,Os.

reaction is still poorly understood, due to a severe lack of infor-
mation on how intermediates are formed. This often leads to
difficulties in obtaining reproducible syntheses, as the inter-
mediates can remain present to a varying degree products.

Proposed mechanisms for IONP formation originate from
studies involving a slow transition in pH (from ~2 to above 8)
and investigating the phases formed during the transition
through multiple pH regimes.”'® These studies show inter-
mediate formation of iron oxyhydroxide species’ ' and iron
hydroxide*'®'>'®17 gpecies, all of which transition to
magnetite or maghemite (Fe;O0,, and y-Fe,O; respectively)
over time. From the iron oxyhydroxide intermediates the
most commonly reported are goethite,”" and a poorly
crystalline or amorphous ferrihydrite."*'> For example,
Baumgartner et al. showed with cryo-transmission electron
microscopy (TEM) the formation of amorphous ferrihydrite
which attaches to the surface of the growing IONP."?

However, most co-precipitation syntheses proceed via a
single and abrupt increase in pH, which is also the most
common approach for large-scale and continuous reactor
systems'*'®2! due to the shorter process times. Hence, the
understanding of the abrupt pH transitions is extremely
important. Ahn et al. showed that abrupt pH changes result in
different particle formation routes than slow pH additions,

This journal is © The Royal Society of Chemistry 2019
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showing the precipitation of ferrous hydroxide [Fe(OH),] and
its transition to several intermediate phases (also due to pH
inhomogeneities in the solution after mixing) including lepi-
docrocite.’® Milosevic et al. continuous flow reactors to study
more abrupt pH transitions and in situ magnetic charac-
terisation to study the growth mechanism. From the magnetic
measurements they hypothesised that the particles originated
as a matrix of primary ferrihydrite of around 3 nm in size, and
grew over time to form 7 nm iron oxide particles.*

In this work, we have used a millifluidic flow reactor to
facilitate the fast mixing of the base and the precursor solution
at a well-controlled reaction temperature to study the growth
mechanism of Fe;0,/y-Fe,O; NPs. The flow reactor allowed for
an abrupt transition of the pH with minimal inhomogeneities of
either the pH or temperature of the solution. Characterisation
was performed with transmission electron microscopy (TEM),
synchrotron X-ray diffraction (XRD) in solution, and room temp-
erature °’Fe Mossbauer spectroscopy. The abrupt pH transition
caused the formation of two intermediate phases, ie., amor-
phous ferrihydrite and iron hydroxide carbonate (green rust).
The ferrihydrite grew at the expense of the iron hydroxide car-
bonate and crystallised into magnetite/maghemite.

Experimental procedure
Chemicals

Iron(m) chloride hexahydrate (96%) was obtained from Chem
Cruz, USA. Iron(u) chloride tetrahydrate (99.0%) and sodium
carbonate decahydrate (99.0%) were from Honeywell, Fluka,
USA. All chemicals were used as received. For all experiments
deionised water was used.

Synthesis of iron oxide nanoparticles

In a typical experiment a 0.033 M FeCl,-4H,0 and 0.066 M
FeCl;-6H,0 solution was made up in deionised water. In a sep-
arate flask a 0.34 M solution of Na,CO;-10H,0 was prepared in
deionised water. These two solutions were then loaded into
25 mL glass syringes (Hamilton 1000 series Gastight;
Hamilton, Switzerland) and pumped with a dual syringe pump
(Legato210; KDScientific, USA) at 5 ml min~" for both syringes
through 6 m of PTFE tubing with an 1/16 inch (= 1.58 mm)
outer diameter, and an inner diameter of 1 mm. This tubing
was submerged in a water bath heated to 60 °C. Tubing of 6 m
was sufficient to preheat the reagents to the final reaction
temperature of 60 °C before mixing at the used flow rates.”?
Mixing happened in a T-mixer made of ETFE (P-632; IDEX
Health & Science, USA) with a channel diameter of 0.5 mm
which was immersed in the same water bath. Due to the rela-
tively high flow rates (10 ml min™" in total) and the small
channel size of the T-mixer, Reynolds numbers of ~900 were
achieved, resulting in mixing times of <50 ms as quantified
using the Villermaux-Dushman protocol,>*** see section 1 of
the ESL{ After mixing, the solution passed 30 cm of insulated
PTFE tubing (inner diameter 1 mm, hence, residence time
<1.5 s) to be collected in a vial, i.e., the aging vessel, where it
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Fig. 1 (A) Schematic of the set-up for nanoparticle synthesis showing
the syringe pumps used to feed reactants to a T-mixer, pre-heated
water bath, and aging bath. (B) Schematic of the synchrotron X-ray diffr-
action set-up showing the solution injected into a quartz capillary for
analysis.

was kept at 60 °C under stirring. The solution was collected for
30 s (after steady-state operation of the flow reactor was ensured),
to fill the aging vessel with 5 ml solution. Subsequently, flow to
the aging vessel was stopped and reaction was allowed to con-
tinue for up to 10 min. The procedure described above for the
synthesis of iron oxide NPs is shown in Fig. 1A.

The experiments with only Fe>" or Fe®" were carried out iden-
tically to the procedure above, except they were either carried
out with 0.1 M FeCl,-4H,O only or 0.1 M FeCl;-6H,0 only.

Transmission electron microscopy

The transmission electron microscopy (TEM) images and elec-
tron diffraction were captured using a JEOL 1200 EX micro-
scope with a tungsten filament operating at a 120 kV accelera-
tion voltage. The high-resolution TEM (HRTEM) imaging was
carried out on a FEI Titan G2 60-300 equipped with a Cs
image corrector operating at 80 kV. The TEM samples were pre-
pared by withdrawing 20 pL of solution from the stirred reac-
tion flask every min (with the first sample withdrawn immedi-
ately after sampling at 30 s) and dropping it onto a carbon
coated 200 mesh copper grid (EM Resolutions Ltd) sitting on a
filter paper. The filter paper absorbed the excess liquid
causing the solution to dry immediately and -effectively
quenching the reaction.

Synchrotron X-ray diffraction

The synchrotron X-ray diffraction was carried out at Elettra
Synchrotron in Trieste, Ttaly using a wavelength of 1 A for all
measurements. Diffraction patterns were collected for 1 min in
transmission mode at room temperature (~24 °C) through the
quartz capillary (~1 mm inner diameter and <0.2 mm wall
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thickness) of a flow cell mounted in the beamline. This made
it possible to characterise the NPs in solution via injection
into the quartz capillary after the specified amount of reaction
time (1, 2, 3, 4 or 5 min). After these times, a volume of the
nanoparticle solution was withdrawn from the aging vessel with
a syringe through a thin PTFE tubing (inner diameter 0.5 mm,
for rapid cooling to room temperature), and then fed into the
quartz capillary, as shown in Fig. 1B. The process of filling the
capillary typically took 25 s, and the measurement was started
within the next minute. The detector position and angle was
calibrated with a boron lanthanide (LaBg) reference powder in
the same capillary setup. The resulting pattern was radially aver-
aged® and the background of the capillary and solution were
subtracted as described in section 2 of the ESI (Fig. S1 and S27).
It should be noted that the phases formed are stable upon
cooling in the capillary for at least 10 min (Fig. S37).

>’Fe Mossbauer spectroscopy

Samples for room temperature >’Fe Mossbauer spectroscopy
were withdrawn from the flask at the specified reaction time (1,
3 and 10 min), and pumped through 2 m of 1/16 inch tubing in
an ice bath to quench the reaction. The samples were frozen
with liquid nitrogen and then freeze dried to remove the water,
before storage in a glovebox prior to measurements. Samples
were further processed for the measurement by mixing the
dried powder with sucrose to form a solid dispersion and
mounted in a 2.1 cm coin shaped absorber.

A SeeCo W302 spectrometer (SeeCo Inc., UCA) was operated
in transmission geometry and in constant acceleration mode.
A *’Co in Rh foil was the source of the 14.4 keV y-rays, with vel-
ocity calibration performed by recording a reference spectrum
from a 10 pm thick foil of «-Fe at room temperature. All
spectra were folded and baseline corrected using a cubic
spline correction derived from the o-Fe calibration spectrum
and following a protocol implemented in the Recoil analysis
program.”® All spectra obtained for the 1 min samples were
fitted using pairs of Lorentzian doublets, with the isomer shift
and quadrupole splitting allowed to vary as free parameters;
the best fit to the spectrum was determined by the lowest
value of z*. The 3 min and 10 min samples were fitted using
the ‘center of gravity’ method.”” This method allows for the
area weighted mean isomer shift of a magnetically split >’Fe
Mossbauer spectrum to be determined without the need to
assume any specific underlying model for the microenvi-
ronment of the Fe atoms, provided that the data is obtained
from thin, texture free absorbers and possesses a flat, well
defined background and that the sample comprises magne-
tite/maghemite only. It is for this reason we were unable to
deduce an a-value of the ¢ = 3 min sample, since it appeared to
contain an appreciable amount of ferrihydrite (ca. 20%).

Results and discussion

The co-precipitation synthesis was carried out with sodium
carbonate, which has been previously reported to result in
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slower growth kinetics than the strong bases,” and thus would
allow the kinetics to be readily studied. The described semi-flow
procedure for the synthesis of iron oxide NPs, facilitated fast
mixing (mixing times <50 ms) to rapidly obtain the reaction pH,
hence minimise local pH variations, and a controlled reaction
temperature of 60 °C throughout the synthesis (including the
mixing step). Furthermore, it allowed for the co-precipitation
synthesis to be studied multiple times under identical proces-
sing conditions, and thus guaranteeing reproducibility needed
for a detailed study into the kinetics of nanoparticle synthesis.
The samples synthesised were characterised by TEM, synchro-
tron XRD and room temperature >’Fe Mossbauer spectroscopy,
carried out at the reaction times described above.

TEM characterisation

The initial particles formed immediately after mixing, as
apparent from the change in colour to a dark black-reddish
solution when exiting the T-Mixer (Fig. S4t1). The first TEM
sample was taken immediately after transfer to the aging
vessel (i.e., 30 s) and showed particles of 2.2 + 0.5 nm in size
which formed aggregates (Fig. 2A). By 1 min the particles
increased to 3.0 + 0.7 nm. The particles continued to increase
approximately linearly in size as the size distribution broad-
ened at the same time (Fig. 2B). This continued until the par-
ticles reached a maximum size after 5 min of ~7 nm. With
longer times (up to 10 min) the average particle size stayed the
same, although the polydispersity increased (Fig. 2C).

The crystal structure of the TEM samples was studied with
electron diffraction (Fig. S51). Each diffraction pattern was
radially averaged to allow it to be studied as a two-dimensional
plot,"® and normalised (Fig. 2D). The initial sample-formed
after 30 s - had two broad peaks in the electron diffraction
pattern at ~2.5 A and ~1.5 A. At 3 min the particles are crystal-
line; the pattern for iron oxide is clearly observed and stays as
the only component observed till the end of the reaction.
Electron diffraction on the TEM samples indicate that a tran-
sition between the initial phase to crystalline magnetite or
maghemite (Fe;0,4/y-Fe,03) occurred between 2 to 3 min, which
corresponds to a particle size of 3.6 + 0.8 nm to 4.7 + 1.1 nm.

Aberration corrected TEM was carried out at 80 kV to
further study the pre-transition sample after 2 min of reaction.
Two distinct structures are seen in TEM showing a smaller pro-
portion of faceted plates of a roughly hexagonal shape and
smaller nanoparticles 2-4 nm in size (Fig. 3A). The high-
resolution imaging of the 2-4 nm nanoparticles did not show
distinct crystallinity, with a few diffraction spots in the Fourier
transform of the image at ~2.4 A (Fig. 3B) and the high-resolu-
tion images showing a partially crystalline structure (Fig. 3D).
High resolution imaging of part of the plate and the Fourier
transform of the image showed hexagonal symmetry and spa-
cings of ~2.5 A and ~1.5 A (Fig. 3C and E), indicating that the
plate is highly crystalline. The spacings and symmetry seen in
the Fourier transform is almost identical to characterisation of
iron hydroxide carbonate (green rust) plates reported by
McGill et al.*® The spacings of ~2.5 A and ~1.5 A are in the
same position as the peaks in the electron diffraction of

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) TEM images of the nanoparticles formed after 30 s, 1, 2, 3, 4, 5, 7 and 10 min of reaction. (B) The particle diameter plotted against time

with the standard deviation of the particle size distribution plotted as the error bars. (C) Size distributions of each sample were taken from TEM
measurements of ca. 100 particles. (D) Radially averaged electron diffraction pattern after 30 s, 1, 2, 3, 4, 5, 7 and 10 min of reaction at 60 °C, with
the characteristic peak locations for magnetite indicated by bars at the top of the figure.

Fig. 2D at 30 s, 1 min and 2 min, and thus would originate
from these plates. Green rust structures have been shown to
adopt hexagonal plate-like structures with the CO3>~ or SO,*~
counter-ions.

Control experiments were carried out using either solely
FeCl;-6H,O or FeCl,-4H,O. For the reaction with FeCl;-6H,O
alone, only small poorly crystalline particles were formed
(Fig. S67), which did not grow further when the reaction was
continued for up to 10 min. For FeCl,-4H,0 alone, plates were
formed which had the same electron diffraction patterns as
observed in Fig. 2D at 30 s, 1 min and 2 min (Fig. S61). The
FeCl,-4H,0 alone sample oxidised over time to form a brown
solution. This indicates that the electron diffraction patterns
from the mixed samples shown in Fig. 2D originated from the
plate structures with the small spherical particles being amor-
phous, and moreover that the spherical particles formed would
not grow further without Fe>” present in the reaction mixture.

Synchrotron X-Ray diffraction studies

Metal hydroxides can be unstable and the crystal structure
decomposes when dried from solution or studied with an elec-
tron beam.'>?***° To avoid drying of sample, XRD was carried
out through a capillary in which the nanoparticle solution was

This journal is © The Royal Society of Chemistry 2019

injected and studied with a synchrotron light source to achieve
prompt measurements during the synthesis. The synchrotron
XRD measurements were taken at set time points to retain the
benefits of the controlled mixing times and temperature hom-
ogeneity of the flow reactor. In contrast, dedicated in situ cells
normally have much smaller reaction volumes without the
possibility for mixing.*’*> The XRD patterns of samples are
shown in Fig. 4A. The presence of Fe;O,/y-Fe,O; was first
observed at 3 min as shown by XRD, and in agreement with
the electron diffraction data (Fig. 2D). At 1 min and 2 min the
XRD shows the formation of a crystalline phase which corres-
ponds to iron hydroxide carbonate [Fes(OH);,CO3], which is
formed of 4 Fe*' centres and 2 Fe*' centres. At 3 min, the
peaks for the iron hydroxide carbonate and iron oxide co-exist,
with the latter having a Scherrer size of 7 nm at 3 min, which
increases to ~9 nm at 5 min. The iron hydroxide carbonate
makes up a small proportion of the volume of diffracting
objects that are eventually seen, surmised by comparing the
XRD intensities after 5 min (Fig. 4B). The peak area of the iron
hydroxide carbonate linearly decreases until peaks of magne-
tite (and/or maghemite) are observed, and these increase also
linearly in peak area after the iron hydroxide carbonate peaks
disappear (Fig. 4B).

Nanoscale, 2019, 11, 6620-6628 | 6623
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Fig. 3 (A) Aberration corrected TEM image of the sample taken at 2 min
of an area with particles and plates present. High resolution images
taken of (B) the particles from the red box, and (C) the plate from the
green box. Both images have the Fourier transforms of the image as an
inset with the spacing of the spots/rings indicated on the inset. (D) and
(E) are zoomed in on the areas in the black boxes of (B) and (C) showing
the crystallinity of the structures.

’Fe Mossbauer spectroscopy studies

Room temperature °’Fe Mdssbauer spectroscopy measurements
were performed on the 1 min sample (i.e., before transition), the
3 min sample (at the transition) as well as the final product at
10 min. For comparison we also measured the 1 min sample of
the Fe*" sample alone, prepared in the absence of Fe**. All mix-
tures were freeze dried to give a fine powder.

The spectrum of the product formed at 1 min (Fig. 5)
corresponds to that of a quadrupole ferric doublet, with the
best fit obtained using two Lorentzian doublets (each with an
isomer shift ca. 0.35 mm s™') and which is reminiscent of ferri-
hydrite.*® There are very small differences between the samples
prepared with and without Fe>*, namely a small increase in the
sub-component with higher quadrupole splitting, which could

6624 | Nanoscale, 2019, 11, 6620-6628
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Fig. 4 (A) Radially averaged and background subtracted synchrotron

X-ray diffraction patterns taken in solution through a capillary with an
X-ray wavelength of 1 A transformed to have a 2Theta from Cu Ka
(1.541 A) after 1, 2, 3, 4, and 5 min of reaction at 60 °C. The green lines at
the bottom are the reference pattern for iron hydroxide carbonate (PDF
ref. 00-046-0098), the initial phase. The black lines at the top are the
reference pattern for magnetite (PDF ref. 03-065-3107), the final phase.
(B) Area under the most intense peak for the iron hydroxide carbonate
and the magnetite as a function of aging time. Both the intensity and
peak area are in arbitrary units.

be due to the increase of amorphous material formed when Fe**
is omitted from the reaction (Fig. S7t). There is no sign of any
Fe** from the iron hydroxide carbonate plates in either of these
samples, which is likely to be due to their oxidation during iso-
lation and the freeze-drying process.

The room temperature spectrum of the product at 3 min
(Fig. 5) is a superposition of a doublet and broad sextet,
indicative of a range of Fe environments within the sample.
Best fitting of the spectrum was performed using Voigtian
lines (to represent a Gaussian distribution of Lorentzian lines)
and indicates that ca. 20% of the sample is the original ferrihy-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Room temperature °’Fe Mossbauer spectra of the freeze dried
samples mixed with sucrose, at the indicated time points. The best fit to
the data was achieved using a combination of Lorentzian line shapes
(upper panel) or Voigtian line shapes (Gaussian distributions of
Lorentzian lines; middle, bottom panel). The sub-component spectra
are indicated using coloured lines, which are for presentation purposes
only, with the residual of the fit to the measured data is shown as the
line at the bottom of each panel.

drite, with the remainder of the sample comprising of a poorly
magnetic iron oxide. The presence of very broad absorption
lines, which were best fit using a very broad distribution of
hyperfine fields are likely to arise from a non-stoichiometric solid
solution of magnetite/maghemite. The spectrum of the final
product (10 min), comprises a partially collapsed magnetically
split sextet pattern with very broad lines, and is indicative of mag-
netically blocked particles on the Mossbauer timescale, with a
broad size distribution. The spectrum was fitted using the model
independent ‘centre of gravity’ method”” from which we surmise
that the numerical proportion of Fe atoms in a magnetite
environment, a, was 0.40 + 0.17 ie., corresponding to a mixture
of magnetite and maghemite.”” We did not observe any oxidation
ageing of the material during the acquisition of any of the
spectra, which took place over at least 3 d for each sample.

Proposed mechanism of iron oxide nanoparticle formation

Ferrihydrite is a poorly crystalline iron oxyhydroxide material
with a general formula of Fe;,04(OH),,** formed from Fe;
clusters of Fe’" known as Keggin clusters.>*® The formation

This journal is © The Royal Society of Chemistry 2019
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of the initial ferrihydrite, occurs by olation of the hydroxylated
iron and oxolation.?” The ferrihydrite structure is formed of a
central Keggin cluster with an iron depleted shell.’® These
Keggin clusters that are central to ferrihydrite formation also
have a similar crystal structure to the central magnetite unit.*®
The formation of amorphous ferrihydrite primary particles or
pre-nucleation clusters have been reported in numerous pre-
vious reports as an intermediate phase in iron oxide
formation.lo'l4’15’36'37

Iron hydroxide carbonate [Fes(OH);,CO;] is a type of green
rust. Green rust is a mixed valence 2-dimensional structure
which is structurally similar to the amorphous Fe(OH),
sheets,"" and can be stabilised by a range of counter ions such
as CO5*>7, SO,>7, CI”, Br~ in either a hexagonal or rhombo-
hedral crystal structure.'””*® The structure is formed via the
olation of Fe*" hydroxide tetrahedra'' and some incorporation
of Fe’" hydroxide tetrahedral centres, either by incorporation
or oxidation.

From our data we observe a linear increase in particle size
of the ferrihydrite particles via TEM and room temperature
>’Fe Mossbauer spectroscopy with time, starting from initially
formed 2.2 + 0.5 nm particles. We observe a size dependent
transition between the ferrihydrite and the magnetite/maghe-
mite which occurs when the particles reach ~4 nm. This tran-
sition corresponds to the disappearance of peaks from the iron
hydroxide carbonate phase in the X-ray diffraction pattern. The
intensity of the iron hydroxide carbonate pattern decreases as
the reaction progresses before the phase disappears at 4 min,
which corresponds to the time when the ferrihydrite phase is no
longer observed by TEM. The proportion of the iron hydroxide
carbonate decreases over time before and after the formation
of iron oxide occurs. This indicates that as the reaction pro-
gresses the iron hydroxide carbonate structure is re-dissolved
and the ions are incorporated into the ferrihydrite, providing a
source of Fe>"** causing it to grow and transition into magne-
tite/maghemite. The iron hydroxide carbonate acts as a reser-
voir of Fe** and Fe’” ions leading to slow continuous growth
first of the ferrihydrite and then subsequently of the magne-
tite/maghemite. A schematic of this growth mechanism, which
differs from classical nucleation and growth concepts, is
shown in Fig. 6. In reaction systems without carbonate ions
present, a reservoir containing Fe*” ions could be formed as a
green rust structure with another counter ion (SO,>7, CI” or
Br™),"”*® or as amorphous Fe(OH), sheets.""

The incorporation of Fe*" into the structure of magnetite
has been previously predicted to be a rate limiting step.***" As
Fe®* has a higher solubility in water,*” it becomes the primary
additive causing the primarily Fe*" ferrihydrite particles to
grow. Without the Fe®" present, the ferrihydrite would not
grow to magnetite (as in the control experiment, see Fig. S6t).
Therefore, in a common co-precipitation synthesis, if there was
an oxidation of the Fe*", this would lead to its deficiency and
hinder the conversion from ferrihydrite to Fe;O,/y-Fe,O;. This
potentially leads to considerable problems with reproducibility
of the synthesis of IONPs due to the presence of residual ferri-
hydrite particles, which are weakly magnetic and amorphous.
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Fig. 6 Schematic of growth mechanism showing the initial precipi-
tation of iron hydroxide carbonate [Feg(OH);,COs] and ferrinydrite and
the growth of ferrihydrite via the re-dissolution of iron hydroxide car-
bonate to form the magnetite phase.

The amount of residual ferrihydrite in the final product can
therefore be reduced by protecting the Fe** ions from oxi-
dation or increasing the amount of Fe** in the reaction.

Summary and conclusions

For this work a flow reactor was utilised to facilitate fast
mixing (<50 ms) and well-controlled, hence reproducible,
process conditions during a co-precipitation synthesis.
Synchrotron X-ray diffraction (in solution, using a flow cell
mounted in the beamline), as well as TEM and room tempera-
ture >’Fe Mossbauer spectroscopy studies were performed to
unravel the particle formation mechanism.

These studies revealed that two initial phases were formed
upon the direct mixing of the iron chloride precursor solution
with the pH 12 solution of sodium carbonate. The phases were
a poorly crystalline ferrihydrite phase formed primarily of Fe**
and crystalline iron hydroxide carbonate plates formed primar-
ily of Fe*". The ferrihydrite was characterised by means of
room temperature °’Fe Mossbauer spectroscopy and TEM,
while the dynamic changes of the (metastable) iron hydroxide
carbonate plates could only be monitored via synchrotron
X-ray diffraction in solution. The iron hydroxide carbonate
concentration decreased over time until it disappeared after
4 min of the reaction. The ferrihydrite phase grew with time
from 2 nm particles until it transitioned to Fe;0,/y-Fe,O3
when the particles reached ~4 nm in size, which happened
after 3-4 min of the reaction. The ferrihydrite phase acted as
the seeds that grew into the eventual Fe;O,/y-Fe,O; particles,
while the iron carbonate plates acted as a feedstock to supply
the iron ions for the particles to grow and the phase change to
occur. Without the presence of Fe** in solution, the formation
and growth of the Fe;0,/y-Fe,O; NPs did not occur.

A new particle formation mechanism was detailed,
differing drastically from the most commonly discussed classi-
cal nucleation and growth process. Such comprehensive
understanding of the mechanism is essential not only for
robust syntheses, but also for the tuning of particle properties
for the targeted applications. In particular, the growth mecha-
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nism shows a separation of the nucleation and growth stages
in the reaction which will allow chemists greater control over
the size of the nanoparticles that can be readily synthesised
via co-precipitation.
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