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Abstract 

 

Atomic-scale structural dynamics and phase transformation pathways were probed, in situ, during the 

hydrogen-induced reduction of Fe2O3 nanostructure bi-crystals using an environmental transmission 

electron microscope. Reduction commenced with the α-Fe2O3  γ-Fe2O3 phase transformation of one 

part of the bi-crystal, resulting in the formation of a two-phase structure of α-Fe2O3 and γ-Fe2O3. The 

progression of the phase transformation into the other half of the bi-crystalline Fe2O3 across the bi-

crystalline boundary led to the formation of a single crystal phase of γ-Fe2O3 with concomitant oxygen-

vacancy ordering on every third {422} plane, followed by transformation into Fe3O4. Further reduction 

resulted in the coexistence of Fe3O4, FeO, and Fe via the transformation pathway Fe3O4  FeO  Fe. 

The series of phase transformations was accompanied with the formation of a Swiss-cheese-like structure, 

induced by the significant volume shrinkage occurring upon reduction. These results elucidated the 

atomistic mechanism of the reduction of Fe oxides and demonstrated formation of hybrid structures of Fe 

oxides via tuning the phase transformation pathway.  
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Metal oxides have many important functional properties, ranging from the catalytic activity of 

partially reduced cobalt oxide, to the magnetic data storage capacity of maghemite,1 and the excellent 

energy capacity of lithium superoxide.2 These functional properties can be tuned by adjusting 

stoichiometry, coordination, bonding, and phase of the oxide.3-5 However, there are significant challenges 

in controlling these compositional and structural features, particularly at the atomic scale. Controlled 

reduction of oxides could serve as a viable way to tune the morphology, phase, and atomic structure of 

oxides and to harness and optimize their functional properties. In order to realize this potential, a 

fundamental understanding of oxide reduction at the atomic scale is necessary. Unfortunately, this level of 

understanding is lacking for many oxides because of the difficulty in probing the fast local dynamics of 

the oxide reduction at the atomic scale using the traditional surface science and bulk materials science 

techniques. While iron oxides are common compounds that are widespread in nature and can be readily 

synthesized, understanding the atomistic mechanism of the reduction of iron oxides is even more 

challenging because of the complicated Fe-O phase diagram.6 

 Nanostructured α-Fe2O3 has been studied extensively due to its great potential for a wide range 

of applications including catalysis,7-9 water splitting,10-12 gas sensing,13, 14 and drug delivery.15, 16 Various 

forms of nanostructured α-Fe2O3 have been synthesized,17-19 such as nanowires,20-23 nanobelts,24 

nanotubes,25 nanorods26 and nanoblades.24 There are multiple ways to prepare nanostructured α-Fe2O3, 

such as thermal oxidation,20, 27, 28 chemical vapor deposition (CVD),29, 30 and laser ablation.31 Thermal 

oxidation of Fe is an efficient and cost-effective method of synthesizing high-quality α-Fe2O3 

nanostructures at large-scale.23, 27, 32-35 Pretreatment of Fe foils by sandblasting can be used to form desired 

morphologies of nanowires or nanoblades.24, 35 In particular, the surface roughness of Fe substrates can be 

altered to favor the formation of α-Fe2O3 nanoblades with a bi-crystal structure.36 

Grain boundaries have been found to influence the mechanical and electronic properties of the 

crystals.37 Several types of boundaries such as twin and coincidence-site-lattice boundaries (CSL 

boundaries or Σ boundaries) are an integral part of bi-crystals. Two crystalline grains with a specific 
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combination of misorientation axis and angle result in CSL boundaries. The degree of coincidence is 

represented by the reciprocal density of common lattice points, denoted as the ∑ number.38 Here we focus 

on the CSL boundaries with respect to their effect on the reduction behavior of the metal oxides. The α-

Fe2O3 nanoblades formed from the thermal oxidation of Fe have their two-dimensional (2D) bi-crystal 

boundary parallel to the extended surface. The large grain boundary area associated with the nanoblade 

morphology makes it an ideal system to study the grain boundary effect on the reduction of metal oxides. 

As the large surface area is a key factor for catalysis, these α-Fe2O3 nanosheets may hold a great promise 

in heterogeneous catalysis either as a catalyst or a catalyst support. We have chosen to study the reduction 

of these nanosheets in order to probe both the surface stability and the phase transformations that occur in 

a reducing environment.39 These conditions are typical of a number of catalytic gas-surface reactions such 

as methanol oxidation40, 41 and the water-gas-shift reaction42-44 for which H2 is involved either as a 

reactant or a reaction product. By observing the microstructural evolution during reduction processes, 

especially at the atomic scale, we can establish an in-depth understanding of the material behavior in 

practical applications, and optimize the material properties. 

Here, we present our observations of the in situ reduction process for the α-Fe2O3 nanoblades 

using an environmental transmission electron microscope (ETEM). Focusing on individual nanoblades, 

we examined the evolution of morphology and atomic structure of α-Fe2O3 nanoblades during reduction. 

We monitored the reduction process in time-resolved manner by heating α-Fe2O3 nanoblades in a H2 gas 

flow, interpreted the in situ HRTEM videos frame by frame, and thereby elucidated the atomic processes 

underlying the morphology and phase evolution of these 2D bi-crystal nanostructures. 

 

RESULTS AND DISCUSSION 

Fig. 1 shows SEM images of the as-prepared α-Fe2O3 nanoblades and the samples after H2-

induced reduction to different extents. The morphology of as-prepared nanoblades displays flower-like 

patterns, with smooth-edged nanoblades perpendicular to the substrate (Figs. 1(a, b)). Typical nanoblade 
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widths range from 1 µm to 5 µm. The thickness of nanoblades varies from a few nanometers around the 

edge area to about 20 nm in the center. The as-prepared α-Fe2O3 were then reduced by H2 and examined 

ex situ by SEM. Fig. 1(c) is an SEM image obtained from the sample reduced at 500 °C for 1 h, which 

shows that the edge area of the nanoblades developed a sawtooth morphology, as indicated in the area 

marked by a red rectangle in Fig. 1(c). Fig. 1(d) illustrates the morphology of the nanoblades after the 

hydrogen-induced reduction at 500 °C for 2 h, showing that the reduced nanoblades developed pits on the 

large surfaces. Through-holes are also visible around the edge areas of the reduced nanoblades. This is 

because the edge areas have a smaller thickness and the volume shrinkage induced by the oxide reduction 

leads to the formation of holes in these thin areas.   

A typical low-magnification TEM image of as-prepared Fe2O3 nanoblades is shown in Fig. 2(a). 

Nanodiffraction (Fig. 2(b)) shows that the nanoblades have a bi-crystal structure with the CSL twist 

boundary (Σ boundary), which agrees with our previous work.36 The size of area probed to generate the 

electron diffraction pattern is about 50 nm. The nanodiffraction pattern was taken on the area marked by 

the red square in Fig. 2(a). Based on the statistical measurements of multiple nanoblades, 60 % of the 

Fe2O3 nanoblades were found to have the CSL twist boundary with a rotation angle 21.8 ± 0.1° between 

two α-Fe2O3 single-crystal platelets in <0001> directions and Σ = 7.36 Fig. 2(c) is the crystal model based 

on the diffraction pattern shown in Fig. 2(b), with two -Fe2O3 unit cells stacked on top of each other and 

rotated by 21.79° such that the grain boundary is perpendicular to the direction of the incident electron 

beam. Usually the nanoblades are thicker in the center and thinner along the edge, Fig. 2(d) is a high-

resolution TEM (HRTEM) image near the edge area. The inset in Fig. 2(d) is a simulated HRTEM image 

using the structure model shown in Fig. 2(c) and the simulation parameters of a specimen thickness of 4 

nm (expected thickness at the edge) and a defocus value of -9 nm, which matches well with the 

experimental one.  

Fig. 3 shows the low-magnification in situ ETEM observations of the morphology evolution of 

Fe2O3 nanoblades during the hydrogen-induced oxide reduction at 500 °C. To avoid possible long 
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electron beam exposure induced oxide reduction, the beam was on only when taking the TEM images. 

Fig. 3(a) illustrates the morphology of a typical as-prepared nanoblade before reduction. After 90 min, the 

formation of a Swiss-cheese-like structure, with tiny pits on it, started to develop (the regions showing 

brighter contrast in Fig. 3(b)). Upon continued reduction, the nanoblades shrank and pits expanded (Fig. 

3(c)). After 240 min of reduction, some regions of the nanoblade decomposed into small particles (Fig. 

3(d)).  

The reduction process was further characterized at the atomic scale. Fig. 4(a) is an HRTEM 

image after 30 min of hydrogen-induced reduction at 500 °C. This image was taken from the same region 

marked by the red square in Fig. 2(a) and obtained by summing up 20 frames after drift-correction to 

enhance the image contrast. The lattice structure of the reduced sample (Fig. 4(a)) is significantly 

different from the as-prepared, pure α-Fe2O3 sample (Fig. 2(d)), indicating that the oxide underwent a 

phase transformation. Fig. 4(a) also shows that the lower part of the HRTEM image has a different lattice 

contrast feature from the upper part, which is caused by the slight deviation of the lower part from the 

zone axis. This local deviation from the crystallographic orientation is related to the bending effect during 

the oxide reduction induced phase transformation. Fig. 4(b) is a nanodiffraction pattern obtained from the 

same area on the nanoblade marked by the red square in Fig. 2(a). The area probed to generate the 

electron diffraction pattern was about 50 nm in diameter. The diffraction pattern was taken from the same 

region in Fig. 2(a), which consists of two sets of diffraction spots (marked by red and green circles, 

respectively). One set (marked by red) can be indexed as α-Fe2O3 oriented along the [0001] zone axis and 

the other (yellow) can be indexed as either γ-Fe2O3 or Fe3O4 along the <111> zone axis. The latter was 

confirmed as γ-Fe2O3 by measuring the white line ratio of the Fe L edge in EELS (Figs. 5(d-e)). The 

existence of α-Fe2O3 diffraction spots indicated that the nanoblade was partly transformed to γ-Fe2O3. The 

phase transformation, expected as the first step of reduction from single crystal reduction,32 started from 

the top layer of the bi-crystals because of its direct in contact with the H2 gas, whereas the bottom part of 

the nanoblade was still not reduced because of its exposure to H2 was limited by the SiNx support 
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membrane of the TEM grid. From the composite diffraction pattern (Fig. 4(b)), an in-plane rotation angle 

of 30 ± 0.1° was measured between the γ-Fe2O3 <111> and α-Fe2O3 <0001> patterns. The orientation 

relationships are α-Fe2O3(0001)//γ-Fe2O3(111) and α-Fe2O3  0110 //γ-Fe2O3<110>. The }0330{  planes 

in α-Fe2O3 are aligned with {440} in γ-Fe2O3 because the bright diffraction spots of α-Fe2O3 }0330{  

overlap with γ-Fe2O3 {440} ( }0330{g  = 6.8 nm-1, g{440} = 6.9 nm-1). The preferred orientation relationship 

induced by the α-Fe2O3  γ-Fe2O3 transformation can be attributed to the fact that both the α-

Fe2O3(0001) and γ-Fe2O3(111) planes are close-packed planes with an in-plane six-fold symmetry at the 

interface, which is also in agreement with the previous report on the transformation γ-Fe2O3  α-Fe2O3.45 

The 30° rotation between the two platelets with the α-Fe2O3/γ-Fe2O3 bi-layer structure is likely the most 

stable arrangement of the two structures that involves the minimum rearrangement of atoms in their close-

packed planes from the transformation of one platelet of the parent bi-crystal α-Fe2O3 that has the original 

21.79° rotation of the two platelets to the γ-Fe2O3.  

 As the reduction proceeded, the remaining α-Fe2O3 platelet (the bottom crystal) continued to 

transform to γ-Fe2O3. Fig. 5(a) is a HRTEM image captured during the in situ observation of the oxide 

reduction induced structure transformation in the area marked with the red square in Fig. 2(a), which 

shows two different lattice structures with moiré fringes in their boundary region. Figs. 5(b and c) are 

diffractograms obtained from the regions marked by red squares b and c in Fig. 5(a), respectively. By 

indexing the diffractograms, it can be concluded that both regions b and c have the cubic structure that 

can be either γ-Fe2O3 or Fe3O4. At this point, the CSL grain boundary disappears in the diffractograms. 

The absence of the grain boundary indicates that the other component (α-Fe2O3) of the bi-crystal 

nanoblades also transformed into γ-Fe2O3 (or Fe3O4) and the newly formed structure is perfectly aligned 

with the already transformed γ-Fe2O3 component because the diffractograms of the HRTEM images yield 

only one set of diffraction spots (either Fig. 5(b) or (c)). The sequential transformation of the two crystals, 

stacked on top of each other, indicates that slow diffusion of the reactants (hydrogen and oxygen) or the 
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accumulation of oxygen vacancies at the bi-crystal boundary (i.e., the boundary acts as a sink for 

vacancies) delayed the onset of reduction of the bottom crystal. As mentioned earlier, the space groups 

and lattice constants of γ-Fe2O3 and Fe3O4 are very similar (γ-Fe2O3: space group P4132, a = b = c = 

0.8347 nm; Fe3O4: space group mFd 3 , a = b = c = 0.8394 nm) and cannot be distinguished on the basis 

of the diffractograms. In Fig. 5(b), there are two extra superlattice spots, indicating the d spacing of the 

newly ordered planes is 3 times of that of the original γ-Fe2O3 {422} crystal planes. This is most probably 

due to the ordering of oxygen vacancies parallel to {422} planes, with the d spacing three times of that of 

{422}, i.e., with a vacancy present on every third {422} plane. The ordering of oxygen vacancies parallel 

to {422} planes was also confirmed using HRTEM image simulation. The observed ordering is just one 

of the metastable vacancy ordered phases as other vacancy ordered phases such as with ordering of 

oxygen vacancies on every 4th ( 211 )46 or every 10th ( 0330 )32 planes were also reported. 

Figs. 5(d, e) are the respective EELS spectra of regions b and c marked by the red squares in Fig. 

5(a) after background removal and deconvolution. Since γ-Fe2O3 and Fe3O4 are both cubic structures with 

very similar lattice constants, it is impossible to distinguish them by electron diffraction. However, the 

oxidation state of Fe is different in the two structures. Therefore, the L3/L2 ratio, which is proportional to 

the oxidation state, can be used to identify them. The L3/L2 ratios were calculated and compared with 

standard samples (commercial α-Fe2O3, γ-Fe2O3, Fe3O4, and FeO) to distinguish between the γ-Fe2O3 and 

Fe3O4 phases (details of the measurements and the analysis are given in the supporting information). 

Combined measurements from the diffractogram and EELS confirmed that region b in Fig. 5(a) has the γ-

Fe2O3 structure with the ordering of oxygen vacancies and region c is Fe3O4. The γ-Fe2O3 with the oxygen 

vacancy ordering is an intermediate structure formed during the reduction process.46 This is because of 

the continuous supply of H2 during the in situ reduction, for which O atoms continuously departed from 

the oxide by reacting with adsorbed H to form H2O molecules that desorbed from the oxide surface. 

Therefore, oxygen vacancies were continuously generated in the oxide and can dynamically self-order 
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into a sequence of superstructures46 as the reduction proceeded. The superstructure observed from our 

experiments might be one of the relatively more stable oxygen-vacancy ordered superstructures. 

With the continuous accumulation of oxygen vacancies, the intermediate phase of γ-Fe2O3 

became increasingly unstable and transformed into the more stable Fe3O4. It can be noted from Fig. 5(a) 

that there are many tiny pits or internal voids (brighter dots) formed in region b. They are clusters formed 

by the coalescence of excess oxygen vacancies. It is also interesting to note from Fig. 5(a) that there are 

no pits in the Fe3O4 region (i.e., the lower-right corner), suggesting that the Fe3O4 region is relatively free 

of oxygen vacancies and the reduction occurred mainly in the γ-Fe2O3 region at this stage. This is 

reasonable because the lower-right region already underwent the γ-Fe2O3  Fe3O4 transformation, in 

which oxygen vacancies were annihilated. As shown in Fig. 5(a), the Moiré fringe contrast occurred in 

the γ-Fe2O3/Fe3O4 interface region because the interface was inclined with respect to the incident electron 

beam. The occurrence of the Moiré fringe contrast only in γ-Fe2O3/Fe3O4 interface region demonstrated 

clearly that lower-left corner region was completely transformed to Fe3O4 in the through-thickness 

direction of the nanoblade and the γ-Fe2O3  Fe3O4 transformation propagated laterally toward the γ-

Fe2O3 region. This manner of the phase transformation is very different from the first stage of reduction of 

the parent α-Fe2O3 bi-crystals, for which only one of the two platelets of the bi-crystal was first 

transformed into the γ-Fe2O3, resulting in the γ-Fe2O3/α-Fe2O3 bi-layer structure.  

Fig. 6 illustrates a sequence of in situ TEM images (extracted from supplemental in situ HRTEM 

video 2) showing the next reduction step after the γ-Fe2O3  Fe3O4 transformation was completed. The 

diffractograms of the two regions marked by the red squares in Fig. 6(c) show that the newly transformed 

region (the slightly darker gray region) is FeO while the rest is Fe3O4. The propagation of the FeO region 

was accompanied with the concurrent retraction of the Fe3O4 region, which clearly demonstrated the 

transformation path Fe3O4  FeO. The in situ TEM images shown in Figs. 6(a-f) also confirm that the 

reduction reaction was a topotactic transformation with the crystallographic orientation relationship of 

Fe3O4<111>//FeO<111>. This orientation relationship is preferred because both Fe3O4 and FeO are cubic 
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(Fe3O4: space group mFd 3 , a = 0.8394 nm; FeO: space group: mFm 3 , a = 0.4354 nm) and the Fe3O4  

FeO transformation along the Fe3O4(111)/FeO(111) interface would require minimal atomic 

rearrangement because the (111) planes are the closest-packed planes for both structures. 

The reduction kinetics of the Fe3O4 component shown in Fig. 6 was also determined by 

measuring the shrinkage of the Fe3O4 from the in situ TEM video. To calculate the reaction rate, an 

automated image processing scheme (AIPS),  which is  a combination of algorithms developed at NIST 

and publically available, was used to obtain structural information from each frame extracted from videos. 

The video of atomic positions corresponding to the HRTEM video is available in the Supporting 

Information (SI movie 3). After identifying the atomic positions and measuring the spacing between 

every two nearest neighbors, the area occupied by Fe3O4 structure in each frame can be assigned and 

calculated. The Fe3O4 area (Fig. 6(g)) was measured as a function of time to determine the reaction 

rate.  The reduction kinetics can be fitted linearly and the reaction rate (slope) was determined to be 0.48 

± 0.3 nm2•s-1, where the uncertainty is a single standard deviation as determined by the fitting procedure. 

A linear fit assumed a zero-order reaction or a pseudo-zero-order reaction, which was reasonable in this 

case because only a small fraction of the Fe3O4 reacts, and this fraction was continuously replenished 

from the larger pool (the parent nanowire). Fitting the data in Figure 6(g) with an exponential decay 

function expected for a higher-order reaction gave R2 = 0.95, which was an equivalent confidence level to 

the linear fit. The uncertainty shown in Fig. 6(g) was given by the standard deviation of multiple 

measurements. Because of the similarity of R2 for the exponential vs. linear fits, it is not sufficient to 

determine the order of reaction for this transformation that would require the measurements on the 

reaction rate over many reactant concentrations.  

The reduction of metal oxides has been traditionally described using an interface-controlled 

model, i.e., the reduction rate depends on the interface area between the reduced phase and the parent 

oxide.47-50 As shown in Figs. 6(a-f), the Fe3O4/FeO interface area became larger during the course of the 

reduction, implying that the reaction rate should increase with time if the reduction were controlled by the 
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Fe3O4/FeO interface. The linear time dependence of the transformation from Fe3O4 to FeO observed in 

our experiment suggested that the reduction was a surface reaction limited process, which can be either 

due to the surface adsorption of H2 molecules or the removal of H2O molecules.  

 The reduced nanoblades show a porous morphology with sawtooth-like edges after 120 min of 

heating in the H2 gas flow (Fig. 7(a)). The clustering of vacancies resulted in the formation of craters 

while the nanoblade body still remained as Fe3O4 (Figs. 7(a, b) and inset diffractograms). The 

diffractogram from the area marked in Fig. 7(c) indicates the existence of an amorphous structure, which 

is the SiNx supporting membrane of the TEM grid, confirming the pit formation and the development of a 

through hole in the pit area. The morphology was in accordance with the SEM observation shown in Fig. 

1(d) and the in situ TEM observation in Fig. 3(d). At this point, the structure of the nanoblade consists of 

two oxides of iron (Fe3O4 and FeO) and metallic Fe. Eventually, the entire α-Fe2O3 nanoblade was 

transformed into metallic Fe and fell apart into multiple Fe nanoparticles (Fig. 7(d)) and the inset 

diffraction pattern) due to the considerable specific volume shrinkage from α-Fe2O3 (cell volume = 0.5816 

nm3) to Fe (cell volume = 0.0439 nm3). As shown in Fig. 7(d), the Fe nanoparticle has a core-shell 

structure with a thin layer of ultrafine nanocrystals grown on the surface. This is because metallic Fe 

nanoparticles are highly reactive51 and can easily re-oxidize immediately to form a thin surface oxide 

layer even in the low partial pressure of oxygen present in the TEM column. The in situ TEM 

observations demonstrated that the reduction by H2 results in the formation of a porous structure in the 

parent Fe2O3 nanoblade, followed by its disintegration into Fe nanoparticles. Such dramatic morphology 

changes are induced by the significant volume shrinkage that occurs during the H2-induced reduction-

driven phase transformation from α-Fe2O3 to metallic Fe upon the loss of lattice oxygen from the oxide. 

The reduction for bulk α-Fe2O3 by H2 follows the reaction sequence of α-Fe2O3 → Fe3O4 → FeO 

→ Fe52 or α-Fe2O3 → Fe3O4 → Fe.53 By contrast, we find the reduction of α-Fe2O3 nanoblades follows the 

transformation sequence of α-Fe2O3 → -Fe2O3 superlattice (Fig. 4) → Fe3O4 (Fig. 5) → FeO (Fig. 6) → 

Fe (Fig. 7). The absence of the polymorph transition of α-Fe2O3 → -Fe2O3 in the reduction of the bulk 
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oxide can be related to the kinetic constraints associated with the substantial distortion in the cell 

parameters of the α-Fe2O3 (hexagonal, a = b = 0.5036 nm, c = 1.3749 nm) to obtain -Fe2O3 (cubic, a = b 

= c = 0.8347 nm). However, such a kinetic hindrance to the -Fe2O3 formation may vanish for the 

reduction of α-Fe2O3 nanoblades because a large fraction of the atoms are located in a close proximity to 

the surface, which facilitate oxygen removal and self-ordering of oxygen vacancies as well as the cell 

distortion. Therefore, the reduction of the 2D nanosheets proceeds with more substeps compared with 

their bulk counterpart. 

Fig. 8 schematically summarizes the reduction pathway of the bi-crystal α-Fe2O3 with the bi-

crystal boundary observed from our in-situ TEM experiments, where the reduction reaction starts from 

the surface that is directly exposed to H2. The α-Fe2O3 nanoblades are first transformed into an α-Fe2O3/γ-

Fe2O3 bi-layer structure as one of the α-Fe2O3 platelets transforms into γ-Fe2O3. The α-Fe2O3/γ-Fe2O3 

hybrid then transforms to a single-crystal γ-Fe2O3 nanoblade by converting the other α-Fe2O3 platelet into 

γ-Fe2O3. With continued H2 exposure, oxygen vacancies form in the γ-Fe2O3 nanoblade and self-order into 

a superstructure. However, if both surfaces are directly exposed to H2, -Fe2O3 formation can occur on the 

two surfaces of the nanoblade with their respective crystallographic orientation with the parent α-Fe2O3 

grain. As a result, a bi-crystal -Fe2O3 nanosheet may develop, instead of forming the α-Fe2O3/γ-Fe2O3 

bilayer structure and then a single-crystal γ-Fe2O3 sheet as shown schematically in Figs. 8(b and c). The 

continued accumulation of oxygen vacancies in γ-Fe2O3 results in the formation of clusters of oxygen 

vacancies with the concomitant γ-Fe2O3  Fe3O4 transformation. The subsequently formed Fe3O4 

transforms into FeO and then to Fe upon further H2 exposure at the elevated temperature. Due to the 

significant volume shrinkage along the transformation pathway of α-Fe2O3  γ-Fe2O3  Fe3O4  FeO 

 Fe, the parent α-Fe2O3 nanoblades disintegrate into Fe nanoparticles.  
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CONCLUSIONS	

In summary, we have monitored the H2-induced reduction process of α-Fe2O3 nanoblades and 

elucidated the reduction mechanism at the atomic scale. The parent α-Fe2O3 nanoblades have the CSL 

boundary formed by two platelets with a rotation angle of 21.79°. The reduction of the bi-crystal α-Fe2O3 

nanoblades commences with the transformation of one of the platelets to γ-Fe2O3, resulting in a nanoblade 

of the α-Fe2O3/γ-Fe2O3 hybrid structure formed by the alignment of the α-Fe2O3 and γ-Fe2O3 platelets with 

a rotation angle of 30°. The α-Fe2O3 platelet in the α-Fe2O3/γ-Fe2O3 bilayer structure transformed into γ-

Fe2O3, thereby forming a 2D single-crystal γ-Fe2O3. Upon further loss of lattice oxygen, the γ-Fe2O3 

developed into a γ-Fe2O3 superstructure with the ordering of oxygen vacancies followed by the nucleation 

and growth of Fe3O4. Upon continued reduction, the ordered oxygen vacancies aggregated to form pits in 

the γ-Fe2O3 matrix. The transformed Fe3O4 was further reduced into FeO. Finally, the nanoblades were 

reduced to metallic iron and disintegrated into multiple Fe nanoparticles. These observations demonstrate 

that a high degree of control over the morphology, crystal structure, and oxidation state of the oxide 

nanostructures can be made by controlled oxide reduction. 

 

METHODS 

Materials Preparation. The -Fe2O3 samples used for the in situ reduction experiments were 

prepared by the thermal oxidation of polycrystalline Fe foils (99.99 % pure). The high-purity Fe foils 

were first sandblasted using glass-bead abrasives with diameters ranging from 150 µm to 250 μm for 60 s 

at a pressure of 689.5 kPa (100 pounds per square inch) to modify the surface roughness. The sandblasted 

Fe foils were then  thoroughly rinsed in deionized water followed by ultrasonication in acetone for 5 min. 

The cleaned iron foils were then placed on a substrate heater in a vacuum chamber and the sample 

temperature was monitored by a K-type thermocouple in contact with the substrate heater. The chamber 

was pumped to vacuum (≈ 3×10-4 Pa) and then filled with oxygen gas at a pressure of ≈ 270 Pa (99.999 % 

pure) and sealed. The Fe foil was then heated to 600  at a rate of ≈ 20  min-1 in the oxygen gas and 
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oxidized at 600  for 60 min. This yielded well-aligned, crystalline -Fe2O3 nanoblades perpendicular to 

the Fe substrate. More details about the formation of nanostructured Fe2O3 by the thermal oxidation of Fe 

can be found in our previous work.20, 24, 45, 54 Ex situ reduction of the as-prepared α-Fe2O3 nanoblades was 

conducted in the same vacuum chamber by switching to the H2 gas flow and at the reduction temperature 

ranging from 500 °C to 600 °C. The morphology changes before and after the reduction were examined 

by field-emission scanning electron microscopy (FEG-SEM).  

In  situ TEM Characterization.  In situ experiments to monitor oxide reduction were performed in a 

dedicated ETEM equipped with an objective-lens aberration corrector and a gas manifold that enables 

control of the flow rate and partial pressure of various gases in the specimen area 55. As-prepared -Fe2O3 

nanoblades were scratched off the Fe substrate and were dispersed in isopropanol by ultrasonication, 

followed by drop casting the suspension onto SiNx membrane TEM grids. These were then loaded onto a 

heating holder and inserted in the ETEM. In our experiments, hydrogen (99.999 % pure) was first flowed 

through a liquid nitrogen trap to condense water molecules, and was then introduced into the specimen 

area in the ETEM column at a partial pressure of 0.5 Pa. The sample was then heated to 500 °C in the H2 

flow. In situ TEM observations, acquisition of high-resolution TEM (HRTEM) images and videos, nano-

beam electron diffraction, and electron energy loss spectra (EELS) were performed under this reducing 

condition. In situ HRTEM imaging of the oxide reduction process was performed with 0.5 s per frame. 

Electron-energy loss spectroscopy (EELS) analysis was used to determine the oxidation state of the 

reduced oxide. Following background removal, the spectra were de-convoluted, and two arctangent 

functions were then applied 56 to remove the post-edge background to produce isolated Fe L3 and L2 edges 

for the calculation of the L3/L2 ratio (white line ratio),56 which is proportional to the oxidation state of Fe. 

To minimize the effect of electron beam induced oxide reduction, the e-beam was blanked except for data 

acquisition. We also examined the possible effect of electron beam irradiation by comparing the oxide 

reduction with and without electron beam and different sample areas. Our results indicate the negligible 

effect of electron irradiation on the observed oxide reduction pathway. 
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Figure captions: 

 

Figure 1. (a) SEM images of -Fe2O3 nanoblades formed by the oxidation of a sandblasted Fe substrate. 

(b) Cross-section SEM image of the nanoblades. (c) SEM image of nanoblades after 1 h of reduction at 

500 °C in H2, showing the “sawtooth” morphology along the edges (as marked by the red square). (d) 

SEM image showing the formation of holes after 2 h of reduction. The scale bar is 1 µm. 
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Figure 2. (a) TEM image of a typical as-prepared α-Fe2O3 nanoblade (the ghosting effect seen in the 

image is due to the specimen charging under the electron beam). (b) Nanodiffraction pattern of the bi-

crystal α-Fe2O3 taken at the area marked by the red square shown in (a), which can be indexed as two 

overlaying α-Fe2O3 platelets oriented along the <0001> zone axis, with a CLS twist boundary of 21.79°; 

(c) an atomic structural model of two overlaying α-Fe2O3 unit cells rotated by 21.79° with respect to each 

other; (d) the HRTEM from the red square area in (a), inset is a simulated HRTEM (outlined by red 

rectangle) based on the structure model in (c), the image simulation parameters: sample thickness = 4 nm, 

defocus value = -9 nm.  
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Figure 3. The morphology evolution of α-Fe2O3 nanoblade during in situ heating at 500 °C with the flow 

of H2 gas at the pressure of ≈ 0.5 Pa. (a) a nanoblade before reduction, (b) The reduction begins with the 

formation of pits, and (c) the nanoblade becomes thinner as the reduction continues, (d) the nanoblade 

breaks into small pieces. The observed ghosting effect in the images (a and b) is due to charging of the 

specimen by the electron beam. 
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Figure 4. HRTEM image (a) and nanobeam electron diffraction pattern (b) of the nanoblade, showing the 

parent bi-crystal α-Fe2O3 nanoblade is transformed into a bi-layer structure of α-Fe2O3 and γ-Fe2O3, with 

a rotation angle of 30°. The size of area probed to generate the electron diffraction pattern in Fig. 4(b) is 

about 50 nm, the diffraction pattern was taken from the same region on the nanoblade marked by the red 

square in fig. 2(a). 
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Figure 5. (a) In situ HRTEM visualization (supplemental in situ TEM video 1) of the transformation from 

γ-Fe2O3 to γ-Fe2O3-superstructure in the upper-left corner of the image. (b, c) the diffractograms from red 

boxed regions b and c, in (a), respectively. Note the presence of extra spots in (b), which are related to the 

ordering of oxygen vacancies in the γ-Fe2O3 region in the upper-left corner. (d, e) EELS spectra from the 

regions marked by red boxes b and c in (a), respectively. Both regions b and c marked in (a) are γ-Fe2O3, 

but the white line ratio in (e) is 5.05, slightly lower than 5.23 in (d), indicating the γ-Fe2O3 in upper-left 

corner region as marked by red box b in (a) has a slightly lower oxidation state induced by oxygen 

vacancies (Details of the measurements and the analysis are given in the supporting information).  
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Figure 6. Time sequence of high-resolution TEM images (extracted from supplemental in situ TEM 

videos 2 and 3) showing the phase transformation from Fe3O4 to FeO. (a) 0.5 s, (b) 25 s, (c) 50 s, (d) 60 s, 

(e) 75 s, (f, g) the diffractograms of the regions marked by “F” and “G” in (c), showing that the region 

before transformation (region “G”) is Fe3O4<111> and then transform to FeO<111> (region “F”) with the 

orientation relationship of the topotactic transformation of Fe3O4<111>//FeO<111>. (g) The reduction 

rate of the oxide measured from the in situ TEM video of the shrinkage of the Fe3O4 region. The error 

bars give single standard deviation uncertainties based on multiple measurements. 
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Figure 7. (a) HRTEM of the nanoblade edge region after heating in H2 for 61 min, showing the sawtooth 

structure formed along the edge; the diffractogram of the marked square area is Fe3O4 <111>; (b) 

HRTEM image showing the formation of pits, the diffractogram of the pit area is consistent with FeO 

<111>; (c) HRTEM image with the formation of porous structure on the nanoblade, the diffractogram of 

the marked area indicates the presence of an amorphous material, which is the SiNx membrane of the 

TEM grid, confirming the formation of a through hole; (d) HRTEM image obtained from a Fe 

nanoparticle formed during the final stage of the reduction, the inset is a nanobeam diffraction pattern 

along the Fe <001>. 
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Figure 8. Schematic illustration of the reduction pathway of α-Fe2O3: (a) bi-crystal α-Fe2O3, (b) α-

Fe2O3/γ-Fe2O3 bi-layer structure, (c) single-crystal γ-Fe2O3 superlattice, (d) γ-Fe2O3  Fe3O4, (e) Fe3O4, 

(f) a Swiss-cheese-like structure consisting of Fe3O4, FeO, and Fe nanoparticles. Red: α-Fe2O3; Green: γ-

Fe2O3; Purple: Fe3O4; Blue: FeO; Yellow: Fe. 
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