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The reduction reactions and densification of nanochains assembled from c-Fe2O3 nanoparticles

were investigated using in situ transmission electron microscopy (TEM). Morphological changes

and reduction of the metal oxide nanochains were observed during in situ TEM annealing through

simultaneous imaging and quantitative analysis of the near-edge fine structures of Fe L2,3 absorp-

tion edges acquired by spatially resolved electron energy loss spectroscopy. A change in the oxida-

tion states during annealing of the iron oxide nanochains was observed with phase transformations

due to continuous reduction from Fe2O3 over Fe3O4, FeO to metallic Fe. Phase transitions during

the in situ heating experiments were accompanied with morphological changes in the nanochains,

specifically rough-to-smooth surface transitions below 500 �C, neck formation between adjacent

particles around 500 �C, and subsequent neck growth. At higher temperatures, coalescence of FeO

particles was observed, representing densification. Published by AIP Publishing.
https://doi.org/10.1063/1.5004092

I. INTRODUCTION

Sintering describes the consolidation of individual (nano)

particles to form a dense microstructure, and is commonly

achieved by heating and the application of pressure.1 At high

temperatures, sintering in air may be accompanied by oxida-

tion, while reduction of the starting powder often occurs under

vacuum conditions. Electric field assisted sintering (EFAS),

which includes spark plasma sintering (SPS), field-assisted

sintering technology (FAST), and flash sintering, is often

characterized by accelerated densification, or lower onset tem-

peratures for densification. During EFAS of metal powders, a

“surface cleaning” effect during the initial stage of sintering

was suggested that removes oxides and contaminants from the

surface of metal powders to promote neck formation and sub-

sequent densification.2–9 Mechanistic descriptions initially

included surface oxide removal by spark or even plasma for-

mation4,5 and local field amplification.2,10 Bonifacio and co-

workers later used in situ transmission electron microscopy

(TEM) to demonstrate the electric field-induced dielectric

breakdown to be responsible for oxide removal.11,12 In the

absence of any electric fields or current, “surface cleaning”

can be accomplished by oxide solution in the metal particles,8

or reduction-oxidation reactions at elevated temperatures.13

EFAS of dielectric oxide powders may be impacted by sur-

face impurities that give rise to unintended excess at grain

boundaries in the resulting dense microstructures, but surface

cleaning effects were heretofore not discussed. To date, lim-

ited information is available on reduction-oxidation reactions

during densification of dielectric particles.

This study reports reduction-oxidation reactions and sin-

tering mechanisms for nanochains assembled from individual

iron oxide particles. In situ TEM heating experiments were

used to directly observe morphological changes of nanochains

with increasing temperatures. Alterations of the Fe oxidation

state were monitored by electron energy loss spectroscopy

(EELS). Iron oxide was chosen as a model system due to its

potential to occur in a number of different valence states, and

its technological relevance due to its intriguing magnetic,

electronic, photonic, and optical properties.14 Nanosized iron

oxides have shown prospective application in magnetic storage,

electronics, gas sensing, biomedical engineering, and cataly-

sis.15–20 This wide variety of potential applications necessitates

a fundamental understanding of its morphological and phase

stability.21 An abundance of reports published in the literature

focus on the synthesis of iron oxide nanoparticles with con-

trolled sizes and shapes, but only few studies describe the sin-

tering kinetics of iron oxides. The sintering study by Kramer

and German22 demonstrated the surface diffusion-controlled

oxidation of Fe3O4 to a- Fe2O3 above 673 K, which then con-

solidates more rapidly than Fe3O4.
23,24 Praksh reports that the

reduction of iron oxide with heating above 570 �C generates a

series of stable phases, ranging from hematite (a-Fe2O3), over

maghemite (c-Fe2O3), magnetite (Fe3O4), and w€ustite (FeO).25

Based on processing conditions, such as different temperatures,

pressures, and atmospheres, consolidation of iron ores is com-

plex, and sintering studies must be augmented with phase equi-

librium, reduction/oxidation, and diffusion studies.25

II. EXPERIMENTAL DETAILS

Iron oxide nanoparticles were synthesized using a H2/air

diffusion flame generated in a configuration sketched in Fig.

1(a). The experimental set-up consists of two concentric brass
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tubes, with outer diameters of 14 and 11 mm. Vapor of

iron pentacarbonyl [Alfa Cesar, chemical formula Fe(CO)5,

decomposition temperature 200 �C] was doped into the H2

fuel gas to provide the precursor for the nanoparticles.

A pure H2 stream was mixed with the Fe(CO)5-laden stream

before entering the burner. The H2 carrier gas flowed through the

headspace of an airtight Fe(CO)5 container, which was main-

tained in an ice-water bath to ensure steady concentrations of

Fe(CO)5. A stable, self-sustaining laminar diffusion flame was

established on the tubular burner. Using this set-up, iron oxide

nanoparticles were synthesized using a H2 flow rate of 0.37 l/

min, of which 0.12 l/min was the Fe(CO)5 carrier gas. A 4-

channel MKS 647C (MKS Instruments Inc., MA) mass flow

controller was used to control the H2 gas flow. Two bar magnets

(300 mT, 10 cm tall) were placed parallel to each with a distance

of 30 mm to each other bracketing the flame. The magnets create

a uniform magnetic field with field lines directed across the flow

regime of the nanoparticles. A constant flame height of 45 mm

was maintained throughout the experiments. Iron oxide nanopar-

ticle particles with sizes ranging from 5 to 50 nm in diameter

were produced at the tip of the flame. With longer residence

time, they align and assemble as nanochains downstream under

the applied magnetic field. Samples were thermophoretically

collected from the flame at a height of approximately 55 mm

from the visible flame tip using the rapid insertion technique.

Nanochains were subsequently deposited onto a holey silicon

carbide membrane that was supported by monolithic silicon

[Fig. 1(b)]. The membrane/Si structure is part of a commercially

available micro-electromechanical system (MEMS) device

(Protochips Inc., Raleigh, NC), which serves as the sample sup-

port for a double-tilt Protochips Aduro sample holder for the in
situ TEM heating experiments [cf. Fig. 1(c)]. The sample tem-

perature is controlled by resistively heating the SiC membrane

during the TEM observation. Temperatures are calibrated

against heating currents for each individual MEMS device by

the manufacturer using a pyrometer. Due to the small thermal

volume of the heating membrane and the nanochains, heating

rates as high as 1000 K/ms are feasible, while cool-down rates

are marginally smaller due to thermal conductivity.26 During the

in situ experiments, a ramp-up/hold/ramp-down cycles were

applied for holding temperatures (Thold) between 200 �C and

900 �C. The ramp-up and ramp-down cycles were applied from

and to 25 �C with heating and cooling rates of 5 �C/s, respec-

tively. Holding times were Thold¼ 200 s, which was sufficient to

obtain stable temperatures and equilibrium conditions of the

nanochains due to their relatively small thermal volume.

TEM experiments were carried out using a JEOL JEM

2500SE TEM and an aberration corrected JEOL JEM 2100F/Cs

scanning transmission electron microscope (STEM), both oper-

ated at 200 keV. During the in situ experiments, TEM images

were acquired as video signals. Electron energy loss spectros-

copy (EELS) data were recorded at room temperature as line

scans across the nanochains in STEM mode, using a Gatan

Tridiem parallel electron energy loss spectrometer attached to

the aberration-corrected JEOL JEM 2100F/Cs microscope. O K

and Fe L2,3 ionization edges were acquired with an energy

dispersion of 0.3 eV/channel. Spectrum acquisition at room

temperature was accomplished by abrupt quenching to room

temperature and re-heating with a rate of 1000 K/ms before and

after EELS acquisition, respectively. Additional control EELS

experiments were carried out with the sample heated at the

indicated temperature to confirm accuracy of the presented

results. Spectra acquired intermittently at room temperature and

at high temperature were indistinguishable from each other

apart from differences in signal-to-noise ratio and apparent

energy resolution.

The oxidation states of iron after heating at different

temperatures were determined from L3/L2 intensity ratio cal-

culated from the acquired Fe L2,3 ionization edges. The

branching ratios were obtained using the method described

by Jasinski et al.27 This involved the background subtraction

of Fe L2,3 spectra using an inverse power law after a pre-

edge fitting routine,28 and subsequent linear baseline back-

ground removal underneath the Fe L2,3 edge following the

methods described by Pearson et al.29 The Fe L3 and L2

edges were fitted by either a single or two Gaussian peaks

whichever yielded the best quality fit. The L3/L2 intensity

ratio was subsequently calculated from the ratio of the inte-

grated areas underneath the L3 and L2 absorption edges,

respectively.

III. RESULTS

A. In situ heating

Figure 2 shows faceted iron oxide nanoparticles prior to

their assembly in nanochains within an applied magnetic field.

A selected area electron diffraction pattern recorded from the

same area is displayed on the left side of Fig. 2(b). For more

accurate data analysis, the recorded diffraction pattern was

rotationally averaged [right side in Fig. 2(b)]. The determined

lattice plane spacing for the marked diffraction rings is in

excellent agreement with those for c-Fe2O3 published by

Jasinski et al.27 and Zhou et al.30 for the same nanoparticles.

The application of a magnetic field across the diffusion

flame furnace causes the alignment of the c-Fe2O3 nanopar-

ticles into 1-dimensional nanochains with various lengths.31

FIG. 1. (a) Sketch of the flame synthesis set-up used to synthesize the iron

oxide nanochains. (b) is a schematic of the experimental geometry along the

cross-section of the MEMS device [dashed line in (c)] with the iron oxide

nanoparticles forming the nanochains over the hole on SiC membrane.
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Figure 3 displays a series of bright field TEM images recorded

from a section of one nanochain at different temperatures dur-

ing an in situ heating experiment. The as-synthesized particles

exhibit a highly faceted shape [Fig. 3(a)] with smooth surfa-

ces. With increasing temperature, the particles’ surface mor-

phology begins to change [Fig. 3(b)] and shows significant

roughness once a temperature of 300 �C is reached [Fig. 3(c)].

Upon further heating to 400 �C, crater-like structures on the

surface of the nanoparticles become evident [Fig. 3(d)].

Figure 4 shows a series of high-angle annular dark-field

(HAADF) STEM images acquired from another particle chain

at various temperatures between room temperature and 900 �C.

A similarly rough surface morphology as that described above

is confirmed for temperatures between 400 �C and 450 �C
[Figs. 4(b) and 4(c)], while individual particles are loosely con-

tacting each other without the presence of an extended inter-

particle neck. Once the temperature exceeded 500 �C, sharp

contrast lines between adjacent particles (marked by arrows)

indicate the formation of necks, i.e., grain boundaries [neck 1
in Fig. 4(d) at 500 �C, and neck 2 in Fig. 4(e) at 650 �C].

In addition, above 500 �C, particle surfaces become smooth

again. Further heating to temperatures above 800 �C–850 �C
caused consolidation of the nanochains, as displayed by Fig.

4(d) recorded at 900 �C.

B. EELS analysis

Electron energy-loss near-edge fine structures (ELNES)

of the Fe L2,3 edges were recorded from various different

areas along individual nanochains as a function of tempera-

ture during in situ heating experiments. Figure 5(a) shows the

background-stripped Fe L2,3 absorption edges recorded from

the center of the nanochains before in situ heating, and in

between the heating cycles at the specified temperatures

between 200 �C and 900 �C. The onset of the L3 edge, as iden-

tified by the first inflection point of the ELNES line shape,

reveals a shift of 1.4 eV toward lower energy losses when

increasing the annealing temperature from 500 �C to 900 �C.

In Fig. 5(b), the corresponding L3/L2 white line intensity

ratios determined following the techniques described above

are plotted as a function of temperature. After the statistical

analysis of multiple line scans acquired from different areas

and different samples, the absolute error bars range between

0.1 and 0.2, or 1.5% and 5.5% for temperatures up to 800 �C,

while the relative error at 900 �C amounts to 10.5% due to

the relatively low L3/L2 ratio.

Above 200 �C, the L3/L2 intensity ratio drops signifi-

cantly from 6.1 6 0.1 to 5.0 6 0.1, and subsequently stabilizes

at 4.7 6 0.1 for temperatures up to 450 �C. Between 450 �C
and 800 �C, the observed intensity ratios fluctuate between

3.5 6 0.2 and 4.3 6 0.2, and drop dramatically to as low as

1.9 6 0.2 at 900 �C. The experimentally observed L3/L2 inten-

sity ratios agree well with reference data from the literature

that were obtained with comparable methods and are summa-

rized in Table I. Intensity ratios observed at temperatures up

FIG. 2. (a) Bright field TEM micrograph of iron oxide nanoparticles prior to

their exposure to a magnetic field. (b) is comprised of a selected area elec-

tron diffraction pattern of the same area, and its rotational average. The

marked diffraction rings represent lattice planes of the c-Fe2O3.

FIG. 3. Series of HRTEM micrographs acquired at different temperatures

during in situ heating. The rather flat and smooth surface morphology of the

nanoparticles at room temperature becomes increasingly rougher with

crater-like morphologies starting to emerge between 300 �C and 400 �C.

234303-3 Bonifacio et al. J. Appl. Phys. 122, 234303 (2017)



to 200 �C reveal excellent agreement with reference data for

c-Fe2O3.27,29,32 In the temperature range between 200 �C and

450 �C, the experimental data match those observed for

Fe3O4.27,29 Intensity ratios between 3.5 and 4.3 for the tem-

perature interval from 450 �C and 800 �C reproduce those

observed for FeO,27,32 while smaller values at higher tempera-

tures indicate a transition from FeO to metallic Fe.33

IV. DISCUSSION

In situ heating experiments in the TEM have revealed

significant changes in the morphology and electronic struc-

ture for nanochains that are comprised of 1-dimensionally

aligned iron oxide nanoparticles. Gradual heating within the

TEM column that is operated at an oxygen partial pressure

of pO2¼ 7� 10�9 mbar creates a reducing environment. The

ELNES results for the Fe L2,3 edges presented in Sec. III B

demonstrate significant drops in the L3/L2 intensity ratios,

which indicate reduction-oxidation reactions as a function of

temperature that coincides with neck formation between and

coalescence of adjacent particles.

A. Reduction-oxidation reactions

The gradual shift of the edge onset for the Fe L2,3 edges

(cf. Fig. 5) indicates a core level shift often observed during

reduction-oxidation reactions, i.e., phase transformations in

3d transition metal oxides.33 This observation suggests that

the c-Fe2O3 nanoparticles stable at room temperature were

reduced to FeO below 600 �C. The analysis of L3/L2 intensity

ratios extracted from Fe L2,3 ELNES is a suitable tool to eval-

uate the oxidation state of iron as a function of annealing tem-

perature during the in situ heating experiments. Comparing

the Fe L3/L2 intensity ratios plotted in Fig. 5(b) with values

reported in the literature (see Table I) indeed indicates the

reduction of the c-Fe2O3 phase to Fe3O4, FeO, and subse-

quently metallic Fe.

Above 200 �C, L3/L2 intensity ratios obtained from the

center of the particles were indistinguishable from those at the

particle surfaces. At room temperature, the surface of the par-

ticles appears more consistent with FeO composition, which

reproduces earlier results by Jasinski et al. Heating to 200 �C
leads to surface oxidation toward Fe2O3 likely due to the flux

of oxygen ions from the center toward the surface of the

particles, which describes the kinetic mechanism of the overall

reduction of the iron oxide particles. L3/L2 intensity ratios

drop from values above 5.5 to around 5.2 at 200 �C, which

represents a phase transition from c-Fe2O3 with aþIII oxida-

tion state for iron to the inverse spinel structure of Fe3O4.

The observed intensity ratios between 200 �C and 450 �C corre-

late well with the corresponding reference data in Table I.

Decreasing ratios up to 350 �C and constant values between

350 �C and 450 �C [cf. Fig. 5(b)] suggest a gradual transition

FIG. 4. Series of HAADF images of the particles marked in (a) acquired during in situ heating above 400 �C. A rough surface morphology can be observed up

to 450 �C (b) and (c), before transitioning to rather smooth surfaces at 500 �C (d). Beginning at 500 �C, necks form between adjacent particles (d) and (e). At

900 �C (f), consolidated nanochains were observed.
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from the characteristic mixed FeIIþ and FeIIIþ valence states to

FeIIþ, hence representing a phase transition from Fe3O4 to

FeO. Above 500 �C, some discrepancies in the intensity ratios

with the reference data were identified. The observed intensity

ratios for 500 �C, 600 �C, and 800 �C of 4.0, 3.5, and 3.4,

respectively, are smaller than those expected for FeO, i.e.,

4.6 6 0.3 (Ref. 32) and 4.4 6 0.3.27 While such ratios may be

identified with metallic Fe, EELS spectra between 500 �C and

800 �C exhibited the presence of the O K absorption edge (see

supplementary material S1). According to Leapman and co-

workers, the recorded chemical shift of 1.4 eV towards lower

energy losses between 500 �C and 900 �C is in excellent agree-

ment with a transformation of FeO to metallic Fe.33 Therefore,

FeO was considered as the oxide phases in this temperature

interval. Lattice fringes observed in annular dark-field STEM

images further corroborate this finding. Figure 6 shows micro-

graphs of different areas of a nanochain acquired during in-situ

heating experiments at 650 �C and 700 �C, respectively. The

areas indicated in both images were Fourier filtered, and

the extracted lattice spacing of 0.237 6 0.030 nm and 0.213

6 0.040 nm is in excellent agreement with those for the (111)

and (200) planes in FeO, respectively. The L3/L2 observed at

900 �C is significantly smaller than those observed at lower

temperatures [see Fig. 5(b)]. In this case, metallic iron was

selected as the assigned phase because no oxygen signal was

detected in the acquired EELS spectra (see Fig. S2 in the sup-

plementary materials).

The quantification of L3/L2 intensity ratios is subject to

specific processing parameters during data analysis, such as

widths of integration windows and continuum background

fitting.27 As a consequence, absolute L3/L2 intensity ratios

often reveal variations for the exact same sample. However,

relative changes within the same study are self-consistent

and provide reliable information about a variation in 3d tran-

sition metal oxidation states.33,34

The observation of the w€ustite phase, i.e., FeO, was

unexpected on the nanoscale since Navrotsky and co-workers

have predicted a thermodynamically driven shift in the phase

equilibria.21 Under ultra-high vacuum conditions (pO2� 10�23

mbar), bulk FeO is stable with respect to Fe3O4 above

560 �C,35,36 while Fe3O4 nanoparticles smaller than 10 nm are

in direct equilibrium with metallic Fe at 727 �C.21 Considering

the oxygen partial pressure in the TEM utilized for this study

(pO2� 7� 10�9 mbar), the bulk transition temperatures for

Fe2O3 to Fe3O4 and Fe3O4 to FeO change to approximately

627 �C and 1027 �C, respectively. However, the experimentally

observed transition temperatures around 200 �C and 450 �C,

respectively, are significantly smaller, which is attributed to the

nanoscale dimensions of the nanochains. The transition temper-

atures observed in this study are consistent with those from pre-

vious in situ X-ray diffraction experiments of iron oxide thin

films.37,38 Although the effects of electron beam damage during

in situ TEM studies, such as oxygen vacancy formation, cannot

be neglected for this study, the observed systematic reduction

of iron oxide nanochains is in good agreement with previous

studies. In-situ TEM heating experiments of individual iron

oxide nanoparticles under the same conditions reported in this

study have revealed the elimination of the FeO phase, and dem-

onstrate equilibrium between Fe3O4 and metallic Fe.39

B. Surface morphology

During in situ heating experiments, the iron oxide nanopar-

ticles within the nanochains exhibited a smooth-to-rough

FIG. 5. (a) EELS Fe L2,3 ionization edges recorded from the iron oxide

nanochains during in situ heating experiments. The onset of the L3 edge

shifts by 1.4 eV toward lower energy losses in the temperature range

between 500 �C and 900 �C. (b) is a plot of the extracted Fe L3/L2 white line

intensity ratios as a function of temperature. Bulk iron oxide phases were

assigned according to reference values from the literature listed in Table I.

TABLE I. EELS Fe L3/L2 ratio values of iron oxide from different referen-

ces in the literature.

Fe L3/L2 ratioref Assigned phase

6.5 6 0.3 a-Fe2O3 (Ref. 32)

6.0 6 0.3 a-Fe2O3 (Ref. 30)

5.8 6 0.3 c-Fe2O3 (Ref. 32)

5.5 6 0.3 c-Fe2O3 (Refs. 28 and 30)

5.2 6 0.3 Fe3O4 (Refs. 30 and 32)

4.6 6 0.3 FeO (Ref. 32)

4.4 6 0.3 FeO (Ref. 28)

4.1 FeO (Ref. 33)

3.0 Fe (Ref. 33)
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transition of the surface morphology at relatively low tempera-

tures below 300 �C, and subsequent rough-to-smooth transitions

around 500 �C (see Figs. 3 and 4). Temperature dependent

surface roughening is often observed for metal40 and ceramic

nanoparticles.41 In this study, changes in the observed surface

morphology are attributed to the identified phase changes, i.e.,

oxygen stoichiometry. Surface roughening below 300 �C is

concluded to be caused by the surface reduction of c-Fe2O3, as

indicated by the crater-like surface structures in Fig. 3. Similar

effects were previously observed during the in situ heating of

NiO13 and aluminum nanoparticles.41

The reverse rough-to-smooth transformation above

500 �C is likely caused by the transition from the Fe3O4

phase characterized by coexisting þII andþIII oxidation

states for Fe, to FeO with only FeþII. For FeO, reported sur-

face energies are considerably larger than those for Fe3O4,21

which relates to significantly higher roughening temperatures

for FeO and, thus, the formation of smooth surface morphol-

ogies above 500 �C.

C. Coalescence and densification

A series of reduction-oxidation reactions induced by

in situ heating have triggered coalescence and densification of

the iron oxide nanochains. Unlike volume sintering on much

larger length-scales, coalescence and densification commenced

by surface diffusion once FeIIþ valency was established.22 The

oxygen-to-iron ionic ratio approaches unity during cation

reduction, which promotes the formation of cation vacancies

and, thus, surface diffusion.22,42 After initial partial reduction

of c-Fe2O3 to Fe3O4, the inverse spinel structure of magnetite

transformed to FeO crystallizing in the rock salt structure,

resulting in increased cation diffusion to fill vacant lattice sites

while the oxygen lattice remains mostly unchanged.25 The re-

emerging smooth surface morphology was observed concur-

rently with the first neck formation [see Fig. 4(d)], and a

change in the surface curvature [cf. Figs. 3 and 4(c) and 4(d)].

The variation in the mean curvature of the particles causes a

chemical potential gradient, which is the driving force for the

initial stage of sintering.43

The proposed requirement for FeþII to initiate coalescence

and eventually densification is consistent with previous sinter-

ing studies for Fe2O3 and Fe3O4. Isothermal heating of Fe2O3

powders at 300 �C in vacuum did not lead to densification,44

while fine grained and uniform microstructures were obtained

after pre-treating the same powders and sintering at 1200 �C.45

SPS was employed to densify Fe2O3 nanoparticles to similar

densities under uniaxial pressure and at temperatures as low as

300 �C–350 �C.46 In comparison, Fe3O4 powders were sintered

at 500 �C in vacuum and 570 �C in air.22 The latter study illus-

trates that the increased presence of FeIIþ in vacuum enhances

consolidation due to the reducing environment.

FIG. 6. Annular dark field STEM images recorded after annealing at (a) 650 �C and (b) 700 �C. Both images reveal lattice fringes. Fourier analysis of the

marked areas reveals lattice fringes with a spacing of 0.237 6 0.030 and 0.213 6 0.040 nm that are consistent with the interplanar lattice distances for (111)

and (200) planes in FeO, respectively.
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V. CONCLUSION

In this study, in situ TEM experiments were utilized to

gradually heat 1-dimensional nanochains of c-Fe2O3 nano-

particles to explore the correlation between oxidation-

reduction reactions and particle coalescence. With increasing

temperatures, a gradual reduction to Fe3O4, FeO, and subse-

quently metallic iron was observed by electron energy loss

spectroscopy. Simultaneous imaging of nanochains at differ-

ent temperatures revealed surface roughening for the phase

transition from c-Fe2O3 to Fe3O4, while smooth surfaces

were obtained after phase transformation to FeO, which also

coincided with inter-particle neck formation and, ultimately,

coalescence. The correlation of roughening transitions with

apparent phase transitions identified by changes in cation

valency indicates that FeþII cations are required for sufficient

surface diffusion that initiates neck formation. The unex-

pected existence of a stable iron(II)oxide phase, i.e., FeO or

W€ustite, indicates the potential for its phase stabilization on

the nanoscale due to the nanochain morphology.

SUPPLEMENTARY MATERIAL

See supplementary material for energy-loss spectros-

copy data of the O K-edge as a function of temperature to

verify the presence and subsequent absence of oxygen in

FeO and metallic iron, respectively.
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