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ABSTRACT The formation and growth of maghemite (y-Fe,0;) nanoparticles from ammonium

iron(Ill) citrate solutions (C;0;Hs-xFe>"-yNH,) in hydrothermal synthesis conditions have been

studied by in situ total scattering. The local structure of the precursor in solution is similar to that of

the crystalline coordination polymer [Fe(H,cit(H,0)],, where corner-sharing [FeOq] octahedra are

linked by citrate. As hydrothermal treatment of the solution is initiated, clusters of edge-sharing é M@
[FeOs] units form (with extent of the structural order <5 A). Tetrahedrally coordinated iron 2 S

subsequently appears, and as the synthesis continues, the clusters slowly assemble into crystalline

r (A)

maghemite, giving rise to clear Bragg peaks after 90 s at 320 °C. The primary transformation from amorphous clusters to nanocrystallites takes place by

condensation of the clusters along the corner-sharing tetrahedral iron units. The crystallization process is related to large changes in the local structure as

the interatomic distances in the clusters change dramatically with cluster growth. The local atomic structure is size dependent, and particles smaller than

6 nm are highly disordered. The final crystallite size (<10 nm) is dependent on both synthesis temperature and precursor concentration.
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agnetic nanoparticles have re-
cently received increasing atten-
tion due to potential applications
such as improved permanent magnets,’?
magnetic storage media,® drug delivery,
and medical imaging.*~° Of particular inter-
est are magnetic iron oxides, e.g., maghe-
mite (y-Fe,03) and magnetite (Fe30,4). Both
compounds are in the spinel structure fami-
ly (Figure 1), where iron is found on sites
with both octahedral (yellow) and tetrahe-
dral (purple) coordination to oxygen. All
iron in y-Fe,03 is in its ferric (Fe3*) form in
contrast to magnetite, which contains both
Fe*>" and Fe?". Charge neutrality in y-Fe,0;
is obtained by the formation of vacancies on
the octahedral sites, and in bulk maghemite,
the vacancy order gives rise to a super-
structure where the unit cell is tripled along
the c direction.’
y-Fe,05 is ferrimagnetic in its bulk form,?
but for small nanocrystals, the particles ex-
hibit superparamagnetic behavior. The
magnetic performance is thus decisively
dependent on crystallite size, and to obtain
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materials with tailor-made properties, it is
crucial to control the nanoparticle charac-
teristics during synthesis. To have industrial
impact, the synthesis method must at the
same time be scalable, environmentally
friendly, energy efficient, simple, and cheap.
In this context, the hydrothermal synthesis
method is an excellent candidate, and sig-
nificant research efforts have focused on
applying the method to a broad range of
functional materials®'° including magnetic
iron oxide particles."’'® Numerous studies
have established that by adjusting simple
synthesis parameters such as precursor
concentration, reaction temperature, or
pressure, the characteristics of the prod-
uct can be altered, thereby allowing pro-
perty control.'”” The technique is now
widely used in industry for nanoparticle
production.?®~22

While the hydrothermal method shows
great promise, the fundamental chemical
processes involved in particle formation
and growth are still not fully understood. Ob-
taining further knowledge of the reaction
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Figure 1. Maghemite structure in the space group P452,2.
The yellow polyhedra show octahedrally coordinated iron,
purple shows tetrahedrally coordinated iron, and the red
spheres are oxide ions.

mechanisms is paramount for tailoring size, shape, and
structure of novel nanocrystalline materials, and for
this purpose, in situ studies of hydrothermal synthesis
are extremely powerful.>® By studying the chemical
reactions in situ we get a glimpse into the very funda-
mental chemistry that takes place between inorganic
species, which are only poorly understood compared
to reactions in organic chemistry. During recent years,
we and several other groups have done extensive
in situ studies of the hydrothermal formation of various
materials using especially powder X-ray diffraction
(PXRD), providing important knowledge on the crystal-
lite formation and growth.”>~3> However, to fully
understand the formation of crystalline structures from
a liquid or amorphous precursor, it is necessary to
study the changes in atomic structure before and
during the crystallization. For this purpose total scat-
tering (TS) combined with pair distribution function
(PDF) analysis is very well suited. As opposed to con-
ventional crystallographic methods, TS allows extrac-
tion of structural information from amorphous, nano-
sized structures as well as fully crystalline particles,
because information on both short- and long-range
order can be obtained.**3” As we have recently de-
monstrated, the full crystallization process from ionic
complexes through nanoclusters to crystalline materi-
als can be followed.?®*' In the present paper, we have
studied the hydrothermal synthesis of maghemite
from aqueous solutions of ammonium iron(lll) citrate,
which has been widely used in the synthesis of iron
oxide nanoparticles and thin films for various
applications.”#%** While it has previously been sug-
gested that this specific synthesis produces Fe3;0,
nanocrystals, recent studies have shown that the pro-
duct is predominantly y-Fe,Os, as illustrated in the
Supporting Information.** The total scattering investi-
gations provide novel and surprising insight into how
the tetrahedral and octahedral iron oxide units link to
form the crystalline maghemite nanoparticles. The
process involves large changes in the atomic arrange-
ment during the crystallization, and PDF analysis
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reveals that Fe*" in the precursor solution is em-
bedded in a large citrate complex structure, which is
decisive for the formation of y-Fe,0s. The initially
formed clusters are highly disordered and assemble
slowly into crystals by condensation along the tetra-
hedral Fe site. The data additionally reveal new in-
formation on the size—structure relationship in
maghemite, which is not accessible using conven-
tional crystallographic methods.

RESULTS AND DISCUSSION

Iron Citrate Precursor Structure. Figure 2A shows the
integrated g-space data from the ammonium iron(lll)
citrate precursor solution. The reddish-brown ammo-
nium iron(lll) citrate precursor is amorphous in its
solid form and also when dissolved in water; only
diffuse scattering is seen. In the corresponding PDF
(Figure 2B), features to ca. 5 A are observed, including a
sharp, single peak at 2.0 A agreeing with Fe—O
bonds,** and further, less intense peaks at higher r-
values. Features at lower r-values are also seen, corre-
sponding to C—C and C—O bonds. Previous studies
have suggested that Fe*" and citrate molecules in
solution form large iron-citrate complexes,**~*® and
our data show that the experimentally observed PDF
from the ammonium iron citrate solution can be
described based on the structure of crystalline
[Fe(H.cit)(H50)1,, which has recently been reported.*
The fit of this structure to the PDF is shown along with
the data in Figure 2B, with further details given in the
Supporting Information.

The structure of the iron complex used in the PDF
refinement is shown in Figure 2C, where H has been left
out for clarity. In bulk, the compound is a coordination
polymer where partly deprotonated citric acid mol-
ecules link [FeOg] units through corner sharing of the
octahedrons. Each iron site is coordinated to three
citric acid molecules (Figure 2D). One is tridentate and
coordinates to iron with two deprotonated carboxylate
groups and the hydroxyl group, while two other citric
acid molecules coordinate with only one deprotonated
carboxyl group. An additional water molecule also co-
ordinates to iron, resulting in a distorted [FeOg] octa-
hedron, which is corner-sharing with the neighboring
octahedron. The present data do not allow us to refine
subtleties in the structure, and the actual citrate-iron
coordination in the precursor solution may be slightly
different from that illustrated. However, it is reasonable
to suggest that the iron—iron coordination is closely
related to a deprotonated form of [Fe(H,cit)(H,0)],,
with a Fe—Fe distance of ca. 3.5 A between the corner-
sharing octahedra. The spatial extent of atomic corre-
lations in the PDF indicate that the structure in the
precursor solution is a dinuclear complex. Clear Fe—Fe
correlations are not observed at r-values of >3.5 A.
However, itis likely that the precursor structure actually
is polymeric in its nature, just like bulk [Fe(H,cit)(H,0)]1,,
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Figure 2. (A) Background-subtracted total scattering data from the aqueous precursor solution of ammonium iron citrate
(g-range in the plot is limited to 12 A~"). (B) Black line: Corresponding PDF, showing structural features to ca. 5 A. Red line:
Fitted model of [Fe(H,cit)(H,0)],. Blue line: Difference curve between data and model. (C) Complex structure. The yellow
polyhedra show octahedrally coordinated iron, the red spheres are oxygen, and the black spheres are carbon. Hydrogen

atoms have been left out for clarity. (D) Citrate ligand group.
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Figure 3. (A) Time-resolved g-space data obtained from the experimenzdone at 320 °C with 4 M ammonium iron(lll) citrate
solutions, plotted as a contour map. The hkl peaks arising from the Fd3m spinel structure are labeled. Selected data (from
0 and 120 s) are shown below. (B) Corresponding PDFs. Selected PDFs (from 0 and 120 s) are shown below. The intensity scale

in the contour plots goes from blue through green and yellow to red.

but that this does not show up in the PDF due to a short
polymer persistence length.*'

The oxidation state of iron in the colorless
[Fe(H,cit)(H,0)]1, crystals is +II, while the ammonium
iron citrate precursor contains only iron with oxidation
state +lll. The pH value of the reddish-brown 2 M
precursor solution is ~6, and iron is thus assumed to be
in the ferric state in the precursor complex.

JENSEN ET AL.

Formation of Maghemite Nanoclusters. To follow the for-
mation of y-Fe,03, the ammonium iron(lll) citrate solu-
tions were treated hydrothermally in our in situ capillary
reactor at temperatures ranging from 270 to 370 °C and
at 250 bar, as described in the experimental section.

As heating was initiated, the precursor citrate
ions decomposed to CO, CO,, and H,0.>**" This de-
composition was observed visually as small gas
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bubbles appearing in the capillary, which subsequently
redissolved in the liquid phase. The process is related
to large changes in the scattering pattern as seen in the
g-space data in Figure 3A, obtained during synthesis at
320 °C and 250 bar. From the corresponding PDFs
(Figure 3B), these effects can be correlated to the
atomic structure of the species in solution. As the
synthesis is initiated at time = 0 s, the intensity of the
precursor peaks between 2.5 and 5.5 A decreases,
revealing a change in Fe coordination. Simultaneously,
a peak appears at 3.2 A, and based on the rapidly
increasing intensity, this is most likely a Fe—Fe correla-
tion. A second peak soon after appears at ca. 3.5 A, and
at the same time, the Fe—O peak broadens, indicating
the appearance of several different Fe—O bond dis-
tances. After ca. 90 s, intense Bragg and PDF peaks
agreeing with the crystalline spinel structure are clearly
seen, as described further below.

Note that we cannot distinguish the y-Fe,0s3 struc-
ture from Fe30, in the data, and we rely on ex situ

TABLE 1. Atomic Pairs Contributing to the Low-G(r) PDF
Peaks in the Bulk Maghemite Structure’

atoms in pair interatomic distance no. of pairs in unit cell
Fe;—0 1.962 A 32
Feo—0 2017 A 9%
0-0 2934 48
Feo—Feg 299 A 48
0-0 299 & 96
0-0 305 A 48
Fe,—Fer 3514 9%
Fe;—0 3514 9%
Fe;—0 363 A 32
Fer—Fer 3.66 A 16
A Fe-O Fe,-Fe, Fe,-Fe;
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Méssbauer and PXRD studies of the final product from
the hydrothermal synthesis to determine that the
primary product is maghemite and not magnetite, as
discussed in the Supporting Information. Previous
studies have suggested that CO, which forms during
citrate decomposition, can partly reduce Fe*" to Fe*",
allowing formation of Fe;O,. However, our results
indicate that this only happens to a very limited extent
and that Fe is in the ferric form in both precursor and
product.

The atomic pairs contributing to the PDF peaks in
the range 1.9—3.7 A in the bulk spinel structure are
listed in Table 1. The primary contribution to the peak
at ca. 3.0 A is the first correlation between octahedral
iron sites (termed Feo—Fep), whereas that at 3.5 A
arises mainly due to the first correlations between the
octahedral and tetrahedral sites (Feg—Fet). When con-
sidering the local order in the PDFs seen after ca.
10—20 s, the presence of the double peak between
2.9 and 3.5 A indicates that two related Fe environ-
ments are seen in the nanoclusters. However, the
evolution of the Fe—Fe correlations (Figure 4) shows
that the Fep—Fer peak is not observed immediately
after the citrate decomposition, suggesting that the
primary clusters in the solution consist exclusively of
edge-sharing [FeOg] units with very short-range struc-
tural order (<5 A). This interpretation is supported by
the presence of the sharp Fe—O peak, showing one
single Fe environment. We would expect this to broad-
en if there were tetrahedral iron in the cluster because
of the slightly shorter Fe—O distance in the tetrahedral
coordination. The evolution of the PDFs thus points
toward a mechanism where the initial nanoclusters
consist of edge-sharing [FeOg] octahedra, which are
built from the corner-sharing octahedrons in the
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Figure 4. (A) Contour plot of the low r-range PDFs obtained at 320 °C and 4 M ammonium iron citrate. The dotted lines
are guides to the eyes showing the evolution of the Fe—Fe peaks. (B) Selected PDFs from the initial stages in the synthesis at

320°C, 4 M.
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Figure 5. Structures observed in the low r-region of the initially observed PDFs. The yellow polyhedra show octahedrally
coordinated iron, the purple polyhedron shows tetrahedrally coordinated iron, and the red spheres show oxygen.

precursor complex when the organic ligand molecules
decompose. However, after ~10 s, a peak at 3.5 A
appears and the cluster structure can now be de-
scribed as a nanoscale, disordered maghemite-like
assembly of both tetrahedrally (corner-sharing) and
octahedrally (edge-sharing) coordinated iron atoms.
The process is illustrated in Figure 5.

Considering the stability of the iron ions in con-
ventional crystal field stabilization energy (CFSE),
octahedral coordination is preferred for Fe*", while
octahedral and tetrahedral coordination are equally
favorable for Fe*".>?> However, in acidic and neutral
aqueous solutions, octahedrally coordinated iron is
more commonly observed,®*** and when dissolving
a simple salt such as FeCl; in water, the octahedral
[FeCl,(H,0)s_,] complex forms.>> > In a recent study,
we observed how solutions of Fe(NOs)s - 9H,0 produce
hematite, a-Fe,03, where all iron atoms are octahed-
rally coordinated when hydrothermally treated.
Other reports have also stated how, for example, iron
chloride solutions and iron oxalate®® generates hema-
tite in hydrothermal synthesis conditions. The appear-
ance of the tetrahedrally coordinated iron is thus
surprising and indicates the importance of the citrate
group in the synthesis of maghemite. The citrate
coordination and decomposition process must play a
significant role in the formation of the nanoclusters.
Possibly, the degradation of the tridentate citrate
ligand groups lowers the coordination of some of the
iron ions, giving rise to the tetrahedrally coordinated
iron, although coordination to water in the solution
could work against this effect. On the basis of the
present data we can only propose a model, and further
studies of the citrate degradation are needed to under-
stand the coordination change in detail.

From Clusters to Nanocrystals: Changes in Local Structure.
As the reaction proceeds, the intensity of the Fep—Fey
peak (at ca. 3.5 A) increases and the ratio between the
Feo—Feo and Feg—Fer peak shifts (see Figure 4). The
evolution of the local structure thus shows a rapidly
increasing number of correlations between octahedral
and tetrahedral iron as the particles form. This behavior
is seen in data from all performed experiments, as
shown in Figures S1—S8 in the Supporting Information.
Simultaneously with the Feg—Fer intensity increase,
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Figure 6. Cluster growth by condensation along tetrahed-
rally coordinated iron atoms.

PDF features at higher r-values are observed (Figure 3B
shows peaks up to 15 A after 60 s), and in g-space
(Figure 3A), very weak and broad diffraction peaks
become visible.

Numerous processes including a variety of iron
oxide cluster structures (with structural order up to
ca. 15 A) could give rise to the changes observed in the
data. However, a generalized mechanism that ac-
counts for the simultaneous evolution of local and
long-range order is depicted in Figure 6. After the
formation of small clusters containing octahedral and
tetrahedral units as explained above, the clusters
assemble and produce larger structures. On the basis
of the intensity increase of the Feg—Fey peak, the
condensation of the smaller cluster appears to take
place mainly along the tetrahedral Fe units, as illu-
strated in Figure 6. In the process depicted, the
Feo—Fer peak of the product has double the intensity
compared to that of the reactants, whereas the
Feo—Feo peak is left unchanged, in agreement with
the observed data. The initially formed clusters thus
assemble by the corner-sharing, tetrahedrally coordi-
nated iron ions to form disordered particles with some
long-range order, but with extensive defects in the
structure. The condensation along the tetrahedral
irons is possibly favorable over the octahedral iron
because only one new bond must be created. The
geometry of the tetrahedral site may also allow enough
space for cluster assembly.

It is important to note that the cluster growth
illustrated in Figure 6 is one possible representation
of the process describing the features and changes
observed in the early stages of the synthesis. Several
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alternative combinations of octahedrally and tetrahed-
rally coordinated iron ions may be present simulta-
neously, and the fast evolution of long-range order
indicates that the clusters promptly condensate into
significantly larger structures than depicted in Figure 6.
However, the primary assembly along the corner-
sharing Fer units into disordered structures appears
to be the general mechanism responsible for cluster
growth in the present synthesis. From combined SAXS/
PXRD investigations'” it is known that the crystallites
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grow from free clusters in solution, rather than from a
larger structural amorphous network. This agrees with
the total scattering observations and shows that the
particles grow by cluster assembly rather than as a
solid-state transformation from an amorphous net-
work phase, as has been shown to be the case in
yttria-stabilized zirconia nanoparticles, for example.*'

To extract structural information from the cluster
growth, the PDFs were modeled using the maghemite
P432,2 structure. This is a subgroup of the general
Fd3m spinel structure and is often used to describe
y-Fe;03 when refinements in the large P4,2,2 unit cell
with vacancy ordering are not feasible or appropriate
(see discussion in the Supporting Information).”® In
the refinements, the r-range below 2.6 A (i.e., the first
Fe—O distances) was not included, as this peak was
seen to be much more intense in the data than in the
calculated model (see Supporting Information, S9),
which is due to the presence of terminal Fe—0O/H,0
bonds and/or unbound [FeOg¢] units covering the ex-
tensive surface of the small clusters. Examples of fits to
the data are shown in Figure 7, with further details
given in the Supporting Information.

Figure 8A shows the occupancy of the tetrahedral
8a site as a function of time for different temperatures
and precursor concentrations. In the bulk maghemite
structure, this value is 1. Clearly, a large deficiency of
Feris seenin the refined crystal structure of the initially
formed particles, but with synthesis time and tempera-
ture, a defect-free maghemite structure is obtained.
Precursor concentration has little effect on the defect
concentration. The defects are related to the low
intensity of the Feg—Fer peak described above and
again illustrate how the initially formed particles pri-
marily consist of octahedral units.

Figure 8B shows the tetrahedral site occupancy
plotted as a function of particle size (expressed
through the refined spherical particle diameter) for
four different experiments. All four curves are over-
lapping, implying that independently of the synthesis
conditions, there is a direct correlation between parti-
cle size and Fey site occupancy. This suggests that the
Fer defect may be related to surface effects. Possibly,
many of the defective Fer sites in the structure are
situated at or near the large particle surface and are
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Figure 8. Occupancy of Fer as a function of time (A) and particle size (B). Data from four different experiments are shown.
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Figure 9. Change of Feo—Feq distance plotted as a function of (A) time and (B) size (spherical-particle diameter). Change of
Feo—Feo distance plotted as a function of (C) time and (D) sp-diameter. Blue: 2 M, 320 °C. Red: 4 M, 320 °C. Green: 2 M, 370 °C.

Black: 4 M, 370 °C.

thus not part of the 3D crystalline lattice. Only as the
particles grow by further cluster assembly are the sites
occupied and fully connected to the core structure. The
possible relation between Fe; defects and surface
structure supports the hypothesis that the tetrahed-
rally coordinated iron plays an important role in the
cluster condensation mechanism leading to particle
growth as illustrated in Figure 6.

Changes in interatomic distances are seen simulta-
neously with increased occupation of the crystallo-
graphic Fer site. The change in distance is shown in
the time-dependent evolution of the Fepo—Feg distance,
plotted in Figure 9A. The distance is initially elongated
compared to the bulk structure, but as the particles
crystallize, the interatomic distance approaches a final
equilibrium value. In Figure 9B, the Feg—Feg distance is
plotted as a function of the particle size. The correlation
between size and bond length is again independent of
the synthesis conditions as the curves from 320 and
370 °C and 2 and 4 M overlap. This could again suggest
that the elongated interatomic distances are related to
the surface structure. In the surface layer, the [FeOgl
octahedra are not constrained in a crystalline lattice but
possibly have some freedom to move, which may explain
the elongated Fep—Feg distances. It may also be that
sufficient lattice energy is required to prevent the structur-
al relaxation that leads to elongated Feg—Feg bonds in the
particles. Only as the extent of the crystalline lattice grows
does the energy gained by approaching the ordered
spinel structure lead to the bulk Feg—Feg bond length.

The structural changes are closely reflected in the
unit cell parameter, plotted against crystallite size in
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Figure 10. Change in unit cell volume as a function of
particle diameter. Blue: 2 M, 320 °C. Red: 4 M, 320 °C. Green:
2 M, 370 °C. Black: 4 M, 370 °C.

Figure 10. This has previously been observed, and due
to the PDF analysis of the local structure, we can now
assign this to the elongated Feg—Fey, distance."”

The Feo—Fer distance is plotted as a function of
synthesis time in Figure 9C. Although the uncertain-
ties on the refined values (seen from the highly scat-
tered data points) are large due to the low occu-
pancy of Fer, the refinements surprisingly show that
the initial distance between the Feg and Fey is shorter
than in bulk maghemite. Possibly, as the initially
formed clusters consisting mainly of octahedral iron
are linked together by Fet (Figure 6) to form crystal-
line y-Fe,0s;, the distance between Fer and Feg
stretches to accommodate the various structural units
in the maghemite crystal lattice. However, the over-
all effect is smaller than the change in Fep—Feg
distance, as this behavior dictates the change in unit
cell parameter. The Feg—Fet distance is plotted as a
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Figure 11. (A) Refined sp-diameter, plotted as a function of time for different temperatures and precursor concentrations.
(B) Differentiated growth curves (growth rates) for experiments done at 320 °C, using 2 and 4 M precursor. Before
differentiation, the growth curves were smoothed over an interval of 5 points.

function of crystallite size in Figure 9D, and again, a
clear structure—size relation is seen.

The results point toward a mechanism where locally
ordered clusters quickly assemble into loosely bound
particles with some intermediate range order, but with
a large number of defects. Slowly, the structure orders
and starts crystallizing as the particles grow by cluster
condensation at the surface. Particles smaller than
6 nm are highly defective due to the formation me-
chanism in the hydrothermal synthesis. At 320 °C, it
takes almost 2 min until ordered maghemite is ob-
tained, and while the same formation mechanism is
seen at 370 °C, the bulk maghemite structure appears
much faster. Precursor concentration has almost no
influence on the reaction rate. The disorder will most
probably affect the magnetic properties of the nano-
particles, and the formation mechanisms must there-
fore be considered when designing maghemite syn-
thesis processes.®%%

Interestingly, bulk maghemite shows vacancy or-
dering on the octahedral sites, while the tetrahedral
iron site is always fully occupied. The in situ data do not
allow us to follow the distribution of vacancies on Feg
as a function of time or particle size, but previous
studies have shown that in the early stages of the
synthesis the vacancies are disordered.” This seems
very likely from the complex formation mechanism.

Particle Growth and Growth Rate. The growth curves
obtained from the sequential PDF refinements are seen
in Figure 11A. The final particle size is dependent on
temperature and precursor concentration, and the lar-
gest crystallites are seen when increasing both para-
meters. This is in agreement with previous results from
Scherrer analysis of in situ PXRD data of iron oxide
growth'® as well as recent studies of the evolution of
particle size distribution during maghemite synthesis .3
The same range of particle sizes is seen from TEM
images of the final product from the hydrothermal
synthesis, shown in the Supporting Information.

The time-dependent growth rates (differentiated
growth curves) of the experiments done at 320 °C
using 2 and 4 M precursor solutions are plotted in
Figure 11B. The growth rate initially increases and
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reaches a maximum after ca. 90 s before decreasing.
This maximum can be directly related to the cluster
condensation mechanisms, as the peak in growth rate
is seen at the exact same time as the bulk bond lengths
and full Fer occupancy is obtained. The same trend is
observed for other synthesis conditions, as seen in the
Supporting Information. The primary growth of the
particles thus happens in the initial condensation
phase, before particles with the ordered crystal struc-
ture are obtained. After the disordered clusters have
assembled and condensed to particles of ca. 4—5 nm,
only limited growth to ca. 7 nm is seen. Possibly, the
energy required for particle growth is lower before
crystallization, where the large amount of defects in
the disordered structure may mediate particle growth.
As the particles have crystallized, more dramatic struc-
tural changes are needed for further growth. Often,
nanoparticle growth is considered in terms of, for
example, Ostwald ripening or oriented attachment
after the formation of crystallites. Our study indicates
that this growth stage is less significant than the
primary cluster assembly and illustrates the impor-
tance of characterizing the structures appearing before
long-range order occurs.

CONCLUSIONS

By means of total scattering and PDF analysis, the
formation and growth of maghemite nanoparticles
from aqueous ammonium iron(lll) citrate solutions
have been followed. The local atomic structure of the
precursor solution is closely related to that of crystal-
line [Fe(H,cit)(H,0)1,, having corner-sharing octahed-
rally coordinated Fe*>" in a polymer-like structure
linked by citrate molecules. Nanoclusters consisting
of edge-sharing [FeOg] units form immediately during
the hydrothermal treatment, and tetrahedrally coordi-
nated iron ions are observed after a short time (less
than 10 s at 320 °C). The clusters subsequently assem-
ble to give rise to highly disordered maghemite parti-
cles, which order during further particle growth. The
cluster assembly takes place mainly along the tetrahe-
dral sites that link the octahedrally coordinated iron
oxide units.
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The study illustrates how characterizing the pre-
crystalline steps is crucial for understanding in-
organic hydrothermal synthesis. Often, particle formation
and growth in hydrothermal synthesis are consid-
ered as single atoms or molecules coming together
to form an isotropic particle, much as is the case in
crystallization in a melt. However, our results show
that hydrothermal synthesis represents a much more
complex case, where the continual units are clusters

METHODS

In Situ Experiments. /n situ total scattering experiments were
done at beamline ID112 at the ESRF, Grenoble, France, and at
beamline P02.1 at PETRAIIl, Hamburg, Germany. The experi-
mental setup has been described in detail elsewhere.®®> The
reactor consists of a thin fused silica tube measuring 0.6 mm in
inner diameter and 0.05 mm in wall thickness, ensuring a high
transmission of X-rays. The tube was mounted in the setup
using Swagelok fittings, pressurized with deionized water and
heated using a jet of hot air, while simultaneously collecting
X-ray diffraction patterns during sequential exposures. The
efficiency of the heater combined with the small volume of
the capillary ensures very fast heating, and the desired tem-
perature was reached within seconds after initiation of the
experiment.>®

The precursor for the iron oxide particles was aqueous
solutions of ammonium iron(lll) citrate (CgHgO7-xFe(lll) - yNHs)
(Sigma-Aldrich, reagent grade, assuming M = 265.0 g/mol) at
various concentrations (1—4 M). The solid reactant easily dis-
solved in deionized water at room temperature, producing
clear, reddish-brown solutions. The pH value of the 2 M solution
was measured to be 6.0. For all experiments, the pressure was
set to 250 bar, whereas the temperature was varied between
270 and 370 °C.

The heatgun exhaust creates a temperature gradient over
the capillary reactor, with a broad temperature maximum at the
center of the reactor. The X-ray beam always hits the center
position of the capillary, and the reported temperatures and
data represent the reaction at this point.

For the experiments performed at the ESRF, the wavelength
was 0.1897 A and a Frelon 4 M CCD detector was used with a
sample—detector distance of 10 cm, resulting in a gmay value of
23.5 A~". The time resolution for the ESRF data was 2 s. At PETRA
lll, the detector was a PerkinElmer XRD1621 amorphous silicon
detector. With an X-ray wavelength of 0.2072 A and a detector
distance of 23 cm, the Gmax available was 21 A~". The time
resolution for the data collection at PETRA Ill was 3 s.

Data Analysis. For all experiments, the raw 2D scattering
images were integrated in Fit2D,%* and PDFs were subsequently
obtained using PDFgetX3.%®> The scattering pattern obtained
from the capillary containing deionized water at the appropri-
ate conditions was subtracted from the integrated pattern
before Fourier transformation. The g-range used in the Fourier
transform was limited to 1-17 A~" due to low statistics at
higher scattering angles. The resulting PDFs were modeled to
extract structural parameters using PDFgui.’® The precursor
structure was refined based on the structure of
[Fe(Hacit)(H,0)], (cit = citrate).*® The y-Fe,Os structure was
described in space group P4;2,2%° and refined in the r-range
from 2.6 to 50 A. Here, the scale factor, crystallite size (spherical
particle diameter), unit cell, iron coordinates, and occupancy on
the tetrahedral site were refined. The refinements of the time-
resolved PDFs were done sequentially starting from the last
frame with the crystalline phase. The thermal parameters were
refined in the last frame and kept fixed at the resulting values in
the sequential refinements.
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and where dramatic changes in the local structure
must be taken into account when considering reac-
tion kinetics. Both chemical and geometric factors
play important roles in the formation processes. Com-
bined with PDF analysis, total scattering methods
allow for characterization of the structures present
in the precrystalline steps, allowing in-depth insight
into the important processes related to nanoparticle
crystallization.
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