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Abstract 

Twin formation in hematite during dehydration was investigated using X-ray diffraction, 

electron diffraction, and high-resolution transmission electron microscopy (TEM). 

When synthetic goethite was heated at different temperatures between 100 and 800 °C, 

a phase transformation occurred at temperatures above 250 °C. The electron diffraction 

patterns showed that the single-crystalline goethite with a growth direction of [001]G 

was transformed into hematite with a growth direction of [100]H. Two non-equivalent 

structures emerged in hematite after dehydration, with twin boundaries at the interface 

between the two variants. As the temperature was increased, crystal growth occurred. At 

800 °C, the majority of the twin boundaries disappeared; however, some hematite 

particles remained in the twinned variant. The electron diffraction patterns and 

high-resolution TEM observations indicated that the twin boundaries consisted of 

crystallographically equivalent prismatic (100), (010), and (11�0) planes. According to 

the total energy calculations based on spin-polarized density functional theory, the twin 

boundary of prismatic (100) screw had small interfacial energy (0.24 J/m2). Owing to 

this low interfacial energy, the prismatic (100) screw interface remained after 

higher-temperature treatment at 800 °C. 
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1. Introduction 

 Goethite (αFeOOH) is widely distributed in soils, rocks, sediments, and ores [1, 2], 

and it can be a source material for catalysts [3], magnetic materials [4], and in iron 

production [5]. In the past few decades, the thermal decomposition of goethite into 

hematite has been reported from various viewpoints, including kinetics analysis [6], 

spectroscopy [7, 8], diffractometry [9, 10], and electron microscopy [11]. Studies using 

electron microscopy and X-ray diffraction (XRD) have further clarified the 

transformation from goethite to hematite [6, 11]. Microscopic observations have also 

clarified the thermal decomposition of goethite into hematite through the formation 

mechanism of slit-like micropores [12]. In this case, the slits are generated along the 

goethite [001]G direction, where the crystal is defined by the orthorhombic space group 

Pbnm, with lattice constants of aG = 4.5979 Å, bG = 9.9510 Å, and cG = 3.0175 Å 

[12-14]. Structural investigation on the thermal decomposition of goethite was carried 

out using X-ray and electron diffraction with high-resolution transmission electron 

microscope (TEM) imaging. The topotactic relationship between goethite and hematite 

was revealed to be (100)G // (001)H by van Oosterhout [15]. Furthermore, Francombe 

and Rooksby clarified the unit cell relationships between goethite and hematite, as did 

Gualtieri and Venturelli in a later study [10, 16]. When goethite is thermally dehydrated 

at lower temperatures, the mosaic polycrystalline structure consists of aggregates of 

well-oriented, twin-related hematite crystals, in which the twin-related hematite crystals 

are separated by (001)H walls owing to the loss of water. Moreover, the twin boundary 

was found to be (100)H, as demonstrated by high-resolution electron microscopy [11, 

17]. In this study, twin formation in hematite during dehydration was investigated, in 

which goethite samples were dehydrated at different temperatures between 100 and 

800 °C. Room temperature XRD was carried out to study the phase and crystal size. To 

investigate the detailed crystal structure including twin boundary, this study employed 

high resolution TEM and electron diffraction analysis. In situ dehydration of goethite 

together with TEM was also carried out to confirm the topotactic relationship between 
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goethite and hematite, because XRD only analyses the agglomerated particles. When 

the electron beam is strongly focused on the goethite particles during TEM, the particles 

are partially heated and then dehydrated. By analyzing the high resolution TEM image 

and electron diffraction pattern, we can investigate the topotactic relationship during 

dehydration. Finally, the interfacial energy of the obtained twin boundary was analyzed 

by performing total energy calculations based on spin-polarized density functional 

theory (DFT). 

 

2. Experiment 

 Reagent goethite powder, with a purity of 99% and a particle size of 1 μm, was 

obtained from the Kojundo Chemical Lab. Co. and used to prepare the goethite samples 

in this study. The reagent particles were vacuum dried at 100 °C for 24 h and then 

heated at different temperatures ranging from 200 to 800 °C. The heating duration was 

24 h for temperatures below 350 °C, and only 1 h for higher temperatures. Powder 

X-ray diffraction (Miniflex II, Rigaku) with a Cu Kα source was used to characterize the 

phase composition. The morphology and crystal structure were analyzed using 200 kV 

transmission electron microscopy (JEM-2010F, JEOL). The electron diffraction pattern 

was recorded using a film with camera length of 100 cm. The lattice spacing d was 

calculated by indexing the electron diffraction pattern and using the following equation: 

R
Ld λ⋅

=  (1) 

Here, L is camera length, λ is the wavelength of electron (0.02508 Å) and R is the 

measured distance of electron diffraction pattern. The in situ dehydration experiment of 

goethite was carried out to confirm the topotactic relationship between goethite and 

hematite. To transform the goethite to hematite, the electron beam was strongly focused 

on these particles for several seconds. The crystal structures were drawn using 

crystal-maker software, and the theoretical electron diffraction pattern was calculated 

using single-crystal software[18].  
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The interfacial energies of the twin boundaries of hematite were obtained from total 

energy calculations based on spin-polarized density functional theory (DFT), using 

generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) 

functional [19, 20] for the exchange–correlation energy, which is implemented in the 

plane-wave and projector augmented wave method of the Vienna Ab-initio Simulation 

Package (VASP) [21-26]. We applied a 600 eV cutoff to limit the plane-wave basis set 

without compromising the computational accuracy. In this study, for comparison, we 

considered two different twin boundaries, which are called prismatic (100) and basal 

(001) twin boundaries. The supercells with prismatic (100) and basal (001) twin 

boundaries, which consist of 64 and 72 Fe atoms, respectively. For the first Brillouin 

zone sampling, a 3 × 3 × 5 and 5 × 5 × 3 Monkhorst-Pack special k -point grid with a 

Gaussian smearing model (σ = 0.05 eV) was used for the prismatic (100) and basal 

(001) twin boundaries, respectively. The on-site Coulomb interaction of the strongly 

localized correlated d electrons of Fe was treated based on formalisms proposed by 

Dudarev et al.[27], with an effective on-site Coulomb interaction parameter of 4.3 eV 

[28]. The calculated lattice constants of hematite were a = 5.068 Å and c = 13.876 Å, 

obtained by using a 5 × 5 × 3 k-mesh on the rhombohedral unit cell with 12 Fe atoms. 

The antiferromagnetic magnetic system was treated using the same procedures reported 

in [29].  

 The interfacial energy of the corresponding twin boundary γ was calculated as 

follows: 

  ( )
A
nEE

2
bulktwin −=γ  (2) 

where Etwin is the total energy of the system with a twin boundary, Ebulk is the energy of 

a single unit of hematite in the bulk, n is the number of units in the corresponding 

system with a twin boundary, and A is the area of the interfacial plane of the twin 

boundary. Atomic positions were optimized until the forces on each atom were smaller 

than 0.02 eV/Å which provides with sufficient accuracy. 
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3. Results and discussions 

 Figure 1a shows the XRD patterns of goethite samples that were dehydrated at 

various temperatures, indicating that the transformation of goethite occurred at 

temperatures above 230–250 °C. This dehydration temperature is in agreement with 

previously reported results [9]. Gualtieri and Venturelli reported the formation of an 

intermediate phase called "protohematite" under high temperatures, by using in situ 

synchrotron X-ray powder diffraction [10]. In our study, this phase did not appeared 

because the measurement of X-ray and electron diffraction was carried out under room 

temperature. Owing to the crystal growth, the peaks became sharper as the temperature 

was increased. At temperatures between 250 and 600 °C, the reflection peak of (104)H 

was broader than that of (110)H. The mean crystal sizes along (104)H and (110)H were 

determined by using Scherrer’s equation [30],  

θβ
λ

cos⋅
⋅

=
KD   (3) 

where D is the length of the crystal in a direction perpendicular to the reflection planes 

of h, k, and l; λ is the Cu Kα X-ray wavelength (1.54184 Å); K is a constant (0.9) used in 

this study; β is the peak width at half maximum; and θ is the Bragg angle of the crystal. 

Figure 1(b) summarizes the mean calculated crystallite size after dehydration at 

different temperatures. The difference in the mean crystallite size was caused by the 

generation of slit-shaped pores along the [100]H direction and the preferred crystal 

orientation [12, 31, 32]. Figure 2 shows a TEM image of the slit-like pores generated at 

250 °C, with heating provided by an electric furnace. Using the contrast profile along 

the horizontal line shown in Figure 2(a), the slit width was estimated to be 0.8–2.5 nm, 

while the slit distance was determined to be approximately 4 nm. These slit-like pores 

were generated from the removal of the OH groups in the closely arranged [001]G 

direction. 

 The in situ dehydration experiment of goethite was carried out to confirm the 
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topotactic relationship between goethite and hematite. Figure 3(a) shows TEM image 

and HR-TEM image of a goethite rod-like crystal before dehydration and the 

corresponding electron diffraction pattern, which clearly indicates that the rod-like 

crystal was a single crystal in the growth direction of [001]G. To transform the goethite 

to hematite, the electron beam was strongly focused on this particle for several seconds; 

Figure 3(b) shows a TEM image of the sample in Figure 3(a) after dehydration. During 

dehydration, slit-like pores were generated as shown in Fig.2 because the OH groups 

with closely arranged [001]G axes were removed, as shown in the structural model in 

Figure 6(a). None of the HR-TEM images or electron diffraction patterns correspond to 

single-crystalline hematite, in which the many twin boundaries were transformed from 

goethite after dehydration. Although this twin structure was already investigated by 

Watari et al. [17], we reconfirmed the structural relationship using both crystal-maker 

software and crystal-diffraction calculations.  

 

Figure 4 shows the crystal structure of hematite projected through the [010] 

direction, where the calculated electron diffraction patterns are shown in the bottom row. 

When hematite was projected through the [010] direction, two non-equivalent atomic 

arrangements were available, referred to as the (a) observed structure and (b) reversed 

structure. When these two arrangements were introduced into the twinned 

crystallographic structure, the atomic arrangement and resulting diffraction pattern are 

illustrated in Figure 4(c). The d spacings were calculated from the electron diffraction 

patterns and fast Fourier transformation (FFT) of HR-TEM image, as shown in Figure 5. 

The calculated d spacings are summarized in Table 1. Although the experimental data 

contained measurement error, the observed structure shown in Figure 3(b) agreed well 

with the calculated result from the structure model shown in Figure 4(c). Thus, it is 

clear that such twins were formed in hematite. 

 

 Based on the electron diffraction patterns shown in Fig. 3, the crystallographic 
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orientation relationship between goethite and hematite was investigated. Figure 6 shows 

the atomic structure corresponding to the orientation relationship represented by (040)G 

// (006)H and (002)G // (300)H. Table 2 shows the lattice spacing of goethite and hematite 

corresponding to Figure 6. Owing to the removal of OH groups, the distance of the 

(006)H plane was decreased.  

 

 We confirmed the detailed crystal structure of hematite including twin boundary 

after dehydration by electron beam irradiation as well as thermal dehydration in an 

electric furnace. Figure 7(a) shows a high-resolution TEM (HR-TEM) image 

corresponding to the electron diffraction and FFT patterns of the sample that was 

dehydrated at 250 °C for a period of over 24 h. The TEM image indicates that the 

crystal size ranged from 10 to 30 nm, which agrees with the crystal size obtained by 

XRD shown in Fig. 1(b). The [010] projected electron diffraction pattern recorded over 

the entire area of particles shows a twin structure similar to that shown in Figure 3(b), 

suggesting formation of a twin structure. In the TEM image shown in Figure 7(a), we 

have chosen the region on the right hand side of the image because it has no 

overlapping grains. We carefully observed the lattice fringe and distinguished the grain 

boundaries shown by the solid black line. The FFT patterns obtained from each grain 

demonstrated that the goethite particle consisted of small single crystalline grains 

extending toward [100]H, where the observed and reversed structures (see Figure 4) 

appeared alternately, as shown in Figure 7(b), in which red and blue correspond to the 

observed and reversed structure of hematite, respectively. According to the enlarged 

HR-TEM image in Figure 7(c), the twin boundary consisted of a straight line on the 

(100)H plane, in which the Fe atomic positions were well matched in each twin crystal 

(Figure 7(d)).  

 

 HR-TEM observations were carried out for the sample that was dehydrated at 

800 °C for 1 h, as shown in Figure 8. Compared to the case of 250 °C, crystal size 
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increased due to crystal growth at higher temperature. Under these dehydration 

conditions, most of the twins disappeared; however, some hematite particles remained 

in the twin structure. Shown in Figure 8(a), the rod-like particle consisted of several 

grains with size of over 100 nm. These grains were separated from the (100) related 

planes and alternately appeared, just like the twins that resulted from dehydration at 

250 °C. In addition, we investigated the contrast near the grain boundary and discovered 

two types of grain boundaries, edge-on and inclined grain boundaries, as shown in 

Figure 9(a, b). In the crystal structural model of hematite in the [001] projection shown 

in Figure 9(c), three dashed lines corresponding to the crystallographically equivalent 

(010), (100) and (11�0) planes represent the possible grain boundaries. Therefore, the 

twin boundary could exist not only as a single plane, but also as a facet structure, as 

shown in Figure 9(d).  

In general, interfaces like grain and twin boundaries tend to disappear during crystal 

grain growth at high temperature to decrease the interfacial energies. Interfacial energies 

depend on the boundary characteristics, which are determined by the crystallographic 

orientation relationship between two crystal grains. Compared to random boundaries, 

twin boundaries are known to have lower interfacial energy owing to their well-matched 

atomic structures. To investigate why the (100) twin boundary was present at high 

temperature in our samples, we calculated the interfacial energies of prismatic (100) 

screw and basal (001) rotation interfaces. Our results showed that the twin boundary of 

prismatic (100) screw had lower interfacial energy (0.24 J/m2) than that of the basal 

(001) rotation interface (1.31 J/m2); these values agree with the interfacial energies of 

other similar corundum structures like αAl2O3 and αCr2O3 [33-35]. In the case of 

αCr2O3, the grain boundary of prismatic (100) screw had the smallest interfacial energy 

of 0.24 J/m2 among other grain-boundary symmetries of prismatic (100) glide, basal 

(001) rotation, and others. Owing to this lower interfacial energy, the prismatic (100) 

screw interface remained after higher-temperature treatment at 800 °C. 

 Finally, we propose a mechanism, shown in Figure 9(e), for the transformation of 
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goethite into hematite containing twin boundaries with a slit-like porous morphology 

during thermal decomposition. At the initial stage of goethite dehydration, many 

hematite grains with small size nucleated and the crystal structure of the hematite 

nucleus was randomly distributed between the observed and reversed structures owing 

to their equivalence. After dehydration was complete, the twin boundaries were formed 

at the interface between the observed and reversed phases. By increasing the 

temperature, sintering for each particle grain occurred, resulting in both crystal growth 

and the disappearance of pores. However, the twin structure was partially present at 

800 °C. 

  

 

4. Conclusion 

We investigated twin formation in hematite during the dehydration of goethite. After 

electron-beam irradiation or thermal decomposition at 250 °C, slit-like pores that 

included twin boundaries were formed in hematite. Crystal growth occurred and the 

pores nearly disappeared as the temperature was increased, as reported in previous 

studies. TEM observation clarified that the single-crystalline goethite, with the growth 

direction of [001]G, demonstrated transformation into twin-boundary-induced hematite 

with the corresponding direction of [100]H, where the twin boundaries were 

crystallographically equivalent (100), (010), and (1 1� 0) planes. By using DFT 

calculation, the twin boundary of prismatic (100) screw was shown to have a low 

interfacial energy (0.24 J/m2). During dehydration, many hematite grains with small 

size were generated, where the crystal structure of the hematite nucleus was randomly 

selected from the observed and reversed structures owing to their equivalence. Because 

of its low interfacial energy, the prismatic (100) screw interface remained as the twin 

boundary after higher-temperature treatment at 800 °C. 
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Tables 

 

 

Table 1. Lattice spacing calculated from structure model, electron diffraction and FFT shown in Fig.4. 

 (a) Structure model (b) Electron diffraction (c) FFT 

a : (100)G 4.36 Å 4.58 Å 4.60 Å 

b : (102)G 3.69 Å 3.89 Å 3.90 Å 

c : (002)G 6.89 Å 7.22 Å 7.15 Å 

θ 90° 90° 90° 

 

 

Table 2. Lattice spacing of the goethite and hematite structures shown in Figure 4. 

Goethite, G Hematite, H H/G 

(040)
G
: 2.489 nm (006)

H
: 2.295 nm 0.922 

(002)
G
: 1.512 nm (300)

H
: 1.454 nm 0.961 
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Figure captions 

 
Fig. 1 (a) XRD patterns of the samples after dehydration at different temperatures and durations. At 
250 °C, the goethite transformed to hematite. (b) Crystallite size of samples evaluated using the 
Scherrer equation. 

 
Fig. 2 (a) TEM image of slit-like pores generated at 250 °C. (b) Contrast profile of the horizontal 
line in (a). The slit width was estimated to be 0.8–2.5 nm, while the slit distance was determined to 
be approximately 4 nm. 

 
Fig. 3 a rod-like goethite crystal was analyzed using TEM. The in situ dehydration experiment was 
performed by irradiating the crystal with a strongly focused electron beam. (a) TEM image, 
HR-TEM image and electron diffraction patterns of goethite in the growth direction of [001]G. (b) 
TEM image and HR-TEM image corresponding to the same region in (a) after dehydration.  

 

Fig. 4 Crystal structure of hematite projected through the [010] direction in the (a) observed, (b) 
reversed, and (c) overlapping observed and reversed structures. The calculated electron diffraction 
patterns corresponding to (a), (b), and (c) are shown in the bottom row. 

 

Fig. 5 Comparison of (a) calculated electron diffraction pattern, (b) measured electron diffraction 

pattern and (c) FFT of HR-TEM image. The calculated d spacing is shown in Table 1. 

 
Fig. 6 Crystal structure corresponding to the orientation relationship between (a) αFeOOH (goethite) 
and (b) αFe2O3 (hematite). The calculated electron diffraction patterns corresponding to (a) and (b) 
are shown in the bottom. 

 
Fig. 7 (a) HR-TEM images of the sample dehydrated at 250 °C for 24 h. The [010] projected 
electron diffraction pattern measured over the entire area of particles shows formation of a twin 
structure similar to that shown in Figure 3. The particles consisting of small, rod-like single crystals 
are marked by a solid black line, and the FFT pattern analyzed at each single crystal is shown on the 
right. (b) Schematic illustration of the structure in (a), in which red and blue correspond to the 
observed and reversed structure of hematite, respectively. (c) Enlarged HR-TEM image and (d) 
schematic of the twin boundary. 

 

 
Fig. 8 (a) TEM image of the sample that was dehydrated at 800 °C for 1 h. The [010] projected 
electron diffraction pattern measured from the entire area of particles shows a twin structure similar 
to that shown in Figure 6. The particle displayed a zebra-striped contrast corresponding to the single 
crystal. The FFT pattern of each area is shown on the right. (b) Schematic illustration of the structure 
in (a), in which red and blue correspond to the observed and reversed structure of hematite, 
respectively. 
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Fig. 9 (a, b) TEM images of the twin boundary of the sample that was dehydrated at 800 °C for 1 h, 
showing that both edge-on and inclined twin boundaries were present. (c) Crystal structure of 
hematite in the [001] projection, where the dashed lines show the possible planes of the twin 
boundary. (d) Schematic illustration of the two possible twin boundaries. (e) Mechanism for 
twin-induced hematite formation through the dehydration of goethite.  
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Fig. 1 (a) XRD patterns of the samples after dehydration at different temperatures and 
durations. At 250 °C, the goethite transformed to hematite. (b) Crystallite size of samples 
evaluated using the Scherrer equation. 
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Fig. 2 (a) TEM image of slit-like pores generated at 250 °C. (b) Contrast profile of the 
horizontal line in (a). The slit width was estimated to be 0.8–2.5 nm, while the slit distance was 
determined to be approximately 4 nm. 
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Fig. 3 a rod-like goethite crystal was analyzed using TEM. The in situ dehydration 
experiment was performed by irradiating the crystal with a strongly focused electron beam. 
(a) TEM image, HR-TEM image and electron diffraction patterns of goethite in the growth 
direction of [001]G. (b) TEM image and HR-TEM image corresponding to the same region in 
(a) after dehydration.  
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Fig. 4 Crystal structure of hematite projected through the [010] direction in the (a) observed, (b) 
reversed, and (c) overlapping observed and reversed structures. The calculated electron 
diffraction patterns corresponding to (a), (b), and (c) are shown in the bottom row. 
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Fig. 5 Comparison of (a) calculated electron diffraction pattern, (b) measured electron 
diffraction pattern and (c) FFT of HR-TEM image. The calculated d spacing is shown in Table 1. 
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Fig. 6 Crystal structure corresponding to the orientation relationship between (a) αFeOOH 
(goethite) and (b) αFe2O3 (hematite). The calculated electron diffraction patterns corresponding 
to (a) and (b) are shown in the bottom. 
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(d) 

Fig. 7 (a) HR-TEM images of the sample dehydrated at 250 °C for 24 h. The [010] projected electron diffraction 
pattern measured over the entire area of particles shows formation of a twin structure similar to that shown in Figure 
3. The particles consisting of small, rod-like single crystals are marked by a solid black line, and the FFT pattern 
analyzed at each single crystal is shown on the right. (b) Schematic illustration of the structure in (a), in which red and 
blue correspond to the observed and reversed structure of hematite, respectively. (c) Enlarged HR-TEM image and (d) 
schematic of the twin boundary. 
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(b) (a) 

Fig. 8 (a) TEM image of the sample that was dehydrated at 800 °C for 1 h. The [010] projected electron 
diffraction pattern measured from the entire area of particles shows a twin structure similar to that shown in 
Figure 6. The particle displayed a zebra-striped contrast corresponding to the single crystal. The FFT pattern 
of each area is shown on the right. (b) Schematic illustration of the structure in (a), in which red and blue 
correspond to the observed and reversed structure of hematite, respectively. 
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Fig. 9 (a, b) TEM images of the twin boundary of the sample that was dehydrated at 800 °C for 1 h, showing that both 
edge-on and inclined twin boundaries were present. (c) Crystal structure of hematite in the [001] projection, where the 
dashed lines show the possible planes of the twin boundary. (d) Schematic illustration of the two possible twin 
boundaries. (e) Mechanism for twin-induced hematite formation through the dehydration of goethite.  
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