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Understanding the microstructure in heterostructured nanoparticles is crucial to harnessing 

their functional properties. Although microscopy methods are ideal for this purpose, they 
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typically allow analyzing only a few nanoparticles. Thus, there is an increasing need for 

structural methods which take the whole sample into account, giving averaged information of 

the material. Here we present a novel bulk approach based on the systematic analysis of X-ray 

powder diffraction patterns. The temporal evolution of the microstructure of FeO/Fe3O4 

core/shell nanocubes has been studied by synchrotron X-ray powder diffraction at different 

time intervals (over a four-year period). The corresponding diffraction patterns have been 

carefully analyzed by combining whole powder pattern modeling, Rietveld and pair 

distribution function approaches. The results indicate that a two-phase approach (i.e., FeO and 

Fe3O4) is not sufficient to successfully fit the data and two additional interface phases (FeO 

and Fe3O4) are needed to obtain satisfactory fits. Thus, the sample is modeled as a Fe3O4-

outer shell/Fe3O4-inner shell/FeO-outer core/FeO-inner core onion-type structure. The 

analysis shows that the Fe3O4 phases grow to some extent (1 nm in thickness) with time at 

the expense of the FeO core. Moreover, the FeO core progressively changes its stoichiometry 

to accommodate more oxygen. The temporal evolution of the parameters indicates that the 

structure of the FeO/Fe3O4 nanocubes is rather stable (in concordance with the passivation 

layer role of Fe3O4), although the exact interface structure may slightly evolve with time. This 

novel approach paves the way for average studies of interfaces in different kinds of 

heterostructured nanoparticles, particularly in cases where spectroscopic methods may have 

some limitations (e.g., different oxidation states of the same ion or polymorphs of the same 

phase). 

 

 

 

 

1. Introduction 
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The interest in hybrid structures comprising two (or more) inorganic materials is continuously 

rising. The different properties of the constituents (e.g., catalytic, optic, magnetic, or 

biomedical) confers the material a multifunctional character, often with unique and enhanced 

properties, which can be accurately controlled by the growth parameters (i.e., size, shape and 

material composition).[1–3] In this type of materials, interfaces are of particular relevance since 

not only do they determine the growth of the parts, but they can also be used as an additional 

parameter to tune the properties through interface interactions.[4–7] In particular, interface 

diffusion, i.e., intermixing, may have significant consequences in the overall properties of the 

materials.[8–11] However, despite the great potential of this type of structures, the structural 

characterization of interfaces at the nanoscale remains a challenge. Although transmission 

electron microscopy (TEM) and scanning TEM (STEM) imaging, particularly when 

combined with electron energy loss spectroscopy (EELS) analysis, can give an accurate 

account of the morphology and composition of the particles,[12–14] they have the drawback that 

typically only a small number of particles can be analyzed. Thus, novel approaches to 

investigate the structure of core/shell nanoparticles using “bulk” methods are being proposed, 

such as anomalous small angle X-ray scattering (ASAXS),[15] X-ray magnetic circular 

dichroism (XMCD)[16] or resonant inelastic X-ray spectroscopy (RIXS) with MCD analysis.[8] 

However, when only one type of ion is involved in the structure (e.g., different oxidation 

states of the same ion, e.g., FeO/Fe3O4 core/shell nanoparticles[17] or different polymorphs of 

the same compound, e.g. -Fe2O3 vs. -Fe2O3
[18]) the characterization by STEM-EELS, RIXS-

MCD or ASAXS remains rather complex. This stems from the fact that in spectroscopy-based 

methods it may not be straightforward to separate the contribution of the different oxidations 

states/polymorphs of the same ion, although the appropriate fitting of the spectra can give 

valuable information.[19,20] Interestingly, since diffraction methods are sensitive to the 

crystalline structures rather than to the oxidation states (e.g., while FeO has a rock salt 
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structure, Fe3O4 is a cubic spinel), they may offer renewed potential for the analysis of hybrid 

nanoparticles. 

Here we demonstrate that the in-depth analysis of the X-ray powder diffraction (XRD) 

of heterostructured nanoparticles can give insightful information about the 

microstructure of the system. As a case of study, the time evolution (over several 

years) of the interface between FeO and Fe3O4 in FeO/Fe3O4 core/shell nanoparticles 

has been quantitatively analyzed by combining X-ray synchrotron diffraction 

techniques as Whole Powder Pattern Modelling (WPPM), Rietveld refinement and Pair 

Distribution Function (PDF). The results confirm the passivation-layer role of the 

Fe3O4 surface layer and evidence the presence of a prominent interface (probably with 

an oxygen gradient) between the FeO core and the Fe3O4 shell. 

Note that FeO/Fe3O4 core/shell nanoparticles are a subject of considerable current interest 

both due to their appealing magnetic properties (e.g., tunable exchange bias or the presence of 

both a Néel and a Verwey transitions)[17,21] and their potential applications (e.g., magnetic 

hyperthermia, magnetic bioassays, microwave absorbers, anode materials for Li-ion batteries 

or solar hydrogen production via water-splitting).[22–27] 

 

2. Results and discussion 

 

As can be seen in Figure 1a and b (and Figure S1) the as-synthesized nanoparticles 

(sample NC2013) exhibit a clear cubic-like morphology with an average edge length of 

32 nm and a narrow particle size-shape distribution (standard deviation,  = 3 nm; log-

norm polydispersity index of 0.1), typical of nanoparticles synthesized by thermal 

decomposition. Note that the characteristic shape is the result of the selective binding 

of oleate ligands into {100} facets in a synthesis with a thermodynamic control growth 

regime.[28]  
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Typical lattice fringes from wüstite and magnetite can be observed in the core and the 

shell of the particle, respectively. Families of planes with an interplanar distance of 

2.18 Å and 2.94 Å can be attributed to the (200) and (220) planes of FeO and Fe3O4, 

respectively (Figure 1c), as confirmed by the Fast Fourier Transforms of the image, 

where FeO and Fe3O4 spots can be identified (Figure 1d). Importantly, the  

particles are clearly separated from each other due to the surfactant capping layer 

composed of oleic acid and oleate molecules, which leads to an interparticle space of 

3-4 nm. 

The X-ray synchrotron diffraction profiles of the sample measured at different times 

can be indexed by rock salt (w) and cubic spinel (m) peaks (Figure 2), consistent with 

the expected FeO and Fe3O4 phases, respectively. Moreover, it can be seen that the relative 

amount of Fe3O4 increases with time (as most clearly seen by the relative intensity of the 

(442)m and (022)w peaks at about 4.2 Å-1; highlighted in light blue in Figure 2). For the 

NC2013 sample a small Fe impurity can be observed in the pattern (~3 % in weight), which 

probably arises from the early stages of the FeO disproportionation (4FeO  Fe + Fe3O4), 

which quickly oxidizes to Fe3O4.  

It is well-known that bulk FeO is not stable and it oxidizes to Fe3O4 or γ-Fe2O3.[29] 

However, in nanoparticle form usually the surface oxidation of FeO to Fe3O4 results in 

a passivation layer, which to a certain extent prevents, or at least slows down, the full 

oxidation of the particles. This leads to the characteristic FeO/Fe3O4 core/shell structure 

in this system, both in cubic[14,17,21,30,31] and spherical[22,32–34] morphologies, and in similar 

systems (i.e., rock salt/spinel).[35–38]  Note that oxidation of FeO towards Fe3O4 seems to be 

more pronounced in spherical particles than in cubic ones.[32,33,39] The transformation of 

wüstite (FexO) to magnetite (Fe3O4) occurs through topotaxial growth over shared planes of 

both iron oxide phases.[31,38] The oxidation starts with the adsorption of oxygen on the FexO 

surface leading to an inward oxygen potential gradient and an outward diffusion of Fe(II) 
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cations. The wüstite-to-magnetite phase transformation starts with the generation of an 

interface featured by the rearrangement of the cations through the two phases maintaining a 

simple topotaxial orientation relationship[40] between the (200)w//(400) m and (220)w //(440)m 

planes.[31] Taking advantage of the equivalent fcc O2- sublattice in both structures, the 

octahedral sublattice is extended over the equivalent planes of the both phases, where the 

topotaxial transformation occurs. Subsequently, an inward displacement of the wüstite-

magnetite interface takes place, preserving the orientation of the two phases,[41] so that the 

homogeneous and long-range order structure in these directions is maintained. Conversely, 

new tetrahedral order is generated accommodating Fe(III) cations and creating new family 

planes characteristic of magnetite, e.g. (220). These magnetite planes which are not shared 

with the wüstite structure are constrained in the shell region, leading to dislocations and 

antiphase boundaries at the interface. As the oxidation process continues the subsequent 

evolution occurs in a non-homogenous manner into the particles, forming small subdomains 

with the presence of a high number of defects. This forces the creation of  a substantial 

number of crystallite boundaries[41], leading the formation of a mosaic texture which explains 

the limited structural coherence in the XRD patterns, which do not resemble those of a pure 

magnetite structure. 

In the particular case of FeO/Fe3O4, the formation of antiphase boundaries has been reported 

to occur during the topotaxial formation of Fe3O4, which may stabilize the core/shell 

structure, inhibiting the full oxidation of the nanoparticles.[31] Closer inspection at the 

individual peaks (even those pertaining only to rock salt or cubic inverse spinel) 

reveals that the shape of the peaks does not display a symmetrical peak shape. This 

hints that the peaks (even those pertaining to a single phase) are heavily affected by 

size and shape of the crystallites. For this reason, reciprocal-space Whole Powder Pattern 

Modelling[42] (WPPM) was chosen to perform the structural study of our system, where size, 

shape and strain of the crystallites can be modelled. WPPM is particularly suited to deal 
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with small crystallites when these parameters need to be taken into account. Note that 

although real-space methods, like Debye function analysis, are being increasingly 

applied for the analysis of microstructural parameters[43], they are far from ideal for 

large particles like ours since calculating the Debye scattering equation, especially 

when defects are present, can be extremely time consuming.[44] 

For the modelling, first a NIST SRM Si 640d reference sample was refined to obtain a 

parametric description of the Instrumental Profile (IP), which corrects the main aberrations 

affecting XRD powder profiles. Note that this is important to guarantee that only the 

contribution related to the sample (size, shape and strain) are being analyzed. The 

instrumental profile was modelled using a pseudo-Voigt function. The parameters of the 

instrumental function were then kept fixed for all the modelling procedure. In addition, a 

profile measured with an empty capillary was subtracted from all the profiles of the samples, 

again to guarantee that only contributions related to the structural features of the studied 

nanosystem are being considered in the study. However, attempts to fit the whole pattern 

with only two phases (FeO and Fe3O4) result in rather large errors (see Figure 3a). Note 

that it is well-known that different crystallite shapes[42,45] and strain[46,47] can lead to a peak 

asymmetry. Thus, to account for this effect, crystallites of different shapes (e.g., cubic and 

spherical) with a strain model were tried for the FeO and Fe3O4 phases in the WPPM analysis. 

Nevertheless, the two-phase model could not account for the experimental pattern even when 

considering the crystallite shape and strain. On the other hand, based on the structure of the 

particle and the oxidation process of FeO (see above), it is plausible to assume that there 

exists an interface layer, with structural parameters (e.g., lattice parameter) slightly different 

from those of the core or shell counterparts, which contributes sufficiently to the XRD to 

distort the shape of the peaks, also contributing to its asymmetry. Note that given the 

relatively large size of the particles, the contribution to the XRD pattern of a thin intermediate 

layer may be not at all negligible. Besides, given the analogous TEM microstructure reported 
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for cubic FeO/Fe3O4 nanoparticles in the 20-50 nm range,[2,17,27,28,48] one may expect similar 

interface layers to form for a range of nanoparticle sizes. Thus, we refined the profile by 

introducing one additional cubic spinel phase (similar to what has been proposed by Pichon et 

al.)[30], so a total of three phases was considered: the original Fe3O4 phase, the FeO phase and 

a second Fe3O4 phase. However, although the fits certainly improved, the results were still not 

satisfactory (see Figure 3b). With the introduction of a second wüstite phase the modelling 

clearly improved, as can be seen in Figures 3c and S2. Hence, the final analysis was 

performed using two cubic spinel and two wüstite phases, which results in a reasonable fit (as 

evidenced by the small difference between the experimental and the fit data). It is important to 

point out that the inclusion of additional phases did not significantly improve quality of the 

fit. Consequently, four phases were chosen to avoid “overfitting” the experimental data. The 

phases are termed as Fe3O4-outer shell/Fe3O4-inner shell/FeO-outer core/FeO-inner 

core, i.e., forming stacking layers of a nanocube in an onion-type structure. Namely, we 

assign each of the four fitted phases to a specific layer in the onion-structure considering that 

each layer is not a slab but that it is composed of crystallites (see Figure 3d). To carry out 

the analysis of the evolution of the microstructure, first WPPM was used taking into 

account the four layers, in an “onion-type” structure. For the modelling, it was 

assumed that each phase was composed of spherical crystallites with a log-normal size 

distribution. For the refinements, the cell parameters for the Fe3O4 phases were 

allowed to vary ± 10 % from the values obtained from a previous work with similar 

nanocubes.[17] Note that this was adopted since Fe3O4 is very stable and its cell 

parameter is not expected to vary greatly. The main values obtained from the WPPM 

analysis are presented in Table 1 and Figure 4. 

From Figure 4 and Table 1 it can be seen that most of the parameters of the structure 

evolve with time. For example, the cell parameters of the two FeO phases are markedly 

different and present a clear temporal evolution. It is well-known that the cell 
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parameter of FeO depends strongly on the oxygen content, FexO. In fact, in bulk it has 

been demonstrated that the lattice parameter can be used to calculate the iron content 

(x) for the FexO phase, using the 0.3856+0.0478·x relation.[49] The results indicate in 

the fresh sample, that FeO core is close to stoichiometric FeO, Fe0.92O, while the outer 

core has a composition of Fe0.79O. The use of two phases for wüstite evidences the 

oxidation mechanism of FeO where there is a diffusion of vacancies towards the 

interface between wüstite and magnetite and cations towards the core center.[30,37,38] In 

fact, we used the different oxidation degree of the FeO phases to assign the one closer 

to stoichiometric FeO to the inner core. Moreover, as times advances both FeO phases 

become oxidized leading to stoichiometries further away from FeO and closer to Fe3O4 

(although preserving the rock salt structure). These results seem to indicate that the 

oxidation of the FeO core evolves slowly inwards from the surface. Indeed, the 

temporal evolution tends to diminish the cell parameter of both FeO phases, thus, the 

cell mismatch at the FeO/Fe3O4 interphase (i.e., from 0.86% to 0.52% for the outer 

FeO core and inner Fe3O4 shell). This effect can be ascribed to the formation of a 

graded interface between the inner core and outer Fe3O4 shell which should reduce the 

defects formed during the topotaxial transformation. 

When evaluating the crystallite sizes of the FeO phases (Table 1 and insets in Figure 

4), it can be seen that while the size of the FeO inner core becomes progressively 

smaller, the one for the outer core increases. The change in stoichiometry and size of 

the outer FeO core probably indicates that this interface layer is evolving to eventually 

become Fe3O4. Thus, probably this phase tends to follow the structure of Fe3O4 inner 

shell rather than the one of the inner FeO core. However, given the unusual shape of 

the phases, crystallite sizes can be misleading to fully characterize the shell(s) 

morphology. Thus, using cell parameters values and relative intensities from WPPM as 

starting parameters, Rietveld refinement was applied to the X-ray synchrotron 
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diffraction data to quantify the weight percent of each phase and refine cell parameters 

and a global atomic displacement factors (see Table S1). From the weight percent (V) 

and assuming a cube with different shells (Figure 3d), it is possible to estimate a 

thickness, ti, of each phase (see Table 2, calculated using a total edge length of 32 nm, 

as obtained from TEM). 

For the FeO inner core, when comparing the crystallite size (D) with its thickness 

(2×tFeO_IC) it can be seen that in the fresh sample they are similar. Note that the 

difference between both values can be partially accounted by the number- vs. volume-

weighted character of the TEM and XRD data, respectively.[50]. However, as time 

progresses the crystallite size becomes smaller, while the thickness remains roughly 

constant. This indicates that in the fresh sample the inner core was highly crystalline, 

which breaks into smaller crystallites as a result of the oxygen penetration, although 

the whole volume of this phase remains essentially unaltered. The constrained 

oxidation of the spinel phase over the pre-existing FeO structure occurs through the 

concomitant increase of the elastic strain, forming dislocations that move and assemble 

as the reaction progresses, destroying the crystallinity of the pristine FeO phase. For 

the outer FeO core, the crystallite size increases followed by a thickness increase with 

time. This tentatively implies that the outer FeO core phase is structurally more 

ordered with time. Moreover, its stoichiometry, close to that of Fe3O4, may indicate 

that the outer FeO core may be close to becoming Fe3O4. Overall, the volume of the 

FeO structure (inner + outer core) decreases indicating that the Fe3O4 shell part must 

be growing as a consequence of the oxidation process at the expense of FeO.  

In the case of Fe3O4 it is less obvious than for FeO how to assign each phase to the 

inner or outer shell. Since it is well accepted that the lattice parameter of Fe3-O4 

decreases as it becomes more oxidized,[51] it could be expected that the outer shell 

(probably more oxidized) would have a smaller lattice parameter. However, the lattice 
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parameter of the two Fe3O4 shells is virtually identical (Table 1), thus, in this case this 

argument is perhaps not so reliable. Hence, finally, we allocated the phase with the 

largest relative volume to the outer shell since for a given shell thickness the volume 

contribution will be much larger in the outer shell. When looking at the crystallite size 

of the two Fe3O4 shells it can be seen that the outer shell has a crystallite size that 

remains rather small and roughly constant, while the inner shell has a non-monotonic 

evolution of the crystallite size. Moreover, when analyzing the time evolution of the 

respective thicknesses, although compared to the fresh sample the outer shell decreases 

and the inner shell increases, the behavior is somewhat irregular. This suggests that the 

interface structure may not be stable with time and that oxygen may be mobile, slightly 

altering the exact inner structure of the nanoparticle, although we cannot rule out a 

partial oxidation of the outer shell to -Fe2O3. Moreover, it has to be taken into account 

that for simplicity we assumed the interface between the inner FeO core and the outer 

Fe3O4 shell has two distinct phases (FeO+Fe3O4). However, it is not unlikely that the 

interface would be a graded phase,[52] i.e., gradually going from FeO to Fe3O4 over a 

certain thickness. The specific characteristics of this graded interface and the time 

evolution (which does not necessarily have to be monotonic) would affect the exact 

results of the FeO+Fe3O4-interface model.    

Nevertheless, as a whole, the results unambiguously show that the oxidation of the 

particles goes slightly faster at the beginning and stabilizes for longer times, consistent 

with the passivation layer role of Fe3O4 (which may be aided by the formation of 

antiphase boundaries hindering the oxygen diffusion). However, it is important to 

highlight that after 4 years the relative volume of the Fe3O4 counterpart (outer+inner 

shell) increases from 72.3% to 83.3%, i.e., implying merely a 1.3 nm increase in 

thickness.  
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Further information on the stability of the microstructure can be obtained from the 

Warren plots of the different phases (Figure 5). The plot displays the dependence of 

the root mean square displacement (RMSD) versus the distance between two scattering 

points in the coherent domain. The RMSD is obtained from the root mean square strain 

(RMSS) using the relation RMSD=L·RMSS, where L = n·λ/2·(sinθ2-sinθ1) is the Fourier 

length (θ2-θ1 is the angular range of the peak profile).[42,53] RMSD was chosen instead of 

RMSS, since one can follow the strain behavior with L. The outer Fe3O4 shell presents 

larger RMSD than the other phases. This is expected since it comprises the surface of 

the nanoparticles, where surface relaxation must be present. However, the strains 

decrease with time indicating the structure becomes more stable. The inner FeO core 

has also considerable strains, which are probably related to the topotaxial growth of the 

Fe3O4 passivation shell.[17,31] Interestingly, the inner shell and the outer core present 

relatively low microstrains, which may indicate that the interface phases may have 

strain relieve mechanism, e.g., stacking faults or graded cell parameters (due to a 

gradual change in oxygen content). 

Finally, to verify possible local structural changes, especially due to the peculiar cubic 

shape, PDF analysis was applied. First, PDF data from a NIST SRM Si 640d reference 

sample was modelled up to 500 Å to obtain Qdamp and Qbroad, which describe experimental 

resolution effects. The PDF data modelling resulted in Qdamp = 0.002857 and Qbroad = 

0.002897, which were kept fixed during the subsequent fitting procedures. For the PDF data 

modelling of the samples, cell parameters, isotropic atomic displacement parameters, atomic 

positions, and the parameter delta2 (which accounts for correlated atomic motion effects in 

PDFgui[54]) were refined. The model assumes a Fe3O4 phase and a FeO phase only, since 

PDF cannot differentiate the crystallinities present in the system. Interestingly, when 

the modelling is performed up to 10 Å, no major local distortions are present, since the 

model promptly converges using only one Fe3O4 and one FeO phases (see Figure 6a-
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c). The cell parameters (Table 3) are in accordance with the ones obtained by WPPM. 

Comparing the evolution of the refined atomic displacement factors, U, for the Fe3O4 

and FeO phases (Table 3), it can be seen that they remain rather constant (within the 

experiment error), suggesting that disordering in the phases does not significantly 

increase with time maintaining the high crystallinity of both structures as the topotaxial 

transformation takes place (for the NC2014 -NC2017 measurements). Additionally, the 

phase fractions obtained from PDF (Table 3) agree with the ones determined from 

Rietveld, confirming that there is an increase in Fe3O4 content at the expense of FeO. 

When modelling the PDF up to 25 Å, although the simple two-phase model can 

somewhat reproduce the experimental results (see Figure 6d-f) the fit is worse. This is 

consistent with the short length of the structural coherence expected for the nanoparticles, 

which can be attributed to the nanometric particle size and/or structural disorder.[55] These 

effects cause the decay of the PDF signal and, consequently, the fitting is hampered. Since, 

correlated atomic motion and instrumental effects were already considered, as stated before, 

this indicates that strain must be present in the samples.[56] This is consistent with the 

presence of additional interface phases (and other defects like stacking faults, antiphase 

boundaries, graded lattice parameters and so on; Figure S3) in the nanoparticles. In 

particular, the atomic displacement factors for the 25 Å model are larger, indicating 

that the PDF peaks broaden for increasing r, again implying higher disorder for r = 25 

Å. For r larger than 25 Å the two-phase model can no longer describe the experimental 

data which is consistent with the existence some interface phases, which greatly 

increase the disorder beyond r = 25 Å. Nevertheless, although the data cannot be fit 

and the intensity of the PDF features decreases with increasing r, they remain finite 

beyond 50 Å (see Figure S4), which indicates that despite the disorder, the structure 

presents some degree of coherence, as expected for a topotaxial system.  
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The magnetic properties of samples NC2013 and NC2017 are shown in Figure 7. In 

the temperature dependence of the magnetization, M(T), it can be seen that in both 

cases the nanoparticles are ferromagnetic at room temperature since the ZFC and FC 

branches do not converge at 350 K. This confirms the presence of a large volume 

fraction of Fe3O4 even in the fresh sample (NC2013), in concordance with the XRD 

analysis.  Moreover, the M(T) of both samples shows a hump at about 230 K, which  is 

associated to the antiferromagnetic transition of FeO, i.e., the Néel temperature, TN. 

Note that the TN = 230 K value is slightly higher than the bulk one for FeO (TN(FeO) = 

200 K), which is probably due strain-induced increase of TN
[57] (owing to the epitaxial 

strain caused by the growth of the Fe3O4 shell) or magnetic proximity effects[58] 

induced by the Fe3O4.[17] 

Interestingly, the transition appears less prominent (and with a slightly smaller TN) in 

sample NC2017, which could tentatively be ascribed to the reduction in FeO volume 

fraction and the smaller crystallite size of the FeO inner core observed in NC2017. 

Note that the reduction of TN for smaller sizes is a well-known effect in 

antiferromagnets.[59,60] At about T  125 K a second transition takes place. This 

transition corresponds to the Verwey transition, TV, of Fe3O4.[17] The relative 

importance of the Verwey transition is similar in both samples (NC2013 and NC2017; 

see Figures 7 and S5), which probably indicates that the volume fraction of well-

ordered Fe3O4 (necessary to exhibit TV)[61] should be similar in both cases. This is 

somewhat consistent with fast oxidation at the first stages leading to Fe3O4 shell and 

the relative stability of the outer Fe3O4 shell observed in the XRD analysis. In addition, 

the presence of a stable Verwey transition also implies that no major oxidation to γ-

Fe2O3 takes place over time. 

The low temperature hysteresis loops (Figure 7b) show that the saturation 

magnetization, MS, increases from about 10 emu/gsample (NC2013) to 25 emu/gsample 



15 

 

(NC2017). The reduced values of MS confirm the presence of a non-ferrimagnetic 

counterpart in the sample, i.e., FeO. Interestingly, the increase in MS is larger than the 

expected from the XRD analysis (which indicates a mere 1.3 nm increase in the shell 

thickness). The two results can be reconciled if the outer FeO core also contributed to 

MS in NC2017. Namely, the Fe0.76O stoichiometry of the outer FeO core in NC2017 

implies a large cation deficiency in the FexO structure. This leads to defects which tend 

to cluster forming in some cases Fe3O4-like structures.[62] These clusters exhibit a 

ferrimagnetic signal,[17] which should contribute to the overall MS. This is consistent 

with the tendency of the outer FeO core to eventually become Fe3O4. 

Moreover, the hysteresis loops show a shift in the field axis (i.e., exchange bias, HE).[5] 

This is a signature of ferro(i)magnetic-antiferromagnetic interface coupling, 

confirming once again the presence of Fe3O4 (ferrimagnetic) and FeO 

(antiferromagnetic). Interestingly, although the HE values of the NC2013 sample are 

slightly larger than the NC2017 one, they are both rather similar. Since HE depends 

inversely on the thickness of the ferrimagnetic counterpart,[5] this implies that the 

thickness of the Fe3O4 contributing to HE has not changed much, in agreement with the 

XRD analysis. 

 

3. Conclusions 

Summarizing we have shown that a detailed analysis of the synchrotron X-ray diffraction 

patterns allows gaining information on the interface structure of core/shell nanoparticles 

averaged over the whole sample. The approach is based on the fact that often at the interface 

the structural properties may be different than the corresponding constituents. Moreover, we 

take the advantage that, in contrast to spectroscopic methods, powder diffraction is based on 

distinctive crystalline phases, making it particularly appealing in systems with two phases 

comprising the same ion (e.g., different oxidation states or polymorphs). In the particular case 
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of the time evolution of FeO/Fe3O4 core/shell nanoparticles, the analysis has shown (i) 

the relative stability of the Fe3O4 layer, (ii) the progressive oxidation of the FeO core 

and (iii) the presence of a significant interface structure formed by FeO + Fe3O4 layers 

different from those of the core or the shell. The structural analysis is consistent with 

the magnetic properties of the system. 

 

4. Experimental and methods 

4.1. Synthesis 

FeO/Fe3O4 nanocubes were synthesized following the procedure proposed by Wetterskog et 

al.[31] with slight modifications. This procedure consists of two steps: 1) synthesis of iron (III) 

oleate and 2) thermal decomposition of iron (III) oleate in eicosane under the presence of 

oleic acid and sodium oleate. The iron (III) oleate was synthesized according to the procedure 

reported by Park et al.[63] by refluxing iron (III) chloride and sodium oleate in a mixture of 

hexane, water and ethanol. In the second step, 11.4 mmol (10.25 g) of iron (III) oleate, 5.12 

mmol (1.44 g) of oleic acid and 5.12 mmol (1.56 g) of sodium oleate were mixed with 26 g of 

eicosane and degassed at room temperature prior to heating up to 70 °C for 2 h under Ar 

atmosphere to dissolve the sodium oleate. Then, the reaction mixture was heated up to 350 °C 

at 3 °C·min-1 under Ar flow and kept for 30 min. Finally, the reaction was cooled down to 

room temperature under Ar flow. Purification of the particles was carried out by several 

cycles of centrifugation with ethanol. Finally, the particles were dispersed in toluene. For X-

ray powder diffraction and magnetometry, the nanoparticles were prepared in powder form by 

centrifugation with ethanol followed by drying with Ar flow. The sample was stored in 

powder form at room temperature in ambient conditions. Note that while the temperature was 

controlled to some extent (typically between 20 – 25 oC), the humidity was not controlled 

(which in the Barcelona area fluctuates between about 55% in summer and 90% in autumn). 
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4.2. Characterization  

4.2.1. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) images were collected in a JEM 2011 (JEOL) 

microscope operating at 200 keV. A small amount of particles was suspended in hexane and a 

few drops were placed on a carbon-coated cupper grid. 

4.2.2. Synchrotron X-ray powder diffraction 

X-ray synchrotron powder diffraction measurements were performed in different dates: 

September 2013, July 2014, January 2015 and May 2017; namely NC2013, NC2014, NC2015 

and NC2017, respectively. Measurements were carried out at the MSPD beamline[64] of the 

ALBA Synchrotron, using the Mythen II detector. For NC2013 the measurements were 

performed from 0.003° up to 47.126° using 0.006° with 20 keV (Qmax = 8 Å-1). For NC2014, 

NC2015 and NC2017, data were taken from 1.041° up to 124.095°, 1.063° up to 121.093° and 

0.526° up to 126.298° using 0.006° with 30 keV, respectively (Qmax = 26.5 Å-1). For the 

instrumental contribution correction, the standard reference material Si 640d from NIST was 

used for all measurements. 

4.2.3. Whole Powder Pattern Modelling 

The XRD profiles were modelled based on the Whole Powder Pattern Modelling[42] to access 

the long-range ordered structure. With WPPM it is possible to represent the background and 

peak shapes by refining parameters for instrumental, geometrical and microstructural effects 

in the XRD data. The fitting procedure was performed by means of the PM2K v.3 software[65]. 

The refined parameters were the mean crystallite size, the size distribution and the 

microstrain. For the size analysis, spherical and cubic domains were tested to model the 

profiles. The best result was obtained when spherical shaped domains were used (in 

concordance with the TEM analysis; see Figure S6 and Supporting Information). This implies 

that the layers which form the nanocubes are composed by small spheres stacked together (as 

will be discussed later). The strain analysis was performed using the model proposed by 
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Scardi and Leonardi,[42,53] where strain anisotropy can be accounted according to the 

symmetry of the elastic tensor[42]. The model permits calculating the Warren plot[66], which 

allows the local atomic displacement to be represented. The Warren plot gives the root mean 

square displacement (RMSD) vs L, where L  is the distance between two scattering points 

inside the coherent domain[53].  

Note that WPPM is particularly suited to deal with asymmetric peaks as the ones displayed by 

nanometric non-spherical structures. 

4.2.4. Rietveld refinement 

Rietveld refinement was applied to the XRD data using the TOPAS v.6 software. The refined 

parameters were the scale factor, zero-error, background coefficients, lattice parameters using 

Fe3O4 (ICSD No. 75627) and FeO (ICSD No. 633029) CIF files as starting models. Since the 

experimental data were collected in transmission geometry absorption correction was applied.  

This is mainly caused by the heavy convolution between the peaks. 

4.2.5. Pair distribution function (PDF) 

PDF analysis was applied for the NC2014, NC2015 and NC2017 XRD data. The PDF 

function G(r)  (where r is the radial distance between two atoms inside the coherent 

domain) can be obtained by a Fourier Transform of the total scattering intensity S(Q) [67]:  

 

(1) 

where Q is the magnitude of the scattering vector. With  it is possible to determine the 

relative position of the atoms in any solid[67] which makes PDF analysis extremely useful to 

handle systems with poor crystalline periodicity such as nanoparticles.  was obtained 

using the PDFgetX3[54] software and modelled using PDFgui 1.1[68] either up to 10 Å or 25 Å. 

The refined parameters were the scale factor, cell parameters, atomic displacement factors and 

delta2 (which accounts for correlated atomic motion effects). The instrumental parameters 
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Qbroad and Qdamp were obtained by refining NIST SRM Si 640d PDF data up to 500 Å. Note 

that PDF was applied only to the data from 2014 onwards, since in 2013 the energy used was 

20 keV, with a reduced 2θ range (up to 47.126°), providing a Qmax of 8 Å-1, which does not 

allow the correct application of PDF. 

4.2.6. Magnetometry 

Magnetic properties were evaluated using a SQUID magnetometer (MPMS-XL, Quantum 

Design). The dried nanoparticles were tightly packed in Teflon tape. The measurements of the 

temperature dependence of magnetization, M(T), were carried out at 25 Oe after either zero 

field cooling (ZFC) or field cooling (FC) conditions. Hysteresis loops, M(H), were obtained at 

10 K after FC in 70 kOe from room temperature. 

 

 

Supporting Information  

Low magnification TEM image evidencing the homogeneity of the smaple. WPPM 

fitting at the 2.5 Å-1 region to show the improved fit with 4 phases. HR-TEM image of one 

nanoparticle highlighting the formation of defects and analysis of the formation of 

crystallites by filtered inverse-FFT of HR-TEM images. Supporting Information is 

available from the Wiley Online Library or from the author. 
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Figure 1. (a) TEM image of the iron oxide nanocubes; (b) Particle size distribution and its fit 

to a log-normal distribution function; (c) HR-TEM image of one particle and (d) its 

corresponding Fast Fourier Transform, where the main spots have been indexed to either FeO 

(w) or Fe3O4 (m). 
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Figure 2. Synchrotron XRD patters for samples NC2013, NC2014, NC2015 and NC2017.The 

indexes stand for: m-Fe3O4, w-FeO and i -α-Iron. 
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Figure 3.  WPPM fitting at the 4.2 Å-1 region that presents a superposition of the [4 4 2] 

Fe3O4 and [0 2 2] FeO diffraction peaks using either (a) two phases (Fe3O4 + FeO), (b) three 

phases (1st Fe3O4 phase + FeO + 2nd Fe3O4 phase) (c) four phases (Fe3O4-outer shell/Fe3O4-

inner shell/FeO-outer core/FeO-inner core). Black dots: experimental data, red line: fitted 

profile, grey line: difference between experimental and calculated. (d) Schematic 

representation the four phases of the nanoparticle and their microstructure. 
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Figure 4. WPPM analysis using X-ray synchrotron diffraction data based on 2 Fe3O4 

and 2 FeO phases for (a) NC 2013, (b) NC 2014, (c) NC 2015 and (d) NC 2017; Black 

dots: experimental data, red line: calculate profile, grey line: difference between 

experimental and calculated. In the inset the crystallite size distribution [particle 

number fraction (N/NTot), g(D)] is presented for each calculated profile: Black line: 

Fe3O4 outer shell, red line: Fe3O4 inner shell, blue line: FeO outer core and pink line: 

FeO inner core. 
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Figure 5. Warren plots, i.e., root-mean-square deviation of atomic positions (RMSD) 

as a function of the distance between two scattering points within the scattering 

domains (L), for the diverse phases: (a) Fe3O4outer shell, (b) Fe3O4 inner shell, (c) FeO 

outer Core, and (d) FeO inner core. 
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Figure 6.  X-ray PDF data modeling, i.e., dependence of PDF function G on the radial 

distance r, for the (a) NC2014, (b) NC2015 and (c) NC2017 samples up to 10 Å and (d) 

NC2014, (e) NC2015 and (f) NC2017 samples up to 25 Å. 
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Figure 7. (a) Temperature dependence of the field cooled (FC) and zero field cooled 

(ZFC) normalized magnetizations [with respect to MFC(T = 350 K)] for NC2013 

[MFC(T = 350 K) = 3.95 emu/g] and NC2017 [MFC(T = 350 K) = 5.32 emu/g]; (b) 

Medium field part of the hysteresis loops of the NC2013 and NC2017 samples 

measured at 10 K up to 70 kOe after cooling under a field of 70 kOe. Shown in the 

inset are the enlarged hysteresis loops at low fields. 
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Table 1. WPPM refined values for cell parameter (a), mean crystallite size (D), size 

distribution standard deviation (σ) and iron content ( ) for the FexO phase. The letters after 

the phase name stands for: OS - outer shell, IS - inner shell, OC - outer core and IC - inner 

core. 

Fe3O4 OS 2013 2014 2015 2017 

a (nm)* 0.83950(6) 0.83950(8) 0.83950(7) 0.83950(5) 

D (nm) 3.6(1) 2.4(1) 1.3(1) 2.6 (1) 

σ (nm) 1.7(1) 1.3(1) 0.7(2) 1.4 (1) 

Fe3O4 IS 2013 2014 2015 2017 

a (nm)* 0.83910(8) 0.83910(8) 0.83910(9) 0.83910(8) 

D (nm) 19.7(3) 8.1(2) 6.4(2) 16.2 (9) 

σ (nm) 8.7(4) 2.4(4) 2.0(5) 4.3 (9) 

FeO OC 2013 2014 2015 2017 

a (nm) 0.42318(8) 0.42254(3) 0.42192(6) 0.42174(1) 

D (nm) 8.3(9) 7.8(2) 12.7(8) 18.7 (6) 

σ (nm) 1.2(1) 4.1(2) 5.2(4) 4.0 (1) 

x 0.79 0.77 0.76 0.76 

FeO IC 2013 2014 2015 2017 

a (nm) 0.42946(6) 0.42860(5) 0.42829(8) 0.42814(1) 

D (nm) 20.6(2) 11.4(1) 17.8(6) 8.5 (3) 

σ (nm) 9.0(1) 6.0(6) 5.9(2) 3.5 (1) 

x 0.92 0.90 0.89 0.89 

 

Table 2. Relative volume (V) determined from Rietveld and calculated thickness (t) assuming 

a cubic nanoparticle with 32 nm edge length. The letters after the phase name stand for: OS - 

outer shell, IS - inner shell, OC - outer core and IC - inner core. 

    Fe3O4 OS Fe3O4 IS FeO OC FeO IC 

2013 
V (%) 57.4(2) 14.9(1) 8.1(3) 16.8(3) 

t (nm) 4.1 1.7 1.3 8.9 

2014 
V (%) 50.8(2) 28.5(3) 7.8(1) 12.9(2) 

t (nm) 3.2 3.2 1.4 8.2 

2015 
V (%) 50.2(1) 32.8(3) 8.1(2) 8.9(3) 

t (nm) 3.2 3.9 1.7 7.2 

2017 
V (%) 51.2(3) 32.1(1) 8.0(2) 8.7(1) 

t (nm) 3.3 3.8 1.7 7.2 
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Table 3. Cell parameters (a) in nm, atomic displacement factors (U) in Å2 and FeO/Fe3O4 

weight in percent determined from PDF data refined up to either 10 Å or 25 Å. 

Refined 

up to 10 Å 
2014 2015 2017 

aFe3O4 (Å) 8.410 (8) 8.404 (6) 8.424 (7) 

aFeO (Å) 4.322 (9) 4.314 (8) 4.331 (9) 

UFe3O4 Fe+3 0.006 (1) 0.006 (2) 0.006 (1) 

UFe3O4 Fe+2 0.005 (1) 0.005 (1) 0.005 (1) 

UFeO Fe+2  0.006 (2) 0.006 (1) 0.007 (2) 

FeO / Fe3O4  

weight 

0.25 (3) /  

0.75 (3) 

0.21 (2) /  

0.79 (2) 

0.19 (3) /  

0.81 (3) 

 

Refined 

up to 25 Å 
2014 2015 2017 

aFe3O4 (Å) 8.427 (3) 8.416 (2) 8.422 (9) 

aFeO (Å) 4.298 (3) 4.289 (3) 4.330 (9) 

UFe3O4 Fe+3 0.008 (1) 0.008 (1) 0.005 (1) 

UFe3O4 Fe+2 0.012 (2) 0.013 (1) 0.012 (1) 

UFeO Fe+2  0.009 (2) 0.009 (1) 0.008 (2) 

FeO / Fe3O4  

weight 

0.23 (2) /  

0.77 (2) 

0.20 (2) /  

0.80 (2) 

0.23 (2) /  

0.77 (2) 
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The temporal evolution of FeO/Fe3O4 nanoparticle microstructure can be modelled from synchrotron 

X-ray diffraction measurements using a bulk approach combining whole powder pattern modeling, 

Rietveld and pair distribution function. The model consists on Fe3O4-outer and inner shell and FeO 

outer and inner shell layers displayed in an onion-type structure. This approach facilitates the study of 

averaged interfaces in different type of heterostructures. 
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Figure S1. Low magnification TEM image of the nanoparticles. Note that small tilts of the 

nanoparticles with respect to the electron beam may strongly influence the core/shell contrast. 
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Figure S2. WPPM fitting at the 2.5 Å-1 region that presents a superposition of the [3 1 1] 

Fe3O4 and [111] FeO diffraction peaks using either (a) two phases (Fe3O4 + FeO), (b) four 

phases (Fe3O4-outer shell/Fe3O4-inner shell/FeO-outer core/FeO-inner core). Black dots: 

experimental data, red line: fitted profile, grey line: difference between experimental and 

calculated profiles.  
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Figure S3. a) HR-TEM image of one nanocube (scale bar = 5 nm). The inset reveals the 

formation of dislocations; b) Inversed FFT of the zoomed area using the (220) spot, 

highlighting the presence of some defects. 
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Table S1. Rietveld refinements results for cell parameters (a in Å) and global atomic 

displacement factors (U in Å²). 

Fe3O4 OS 2013 2014 2015 2017 

a 8.3990(8) 8.3990(4) 8.3990(4) 8.3990(6) 

U 0.005(1) 

Fe3O4 IS 2013 2014 2015 2017 

a 8.3902(4) 8.3950(4) 8.3950(7) 8.3950(5) 

U 0.009(2) 

FeO OC 2013 2014 2015 2017 

a 4.2405(7) 4.2271(9) 4.2166(2) 4.2213(8) 

U 0.005(1) 

x 0.80 0.78 0.75 0.76 

FeO IC 2013 2014 2015 2017 

a 4.2999(5) 4.2890(8) 4.2836(8) 4.2874(7) 

U 0.006(1) 

x 0.93 0.91 0.89 0.90 

 

The Rietveld refinement was performed taking into account absorption, since the experimental data 

were collected in transmission geometry. The cell parameters of the two FeO phases as for WPPM are 

different and present a temporal evolution. For NC2013, the FeO core is closer to stoichiometric FeO, 

while the outer core has a composition of Fe0.80O. Again, the use of two phases for wüstite reinforces 

that oxidation is present for FeO. Note that since when refined individually non-physical values were 

found for the global atomic displacement factors, U, they were refined globally. Interestingly, U for 

both the Fe3O4 and FeO phases remain constant over time, indicating that disordering within the 

phases does not significantly increase with time. 
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Figure S4. X-ray PDF data modeling, i.e., dependence of PDF function G on the radial 

distance r, for the (a) NC2014, (b) NC2015 and (c) NC2017 samples up to 50 Å. Blue dots: 

experimental data, red line: PDF modelling, gray line: difference between the modelling and 

the experimental data.  
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Figure S5. Derivative of M(T) close to the Verwey transition for the NC2013 and NC2017 

samples. 
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Figure S6. Left - HRTEM images of theree different particles of the NC 2017 sample (scale 

bar - 5 nm). Center - Inverse-FFT image obtained after filtering the planes shared between 

wüstite and magnetite [i.e., (200)w, (400)m, (220)w and (440)m reflections]. Right - Inverse-

FFT image obtained after filtering the (220)m reflections. 

 

To shed light about the complex crystal structure of the nanoparticles, we have further 

analyzed the HRTEM images of the nanoparticles. The Fast Fourier Transform (FTT) of the 

HR images was filtered by (i) the reflections that wüstite and magnetite share, and (ii) the 

main reflection of magnetite which is only attributed to magnetite and reconstructed back to 

real-space –inverse-FFT– (see Figure S6). For the (220) reflection of magnetite a mosaic-like 

structure with a significant amount of phase boundaries can be observed. Note that many of 

the crystallites seem to be rather spherical-like, in concordance with the results from the 

WPPM analysis. However, in the case of wüstite and magnetite shared planes, its extension is 

more homogeneous as it appears spread within the whole particle (as expected from the 

oxidation process in the FeO/Fe3O4 system). Interestingly, it can be observed these features 

are rather different in the three analyzed particles. This is consistent with the somewhat large 

value of the standard deviation of the crystallite sizes in the WPPM analysis. 


