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ABSTRACT. The effect of crystallizing solution chemistry on the chemistry of subsequently as-
grown materials was investigated for Mo-substituted iron oxides prepared by thermally activated
co-precipitation. In the presence of Mo ions, we find that varying the oxidation state of the iron
precursor from Fe(ll) to Fe(lll) causes a progressive loss of atomic long-range order with the
stabilization of 2-4 nm particles for the sample prepared with Fe(l11). The oxidation state of the Fe
precursor also affects the distribution of Fe and Mo cations within the spinel structure. Increasing
the Fe precursor oxidation state gives decreased Fe-ion occupation and increased Mo-ion
occupation of tetrahedral sites, as revealed by EXAFS. The stabilization of Mo within tetrahedral
sites appears to be unexpected considering the octahedral preferred coordination number of
Mo(VI1). The analysis of the atomic structure of the sample prepared with Fe(lll) indicates a local
ordering of vacancies and that the occupation of tetrahedral sites by Mo induce a contraction of
the inter-atomic distances within the polyhedra as compared to Fe atoms. Moreover, the occupancy
of Mo into thermodynamic site preference of a Mo dopant in Fe,O3 assessed by DFT-calculations,
points to a stronger preference for Mo substitution at octahedral sites. Hence, we suggest that the
synthetized compound is thermodynamically metastable, i.e., kinetically trapped. Such a state is
suggested to be a consequence of the tetrahedral site occupation by Mo ions. The population of
these sites, known to be reactive sites enabling particles growth, is concomitant with the
stabilization of very small particles. We confirmed our hypothesis by using a blank experiment

without Mo ions, further supporting the impact of tetrahedral Mo ions on the growth of iron oxide
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nanoparticles. Our findings provide new insight into the relationships between the Fe-chemistry
of the crystallizing solution and the structural features of as-grown Mo-substituted Fe-oxide

materials.
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INTRODUCTION

The spinel structure is widely observed in solid-state chemistry. It can be synthesized with a large
number of compositions and provides an adaptable framework for tuning material properties and
structural features.?> A good example of this compositional and structural versatility is provided
by iron-oxide—based spinels, which can be synthesized with variable numbers of cationic vacancies
to form solid solutions with general formula FesxxO4, where O represents a vacancy and x ranges
from 0 to 0.33. The end members for this compositional range are stoichiometric magnetite
FesOs—which contains both Fe(ll) and Fe(lll) iron oxidation states—and fully oxidized
maghemite y-FeoOs—which contains only Fe(l11). In cation-deficient spinels, the cation vacancies
can adopt different arrangements within the host structure, and the precise cation-vacancy
configuration dictates the overall crystallographic symmetry. In y-Fe>O3, for example, the cation
vacancies can adopt a number of ordered arrangements,®> or can be randomly arranged, giving
cubic crystallographic symmetry.®

The nucleation and growth of iron oxide crystals from solution is understood to progress via the
aggregation of pre-nucleation clusters,” %! as described by the non-classical theory of
nucleation.!>* The details of this nucleation and growth process are sensitive to a number of
factors!® (pH, temperature, precursors). For example, by adjusting the chemistry of the
crystallizing solution, by using precursors that contain metals in specific oxidation states, it is
possible to direct the growth of specific crystal phases by modifying the linkages within the pre-
nucleation clusters and hence affecting cluster aggregation.® A second factor is the role of point
defects, such as cationic vacancies, which can act as reactive sites during crystal growth, thereby
providing a second potential mechanism for directing crystal nucleation and growth.!6” The

degree to which point defects form during crystallization, however, depends on the chemistry of



the crystallizing solution and the growth conditions, often making it challenging to deconvolve the
contribution of each factor in directing the growth of specific crystal structures.

One practical approach towards resolving these relationships between solution chemistry, the
formation of cation vacancies during crystal growth, and the crystal structure of the as-grown
product, is to study systems in which there is a direct link between the chemistry of the crystallizing
solution and the chemistry of the as-grown materials.*” On the one hand, varying the iron precursor
oxidation state is known to have a critical role in the formation of iron oxide nanoparticles®. On
the other hand, cation vacancy numbers can be increased by including supervalent dopant such as
Mo ions in the crystallizing solution, which promote vacancy formation through charge
compensation.’®2® The combined effect of varying the oxidation state of iron precursor, and
increasing the cationic vacancies number by means of the presence of the supervalent (Mo) ions
in the crystallization solution has never been examined so far. This is of particular interest as
various highly cation-deficient metal oxides showed promising electrochemical properties for use
in energy storage.?’?8.28

To investigate the above-mentioned combined effect, we have performed a series of thermally-
activated coprecipitation syntheses, adapted from Hahn’s protocol?!, where the crystallization
solution included Mo ions and different iron oxidation state precursors. To characterize the
structure of the resulting oxide nanoparticles we applied a range of complementary scattering and
spectroscopic techniques including X-ray diffraction (XRD), Pair Distribution Function (PDF)
analysis, X-ray absorption spectroscopy (XAS), °’'Fe Mdossbauer spectroscopy and DFT-
calculations. The resulting data indicate that tuning the chemistry of the starting solution, i.e.,
varying the oxidation state of iron precursor in the presence of Mo ions, affects both the oxidation

state of the cations and the product atomic structure. In particular, we hypothesize a link between



crystal growth and the resulting distribution of cations between tetrahedral and octahedral cation
sites within the spinel. We found that the occupancy of Mo(VI) within tetrahedral sites is
concomitant with a decrease of the size particles. The occupancy of Mo(V1) within these sites is
unexpected as Mo is predicted on thermodynamic grounds to preferentially occupy octahedral
sites. This kinetic preference for tetrahedral-Mo is suggested to block the particles growth further

enabling the stabilization of very small particles.

RESULTS AND DISCUSSION

Synthesis approach: influence of the iron precursor

Mo-substituted iron oxides were prepared by a thermally activated co-precipitation method. High
charge Mo ions were selected to favor the formation of cationic vacancies by a charge-
compensating mechanism. In a typical synthesis, the molar ratio Mo/Fe was fixed to 0.19 and the
iron oxidation state precursor was varied. The effect of tuning the Fe precursor on the crystallinity
of the resulting particles is evident from the collected XRD patterns (Figure 1a). Starting from a
pure Fe(ll) precursor gives a well-crystallized phase that can be indexed to the Fd-3m and/or the
P4332 space groups. A small peak located around 34.3° (20) suggests the presence of minor
amounts of a second phase. Starting with an equimolar ratio of Fe(ll) and Fe(lll) gives an XRD
pattern with much less structure. Closer analysis of this XRD pattern, however, reveals Bragg
peaks that can still be indexed to the spinel structure (Fd-3m or P4332 space groups). In contrast,
starting from a pure Fe(l1l) precursor gives a product XRD pattern with only diffuse scattering,
indicating the absence of long-range order typical of amorphous compounds.

To better understand how the choice of crystallization precursor affects the atomic structure of the

product phase, we applied PDF analysis.?® PDF analysis describes structural correlations across a



range of length scales, from short- to long-range, making it particularly useful for probing
disordered or amorphous or nanoscale materials.>® We first consider the short-range features at
distances between 1.5 A and 4.0 A (Figure 1b). This range includes the M—O distances (M = Mo,
Fe) for octahedral and tetrahedral sites at ~2 A. The next two peaks at ~3 A and ~3.5 A correspond
to cation—cation distances between adjacent octahedral site-pairs (Moc—Moct pairs) and between
neighboring octahedral-tetrahedral site-pairs (Moc—Miet pairs), respectively.3! Increasing the ratio
of Fe(l1) to Fe(ll) in the precursor has two visible effects on this short-range PDF data. First, the
M-0O peak to shift to smaller distances, which is consistent with the expected change in average
cation oxidation state. Second, these short-range peaks all broaden, indicating a greater variance
in interatomic distances that is consistent with the increasing disorder indicated by our XRD data.
This increased disorder with increasing Fe(l11) content is also apparent in the intermediate-to-long-
range PDF data (r = 4 A to 50 A) (Figure 1c). The extent of the resolvable PDF signal represents
the structural coherence length. We observed a progressive decrease of the long-range order with
increasing Fe(l11) in the precursor. For the sample prepared with the Fe(ll) precursor the PDF data
shows clear structure up to 50 A, the dampening of the PDF with increasing inter-atomic distances
significantly increases when introducing Fe(l11) with coherence length decreasing to about 20 A

for the sample prepared with Fe(lll).
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Figure 1. a) X-ray diffraction patterns of the samples prepared by varying the Fe precursors from
Fe(11) (blue), equimolar ratio Fe(ll):Fe(l111) (green), and Fe(lll) (red). The orange arrow indicates
the presence of a second phase. PDF is obtained from X-ray total scattering data displaying b)

local r-range 1.5-4 A and c) intermediate-long r-range 4-50 A.

To complement the PDF data we performed microscopy analysis on the samples prepared using
Fe(Il) and Fe(lIll) precursors. First, we verified the inclusion of Mo atoms in the precipitated
samples, by using Energy-dispersive X-ray (EDX) elemental mapping (Figure S1), which shows
that Mo atoms are indeed homogeneously distributed at the particle level.

The sample prepared with the Fe(ll) precursor was found to contain particles with two distinct
sizes: larger than 100 nm and smaller than 50 nm (Figure 2), which could be in line with the
occurrence of a second phase observed by XRD. Electron diffraction performed on several
particles support the presence of two distinct phases with superposed diffraction rings indexed
with Fd-3m and P4332 space groups. The presence of two phases belonging to the above-

mentioned space groups is further corroborated by real-space Rietveld refinement of the PDF data



(Figure S2). The refinement of the dampening of the PDF data also shows two distinct particle
sizes, in good agreement with the XRD and microscopy analyses.

The sample prepared with the Fe(l11) precursor was found to contain only very small particles with
a narrow size distribution of 2-4 nm in diameter. Electron diffraction data for aggregated particles
show diffuse rings, which are often considered to be characteristic of a disordered system (Figure
2b, inset). The HAADF image shows lattice fringes, however, which indicates that these particles
consist of single well crystallized domains. Support for this interpretation comes from the PDF
coherence length, which showed an average domain size of 2 nm. We therefore attribute the diffuse
scattering observed by XRD/ED to the small size of these particles, with additional broadening
possibly due to micro-strains induced by the presence of Mo and vacancies as it will be further

demonstrated.

Figure 2. (a) Bright field TEM image of the sample prepared with Fe(l1). Inset: electron diffraction
indexed with Fd-3m and P4332 space groups. (b) High-resolution HAADF-STEM image on
particles of the sample prepared with Fe(l1l) precursor. Inset: electron diffraction showing diffuse
scattering rings. (c) and (d) Magnified images of the samples prepared using the Fe(11) and Fe(l11)

precursors, respectively.



Structural analysis

S"Fe Mosshauer spectroscopy

To assess the iron oxidation state and local environments, we first used °’Fe Mdsshauer
spectroscopy. Figure 3 shows the Mdssbauer spectra recorded at 300 K of the three samples
prepared from precursors containing iron in different oxidation states. For the sample synthesized
from the Fe(ll) precursor, the spectrum obtained can be refined with a distribution of magnetic
fields with an isomer shift typical of trivalent iron, a paramagnetic doublet and finally an additional
magnetic sextet with a higher isomer shift, of 0.88 mm/s. The latter represents iron in an
intermediate state between Fe(ll) and Fe(lll), and corresponds to the rapid exchange between
divalent and trivalent cations at the octahedral site of the magnetite.*> The reconstruction of the
spectrum points to the presence of around 10% of Fe(ll). The presence of a magnetic field
distribution for most of the magnetic Fe(lll) can result from the presence of a nanoparticle size
distribution or structural defects. The presence of two different phases, evidenced by electron
microscope measurements, cannot be distinguished by Mdssbauer spectroscopy.

The spectrum of the sample prepared from the Fe(lll) precursor shows a quadrupole doublet with
a linewidth of about 0.5 mm/s. This spectral feature is typically observed for paramagnetic species
or for magnetically ordered materials undergoing superparamagnetic relaxation at room
temperature. In the latter case, rather typical when the material is made of particles with sizes lower
than about 50 nm, a doublet is obtained due to the relaxation of the magnetic moments of the
nanoparticles, considered as single domains, under the influence of thermal agitation.3® Isomer
shift and quadrupole splitting, of the order of 0.34 and 0.68 mm/s, respectively, are typical values

for nanoparticles of iron(111) oxides or oxyhydroxides, including maghemite.3?
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The spectrum of the sample synthesized starting from mixed Fe(Il):Fe(lll) precursors can be
interpreted with two components: a distribution of magnetic sextets with hyperfine fields between
30 and 48 T, and a paramagnetic contribution which is simulated using two quadrupole doublets,
with different isomers shifts typical of octahedral and tetrahedral trivalent iron, respectively.

Throughout the series, the evolution of the spectra can be described by the presence of a
superparamagnetic component to which another magnetic component is added and becomes more
and more intense as the proportion of divalent iron in the precursors increases, indicating a gradual
increase of the particle size. Fe(ll) is detected only in the sample obtained from Fe(ll) precursors.
The presence of magnetic field distributions makes it difficult to attribute unequivocally the
contributions of octahedral and tetrahedral sites and their respective proportions, which can be

assessed by x-ray absorption spectroscopy as shown below.
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Figure 3. >’Fe Mossbauer spectra of samples prepared using different iron precursors: from top to

bottom: Fe(l1l), Fe(l):Fe(111) and Fe(ll).

Mo and Fe K-edge X-Ray absorption spectroscopy: XANES
The near-edge structure (XANES) of the XAS spectra at both Fe and Mo K-edges were used to

assess the oxidation state and the local structure, respectively, of both molybdenum and iron
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centers in the synthesized oxides. The Mo K-edge XANES spectra of the three samples are
gathered in Figure 4 (left). Depending on the nature of the precursor, we observed a noticeable
difference in the position of the edge, which reflects variation in the oxidation state of Mo atoms.
On one hand, the sample prepared with Fe(ll) showed an edge position which is almost
superimposed to that of a MoO> reference, indicating the presence of an average oxidation state of
+4. However, a linear combination fit of the XANES signature carried out using MoO; and MoOs
as references for Mo(1V) and Mo(V1), respectively, provides a Mo(IV)/Mo(V1) ratio ~3 (Figure
S3). On the other hand, the introduction of Fe(l1l) is accompanied with an edge position shifted to
higher energies, close to that of MoOs and thus revealing an average oxidation state close to +6.
Concomitantly, the pre-edge peak located at 20007 eV becomes more intense, which is associated
with a 1s—4d transition characteristic of tetrahedral coordinated Mo.34® In the case of the sample
prepared using Fe(l11), this pre-peak became more intense suggesting the presence of a substantial

amount of tetrahedrally coordinated Mo.
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Figure 4. Mo (left) and Fe (right) K-edge XANES spectra of samples prepared using different iron

precursors.
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The Fe-K XANES spectra (Figure 4, right) show a similar variation in Fe oxidation state with the
choice of iron precursor. The XANES signals for the samples prepared from the pure Fe(lll) and
the mixed Fe(Il):Fe(lll) precursors are almost identical with an edge position shifted to higher
energies compared to the sample prepared from pure Fe(ll), indicating a lower average oxidation
state for the latter. A comparison of the XANES signal with well-crystallized bulk hematite and
maghemite references indicates that the samples prepared from the Fe(lll) precursor contain
mostly Fe(lll) (Figure S4). The edge-shape is less defined than that of bulk crystalline materials,
in line with the presence of nanosized/disordered particles. Even though less well defined, the

different edge features (position of the main edge peaks) resemble those of the maghemite sample.

Mo and Fe K-edge X-Ray absorption spectroscopy: EXAFS

The Mo and Fe K-edge extended fine structure EXAFS portions of the XAS spectra, with their
respective Fourier transforms are shown in Figure 5. The Mo K-edge spectra indicating that the
Mo centers reside in very different environments in the different as-grown materials. The first shell
of the sample prepared starting from Fe(l1) precursors is shifted to high distances compared to the
other two samples, in line with the lower oxidation state of the Mo observed in this sample. The
first coordination shells of the samples prepared from Fe(Il):Fe(l11) and pure Fe(lll) precursors
indicates similar bond distances, but different intensity, which may reflect a difference in
coordination number and/or disorder (different Debye-Waller factors). The second shell of the
sample prepared from Fe(ll) precursors is more intense than for the other two samples, indicating
a decrease of the crystallinity in these samples on moving from pure Fe(ll) to pure Fe(lll)

precursors.
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Figure 5. Mo (top) and Fe (bottom) K-edge EXAFS spectra of samples prepared using different

iron precursors (left) and their corresponding phase-uncorrected Fourier transform (right).

More similar short-range environments are observed in the Fe K-edge XANES signatures, where
the first coordination shell varies only slightly between the samples, and the second one decreases
in intensity on going from the sample prepared with the Fe(ll) precursor to that prepared with pure
Fe(ll1). Furthermore, the decrease of this intensity is in line with the observed decrease in

crystallinity in this series of samples.

To obtain more insight on the local structure around the Fe and Mo centers, the EXAFS spectra
were analyzed starting from the simple spinel structure, and considering only oxygen and iron

neighbors in the first and the second shell, respectively. Particular attention was paid to the first
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shell, which was interpreted by assuming the existence of a mixture of octahedral and tetrahedral
coordination, for both Mo and Fe, implying a different number of neighbors and bond distances,
and by fitting the respective population of the two bond sites. The fitting results, detailed in the Sl
section and summarized for the first coordination shell of Mo in Table 1, show that the majority
of Mo occupies octahedral sites in the material obtained starting from Fe(ll) precursors, and that
increasingly populates the tetrahedral sites when the precursors contain increasing amounts of
trivalent iron. The progressive inclusion of Mo(V1) in tetrahedral sites appears in contrast with its
preferred coordination number. Based on the Inorganic Crystal Structure Database (ICSD), Brown
calculated that the average observed coordination number was 4.88 and a predicted coordination
number of 5.2.3 It is therefore expected that Mo(V1) atoms will preferentially adopt coordination
number greater that four.

The iron occupation obtained by fitting the first shell of the Fe K-edge EXAFS spectra (Table 1
and S2) goes in the opposite direction: the relative population of the tetrahedral site by iron ions
decrease on increasing the oxidation state of the precursors, in line with the increase in occupation
of the tetrahedral sites by Mo ions. The global decrease in crystallinity is confirmed by the gradual
increase of the Debye—Waller factors relative to the second coordination shell on going from Fe(l1)

to Fe(l11) precursors.
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Sample Site % R/A ?
precursors
Mo-O4 39(5) 1.72(3)
0.003(2)
Mo-Og 61(5) 1.99(3)
Fe(Il
“h Fe-Os 49(9) 1.89(2)
0.008(2)
Fe-Oe 51(9) 1.99(2)
Mo-Os 85(3) 1.74(4)
0.005(3)
Mo-Os 15(8) 2.03(4)
Felib:Fedlib Fe-O 44(8) 1.89(3)
) ' 0.012(3)
Fe-Og 51(9) 1.97(2)
Mo-Os 95(3) 1.75(2)
0.005(3)
el Mo-Oe 5(3) 2.05(3)
e
Fe-Os 34(9) 1.89(3)
0.008(2)
Fe-Og 66(9) 1.96(2)

Table 1. Repartition of Mo and Fe in tetrahedral and octahedral sites in the studied materials

obtained by refining the first coordination shell of the Mo and Fe K-edge EXAFS spectra.

PDF refinement of the disordered spinel prepared with Fe(ll1) precursor

The above results show that the sample prepared with Fe(l11) consists of a pure single phase of
ultra-small crystallized particles. The absence of Bragg peaks precludes the use of conventional
XRD, making this material a text book case for solving its complex nanostructure, known as the
“nanostructure problem”’. In the so-called complex modelling, a self-consistent methodology
consists of gathering various structural information provided by different measurements to build a
model capturing all the key features spanning phase composition to local-, intermediate-range
orders.3® We herein attempted to describe the atomic structure of such compound, by refining a

starting model built from the phase composition and the local structure provided by XAS to the
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PDF data that includes local- and intermediate-range orders. The results of the fits were
qualitatively assessed using the reliability factor Ru.

At first, the phase composition was primary determined assuming that the substitution of one Fe'"
by one MoV! was compensated by the formation of one vacancy according to Feg/-2«Mox1/34xOa.
The Mo/Fe molar ratio determined by EDX was 0.21(2) yielding Fe1.879M00.39400.72704. Note that
this chemical composition was proposed to match electroneutrality and therefore does not take into
account the standard deviation that need to be apply on the nominal composition.

We started by using the Fd-3m space group, as a structural model with Mo and Fe atoms distributed
according to the previously discussed EXAFS results. Considering the phase composition and
EXAFS data together, we considered the following model
(Mog 373Feq 637) 18 (M0g 921 Feq 242)110410,, where the 8a and 16b Wyckoff positions are the
tetrahedral and octahedral cation sites, respectively. The refinement of the tetrahedral site
occupancy confirmed that it is fully occupied ruling out tetrahedral vacancies. The final fit only
partially reproduces the experimental PDF features with a relatively high reliability factor Rw of
37.7 % (shown in Figure 6a). Because this model uses the Fd-3m space group, the refinement
cannot capture local structure effects such as those due to vacancy ordering, as has been suggested
by Lappas et al.®. To allow for this effect, we next considered a lower symmetry space group

(P4332) for the refinement model. In the P4332 structure, there is one tetrahedral site (8c Wyckoff

site) and two non-equivalent octahedral sites (4b and 12d Wyckoff sites) with the cationic
vacancies being preferentially located on the 4b site, i.e., (Fe0_33D0.66)([f§’].4° For this refinement,
our previous model was adjusted to

(Mog 373Feq 637) 8 (Feg 3300.66) P  (M0g 921 Fe 912)110%10,. The additional refinement of the

4b site occupancy improved the fit to the data, resulting in the absence of atoms within this site.
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Moreover, we attempted to refine the Mo/Fe occupancy. This resulted in high estimated standard
deviation suggesting that it is poorly sensitive to the Mo/Fe occupancy, probably due to the limited
range order. The final fit shown in Figure 6b, resulted in a much better agreement with the

experimental data (Rw = 23.9 % vs. 37.7 % for the Fd-3m model) highlighting a vacancy ordering.
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Figure 6. Refinements of the PDF data of the sample prepared with Fe(l11) precursor using a) Fd-

3m and b) P4332 space group as structural models.

DFT-calculations

As stated above, in inorganic structure it is expected that Mo(V1) atoms will preferentially adopt
coordination number greater that four. To better understand both the thermodynamic site

preference of Mo(VI) and the structural impact of Mo inclusion within the spinel structure, we

19



used Density Functional Theory (DFT). We first assessed the thermodynamic site preference of a
Mo(VI) dopant in Fe,Os. We calculated the formation energy of all possible Mog, defects in the
vacancy ordered P412:2 structure.*! The relative energies of each defect as a function of Fermi
level are plotted in Figure 7. Our calculations predict that Mo preferentially occupies octahedral
rather than tetrahedral sites under all chemical conditions (at all Fermi energies), in agreement

with the expected coordination number3®,
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Figure 7. Relative formation energies of all possible Mog, defects in vacancy ordered Fe2Og,

where formation energies of all defects are reported relative to the lowest energy defect at Er = 0.

The local coordination around lowest energy Mo’ and Mo'; defects with a charge of +3, i.e.,
Mo'F'e' (corresponding to Mo(V1) occupying an Fe(l11) site) are shown in Figure 8 compared to the

local structure around Fe in the defect-free cell. There is a clear distortion of ideal octahedral and
tetrahedral symmetry both before and after Mo insertion. The increased positive charge of the Mo

relative to Fe causes the oxygen ions to contract around it. This trend is in good agreement with
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the experimental data obtained by EXAFS fitting with average distances of 1.75 A for Mo-O4 (vs.

1.77 A from DFT) and 1.89 A for Fe-Ox (vs. 1.88 A from DFT).

1.76 1.81 1.85 1.92
1.78 1.75 1.91 1.85
1.92 2.01
1.89 1.93 1.96 1.92
2.07 212 2.14 2.07
1.95 2.01

Figure 8. Local coordination environments around Mo, defects (shown in orange) for both the

lowest energy octahedral and tetrahedral defect calculated from DFT, also shown is the local
coordination environment around the Fe that occupies the same site in the pristine structure (shown

in blue) all distances are given in Angstroms.

Discussion

The composition of the crystallization solution tuned by means of the iron oxidation state precursor
was shown to greatly influence the chemistry of the as-grown materials. For Mo atoms, the
oxidation state varies in the final materials with Mo'V/MoV' when using Fe(ll) to Mo"! when
introducing Fe(l11) precursor. That being said, the oxidation state of the Mo precursor (MoCls),
that is +V, is not recovered in the final material. Moreover, only the sample prepared with Fe(ll)
precursor contains Fe(ll) and only in a small proportion (10 %). According to standard potentials,
Fe?* and Mo®" ions can be oxidized by O, (E°(Fe3*/Fe?"): 0.77 V, E°(Mo®"/M0°"): 0.43 V vs. NHE,

E°(O2/H20): 1.23 V vs. NHE). The presence of reduced Mo(1V) is therefore counter-intuitive with
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the chemistry of the crystallizing solution. Rellan-Pifieiro et al*?, however, have shown that two
Mo(V) could disproportionate to Mo(VI) and Mo(IV) centers because the later reaction is
energetically neutral, providing a possible explanation for the reduced state of Mo atoms.

We further underlined that the solution chemistry affects the growth of the particles with sizes
ranging from 40-100 nm with Fe(Il) precursor to 2-4 nm with Fe(lll). Additionally, we observed
a variation of the cation distribution in tetrahedral and octahedral sites of the spinel structure: the
relative population of the tetrahedral site by iron ions decrease on increasing the oxidation state of
the precursors and concomitantly, the occupation of the tetrahedral sites by Mo ions increases.
There seems to be a relationship between the particle size and the coordination mode of Mo(V1).
Tetrahedral vacancies are known to be reactive species at the surface of iron oxide nanoparticles,
further promoting growth.*81” We hypothesized that populating tetrahedral sites with Mo(VI) can
affect the growth of the particles by blocking these reactive sites. To support our hypothesis, we
conducted a synthesis using an equimolar ratio of Fe(ll) and Fe(lll) without Mo. The synthetized
product appears to be well crystallized in contract with the material prepared with Mo (Figure S7).
Further insight into the role of Mo ions on the growth of nanoparticles were obtained by comparing
the PDF data obtained on the sample prepared with and without Mo ions (Figure 9). Notably, it
shows that the presence of Mo ions induced shorter inter-atomic distances (Figure 9a), in good
agreement with DFT-calculations, further emphasizing a contraction of the crystalline lattice.
Moreover, the occurrence of distinct PDF features at long-range order (Figure 9b), i.e., r> 15 A,
for the sample prepared without Mo ions, is indicative of larger particles, further supporting the
impact of Mo ions in the growth of iron oxide nanoparticles. Accordingly, we concluded that the
synthetized compound featuring Mo(V1) in tetrahedral sites affects the growth of the particles so

that the structure can be considered “kinetically trapped”.*® Overall, our findings appear to be
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particularly interesting to better describe the chemistry of nucleation of complex systems, which
might be used to better understand non-classical nucleation models.'? The results highlight the
interplay between the chemistry of crystallization solution and the structural features of the formed

material.
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Figure 9. PDF data obtained for the sample prepared with and without Mo ions: a) local r-range

1.5-4 A and b) intermediate-long r-range 4-30 A.

CONCLUSION

Solution chemistry was shown to have a strong impact on the compositional/structural and
morphological aspects of Mo-substituted iron oxide nanoparticles. By tuning the nature of the Fe
precursor on going from Fe(ll) to an equimolar ratio of Fe(Il):Fe(lll), and lastly to Fe(lll), a
progressive decrease of the atomic-range order was observed, associated with the contraction of
the particle size when introducing Fe(ll1). Moving from Fe(ll) to Fe(lll) precursors induces a
variation of the cation distribution in tetrahedral and octahedral sites of the spinel structure: the
relative population of the tetrahedral site by iron ions decrease on increasing the oxidation state of
the precursors and concomitantly, the occupation of the tetrahedral sites by Mo ions increases. The

occupancy of Mo ions within the tetrahedral site is kinetically driven and hypothesized to be
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responsible for the stabilization of small particles by blocking reactive sites, as further supported

by a blank experiment without Mo ions.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Synthesis. The synthesis method employed was adapted from the protocol previously proposed
by Hahn et al?%. The nominal molar ratio Mo/Fe was fixed to 0.19 and the molar quantity of cations
were 8.10* mol for Mo and 4.17.10° mol for Fe. In a typical experiment, molybdenum chloride
(MoCls, Sigma-Aldrich, 95 %) and ferrous chloride (FeCl2.4H,0, Sigma-Aldrich, 100 %) were
dissolved in 15 mL of absolute ethanol. Ferric chloride (Sigma-Aldrich, 97 %) was dissolved in
10 mL of deionized water. The two solutions were then mixed together and 3.45 mL of N,N-
diethylethanamine ((C2Hs)3N, Sigma-Aldrich, 98 %) was added. The solution was then put in
autoclave and heated at 90°C for 12 hours, washed several times with a mixture of deionized water
and absolute ethanol, and the resulting powders were finally dried at 100°C for 4 hours prior to
any characterizations. In a typical synthesis, around 400 mg of powder was obtained.

X-ray diffraction (XRD) and Transmission Electron Microscopy (TEM) analyses. Powder
XRD patterns were recorded on PANalytical X Pert (Co-Ka or Cu-Kay radiations) diffractometers
in a Bragg—Brentano geometry (6-26).

TEM analysis was performed using a JEM ARM200F FEG double aberration corrected
microscope operated at 200 kV, equipped with CENTURIO EDX detector and GIF Quantum. The
sample was prepared in a glove box by suspending the powder in methanol and deposited it on
holey carbon Cu grid. Afterwards the grid was immediately transport inside the microscope.
Mossbauer spectroscopy. The °’Fe Mdssbauer spectra were measured at room temperature (293

K) with a >’Co/Rh source and a Kr gas proportional counter. The spectrometer was operated with
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a triangular velocity waveform and the spectra were fitted with superpositions of appropriate sets
of Lorentzian lines using the PC-MOS computer program.** The resulting parameters such as the
magnetic hyperfine field Bny, the electric quadrupole splitting A, the isomer shift & (given relative
to a-Fe), and the resonance area in percent of the total iron are listed in Table S3.

X-ray absorption spectroscopy. Fe and Mo K-edge X-ray absorption spectroscopy (XAS) data
were collected at room temperature at the beamline ROCK, Synchrotron SOLEIL (France) on self-
supported pellets of the measured materials of appropriate thickness. Extended X-ray absorption
Fine Structure (EXAFS) spectra were extracted with the standard procedure using Athena and
fitted using Artemis, both programs being included in the Demeter software package.*® Fourier
transforms of EXAFS oscillations were carried out from 0.25 to 1.1 nm™' using a sine window.
Fitting was performed in the R-range from 0.1 to 0.35 nm using k*, k? and k3weights.

Pair Distribution Function (PDF) analysis. High energy X-ray data were collected at the 11-ID-
B station at the Advanced Photon Source (Argonne National Laboratory). After corrections
(background and Compton scattering), PDFs were extracted from the data using PDFgetX2
sofware.*® Refinements of the PDF data were performed using PDFgui.*’ The quality of the
refinement is quantified by the reliability factor weighted R-value, denoted as Rw. The R-value
describes the difference between the experimental observation (data) and the calculated value (fit)

for a single data point. The Ry is the R-value weighted for data point i, and is given by the formula:

R = Zfil W(ri) [Gobs(ri) - C}(:alc(rz‘)]2
" ZX w(r) Gops ()

with G, and G, being the observed (data) and calculated (fit) PDF and w(ri) the weight for

each data point.
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Computational methods. Density functional theory (DFT) calculations were performed using
VASP.%%0valence electrons were described by a plane-wave basis with a kinetic energy cut-off
of 520 eV, this was increased to 700 eV for any calculations which allowed cell volume to vary,
minimising errors arising due to Pulay stress.®! Interactions between core and valence electrons
were described using the projector augmented wave (PAW) method,>>° with valence electron
configurations of 4p® 5s? 4d* for Mo, 2s? 2p* for O, and 3p® 3d” 4s! for Fe. Calculations used the
generalized gradient approximation functional PBEsol®*, with a Dudarev +U correction applied to
the Fe and Mo d states® (Ure = 5.3eV, Uwmo = 4.38eV)%. All calculations were spin-polarised;
magnetic moments on tetrahedral Fe were initialised in the opposite direction to those on
octahedral Fe, to describe the ferrimagnetic behaviour of Fe,03.%’

Mog, defect formation energies (AEM°F®) are calculated according to

AEf'T = Epol™® — Eqi®® = Mupe + Ay + q(Ep + Egoi®) + Edorr (1)
where EMOFe is the total energy of a calculation containing one Moy, defect, EF§292 is the total
energy of the host material, Aug. and Auy,are the chemical potentials of Fe and Mo respectively,

q is the defect charge state, Er is the Fermi energy aligned to the valence band maximum of the

host cell E5S203 and EZ ., is a correction term account for finite-cell effects.*®%° The formation

energies of Mo, defects are calculated for all integer charge states between Moy, and Moy, DFT
calculation inputs and outputs, are available in the associated dataset. Here we are interested in the
relative energies of defect formation at octahedral and tetrahedral sites, rather than calculating
defect formation energy as a function of atomic chemical potential. We therefore calculated
formation energies relative to the lowest energy More defect and treated the Fermi energy as a free

parameter.
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DFT calculation inputs and outputs are available in the associated dataset.®* This analysis used the
open-source python packages Numpy®?, Pymatgen®®, Matplotlib®, Scipy®, vasppy®® and a Python
implementation of the Fortran code sc-Fermi®’, which is available at Ref .

ASSOCIATED CONTENT

Supporting Information. HAADF-STEM images and EDX elemental mapping, PDF refinement,
XANES spectra of reference samples, Mo and Fe K-edge XAS fitting procedure and
corresponding fits, °’Fe hyperfine parameters obtained by fitting the >'Fe Mdssbauer data.
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Figure S1. HAADF-STEM images of an isolated particle and corresponding EDX elemental mapping for Mo Land
Fe K on the samples prepared with Fe(ll) and Fe(lll) precursors.
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Figure S2. Refinement of the PDF data of the sample prepared with Fe(ll) using a two-phase model based on Fd-
3m and P4332 space groups.
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Figure S3. Top: comparison of the XANES signatures of the three samples obtained with different Fe precursors
with the experimental spectra of MoO, and MoOs references. Bottom: linear combination fit of the XANES
spectrum of the sample obtained starting from Fe(ll) carried out using the spectra of MoO, and MoOs as references
for Mo(1V) and Mo( V1), respectively, which provides a Mo(IV)/Mo(V1) ratio of content of about 3.
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Figure S4. Comparison of the XANES signatures of the sample obtained with the Fe(lll) precursor with the
experimental spectra of hematite and maghemite references.
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Mo and Fe K-edge XAS fitting procedure

The two series of spectra were fitted in the R space in the range 1.0-3.5 A using the following approach
for both Mo and Fe K-edge spectra:

The first shell, between 1 and 2 A, was divided in two contributions. The first contributions,
including 4 oxygen neighbors, was set at a distance of about 1.8 A, whereas the second one,
including 6 oxygen neighbors, was set at a distance of 2.0 A. The sum of the relative intensities of
the two contributions was set equal to the value of the amplitude factor So?, which was previously
determined to be 0.8 and 0.75 for the Mo and Fe K-edge spectra by fitting the experimental
spectrum of a reference material (crystalline MoOz and a-Fe2Os, respectively) measured in the
same conditions. The o? Debye-Waller factor was fitted to an identical value for both
contributions.

The second shell, between 2 and 3.5 A was fitted in a simplified manner considering only the
contributions of two Fe neighbors at different distances. Considering that, in the theoretical
spectrum of spinels, octahedral iron centers are surrounded by 6 Fe neighbors at about 3 A and 6
more at 3.45 A, whereas tetrahedral iron centers are only surrounded by 12 neighbors at 3.45 A,
the relative intensity of the first contribution was set equal to that of octahedral Fe-Oj sites, and
that of the second contribution to the weighted average between the intensities of octahedral and
tetrahedral first-shell Fe-On, sites. The o2 Debye-Waller factor was fitted to an identical value for
both contributions.

The results of the fittings are shown in Figure S5 and S6, and the corresponding fitting parameters reported
in Tables S1 and S2 for the Mo and Fe K-edges, respectively.
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Sample Site S? % R/A o
precursors
Mo-O, 0.31(4) 39(5) 1.72(3) 0.003(2)
Fe(ll) Mo-Os 0.49(4) 61(5) 1.99(3)
Mo-Feg 0.49(4) - 3.14(4)
0.006(2)
Mo-Fei, 0.4(1) - 3.46(4)
Mo-O, 0.68(6) 85(8) 1.74(4) 0.005(3)
Mo-Os 0.12(6) 15(8) 2.03(4)
Fe(I1):Fe(111)
Mo-Feg 0.12(6) - 3.17(7)
0.006(5)
Mo-Fey, 0.07(5) - 3.51(7)
Mo-Os 0.77(2) 95(3) 1.75(2) 0.005(3)
Fe(lll) Mo-Os 0.03(2) 5(3) 2.05(3)
Mo-Fes 0.03(2) - 2.82(5)
0.006(5)
Mo-Fer, 0.02(2) - 3.3(1)

Table S1. Fitting parameters obtained by refining the Mo K-edge EXAFS spectra of the samples prepared using
different iron precursors.
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Figure S5. Fits of the Mo K-edge EXAFS spectra of the samples prepared using different iron precursors (left).

S6



Sample

Drecursors Site Se? % R/A o2

Fe-O4 0.37(7) 49(9) 1.89(2) 0.008(2)

Fe(ll) Fe-O¢ 0.38(7) 51(9) 1.99(2)
Fe-Fes 0.38(8) - 2.98(2) 0.012(3
Fe-Fei, 0.56(8) - 3.44(2)
Fe-O4 0.33(6) 44(8) 1.89(3) 0.007(2)
Fe-O¢ 0.42(6) 56(8) 1.97(2)

Fe(11):Fe(l11)

Fe-Fes 0.42(6) - 2.99(2) 0.015(3
Fe-Fery 0.53(6) - 3.41(3)
Fe-O4 0.23(7) 34(9) 1.89(3) 0.008(2)

Fe(lll) Fe-Os 0.52(7) 66(9) 1.96(2)
Fe-Fes 0.52(7) - 3.02(2) 0.015(3
Fe-Fery 0.49(7) - 3.39(3)

Table S2. Fitting parameters obtained by refining the Fe K-edge EXAFS spectra of the samples prepared using
different iron precursors.
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Figure S6. Fits of the Fe K-edge EXAFS spectra of the samples prepared using different iron precursors.

S8



prse?:Trpslc()ars Site Bnt (T) A (mm/s) S (mm/s) Area (%)

Fe(l1) - 0.62(2) 0.33(1) 15(2)

Fe(11) Fe25* sextet 40(1) 0.00 0.88(2) 20(2)
Fe(111) distr. 30-48 0.00 0.35(2) 65(3)

Fe(I1) Tq - 0.48(5) 0.25(1) 16(2)

Fe(11):Fe(111) Fe(Il1) Oy - 0.65(4) 0.33(2) 15(3)
Fe(I11) distr. 30-48 0.00 0.33(1) 69(3)

Fe(l11) Fe(Il) - 0.68(1) 0.34(1) 100

Table S3. *’Fe hyperfine parameters obtained by fitting the 57Fe Mdssbauer spectra at room temperature of the
samples prepared using different iron precursors.
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Figure S7. XRD patterns of the samples prepared with and without Mo. The samples were synthetized using an
equimolar ratio of Fe(ll) and Fe(lll).
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