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Abstract 

In this work, the uniform single crystal α-Fe2O3 concave and hollow nanocrystals 

have been synthesized by a facile top-down etching method. Phosphate ions were 

employed as an etching agent to top-down etch the pristine icositetrahedron along its 

[006] direction. The etched Fe2O3 concave and hollow nanocrystals exhibit a much 

larger specific surface area (SSA) and more edges, corners and rough structures (hot 

spots) on the crystal surface compared to their mother crystal, thus serving as the 

possible origin for their comparative photocatalytic activities on the degradation of 

cationic dye Rhodamine B. These characters make them the promising candidates for 

catalysts and sensing materials. 
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1. Introductions 

For most catalytic reactions, it has been shown that high-index planes, which are 

associated with large numbers of atomic steps, edges, and kinks hold the key to the 

enhancement of catalytic performance in terms of activity and/or selectivity. 
1-8

 For 

example, Tian and co-workers have developed the tetrahexahedral Pt nanocrystals 

with 24 high-index facets exhibiting much enhanced (up to 400%) catalytic activities 

toward the electro-oxidations of formic acid and ethanol. 
1
 Wang et al. synthesized the 

polyhedral 50-facet Cu2O microcrystals partially enclosed by {311} high-index planes, 

which shows enhanced catalytic CO oxidation activity. 
3
 Nanocrystals with concave 

or hollow structures also have attracted attention because of their high-active facets. 
4, 

7-10
 To this end, Xia and co-workers have demonstrated the synthesis of concave Pt 

nanocubes with enhanced activity for oxygen reduction reaction. 
4
 Zhou et al. reported 

the Ni(OH)2@Co(OH)2 hollow nanohexagons growth and their superior capacitance 

property. 
7
 

Hematite (α-Fe2O3), an n-type semiconductor (Eg = 2.1 eV), is a stable form of iron 

oxides, which has been widely used in many fields such as catalysts, 
11, 12

 gas sensors, 

13, 14
 biotechnology, 

15-17
 and electrode materials. 

18, 19
 On the basis of its 

rhombohedral structure (an hexagonal close packing of O atoms with Fe atoms 

occupying 2/3 of the octahedral sites), 
20 

α-Fe2O3 has been engineered into a wide 

range of nanostructures, including nano-polyhedrons (cube, octahedral, hexagonal 

bipyramidal and octadecahedral nanostructures), nanorods, nanospindles, nanorings, 

nanotubes as well as other hollow and hierarchical nanostructures. 
15, 21-27

 However, 

due to the similar surface energies of various low index facets of hematite, the order 

of stability of surfaces can be changed easily by preferential adsorption of ionic 

species or slight alterations to reaction conditions. 
28

 It still remains challenges to 

produce hematite nanocrystals with high-reactive surfaces by using a facile, scalable 

route based on hydrothermal method. 

In this article, single crystal Fe2O3 icositetrahedron has been synthesized first as the 

mother crystal. Then, a top-down approach has been adopted to fabricate the Fe2O3 
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concave and hexagonal-hollow-ring shaped nanocrystals via a controlled [H2PO4]
- 

etching process. Dihydric phosphate was considered as the most effective agent to 

dissolve the iron oxide contaminant in minerals, 
26, 29

 and its reaction with iron oxides 

was gentler, thus granting better control over the etching process.  

2. Experiment Section 

2.1 Materials preparation 

Chemicals. Ferric chloride hexahydrate (FeCl3·6H2O, 99%), sodium sulfate 

(Na2SO4, 99%), sodium dihydrogen phosphate (NaH2PO4·2H2O, 99%), all the 

reagents were purchased from Sinopharm Chemical Reagent Co. Ltd. and used 

without further purification. Ultrapure distilled and deionized water was used for all 

solution preparations. 

Fe2O3 Mother Crystal Synthesis. For the synthesis of pristine Fe2O3 nanocrystal 

(Sample A), an aqueous solution was first prepared by mixing 60 mL of deionized 

water (18 MΩ), 0.324 g ferric chloride hexahydrate (0.02 M), 0.0047g sodium sulfate 

(0.55 mM) in a 100-mL flat-bottomed flask. The mixture was stirred with a magnetic 

blender for about 10 min and then transferred into a stainless-steel autoclave with a 

capacity of 100 mL, sealed and heated at 220 ºC for 5 h. When the reaction was 

completed, the autoclave was cooled to room temperature naturally. The brick red 

precipitate was centrifuged, washed several times with distilled water and absolute 

alcohol, and finally dried in a dry oven at 60 ºC for 5h for further characterizations.  

Fe2O3 Concave and Hexagonal Ring Shaped Nanocrystal Synthesis. The 

precursor solution was prepared by mixing 60 mL of deionized water (18 MΩ), 0.324 

g ferric chloride hexahydrate (0.02 M), 0.0047g sodium sulfate (0.55 mM) and 

0.00048g sodium dihydrogen phosphate (0.05 mM) for typical Fe2O3 concave 

nanocrystal (Sample B). While, 60 mL of deionized water (18 MΩ), 0.324 g ferric 

chloride hexahydrate (0.02 M), 0.0071g sodium sulfate (0.825 mM) and 0.00072g 

sodium dihydrogen phosphate (0.075 mM) for the hexagonal-hollow-ring shaped 

Fe2O3 nanocrystal (Sample C). The mixture was stirred with a magnetic blender for 

about 10 min and then transferred into a stainless-steel autoclave with a capacity of 
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100 mL, sealed and heated at 220 ºC for 5 h. When the reaction was completed, the 

samples were cooled, centrifuged, cleaned and reserved. 

2.2 Characterization 

The crystal structures, morphologies, and chemical compositions of the as-prepared 

samples were studied using X-ray diffraction (XRD, X’Pert Pro MPD system, CuKα), 

scanning electron microscopy (SEM, Hitachi S-4800), transmission electron 

microscopy (TEM, JEOL 2100F, 200 kV). The surface areas of the catalysts were 

calculated by N2 adsorption-desorption isotherms using a TriStar 3000 with the 

Brunauer-Emmett-Teller (BET) methods. The electrochemical impedance spectral 

(EIS) measurements were carried out on an electrochemical workstation (Zahner, IM6). 

For Zeta potential measurements, a commercial dynamic light scattering instrument 

(DLS, Malvern Nano zetasizer 90) has been chosen in this work. X-ray photo-electron 

spectroscope (XPS, ESCALAB 250XI) measurements were also carried out for the 

analysis of surface element composition. 

2.3 Photocatalytic properties 

The photocatalytic activity of the as-prepared samples on the degradation of RhB in 

aqueous solution was evaluated by measuring the absorbance of the irradiated 

solution, using a spectrophotometer (Shimadzu, 3100 UV-vis-NIR). Prior to 

irradiation, 10 mg of photocatalyst was mixed with RhB (50 mL, with a concentration 

of 0.02 mM) in a 100-mL flat bottom flask and then sonicated in a cool water bath for 

10 min. Afterward, the suspension was magnetically stirred in the dark for 1 h to 

reach a relative adsorption-desorption equilibrium, followed by the addition of 0.3 mL 

of hydrogen peroxide solution (H2O2, 30 wt %). Then the beaker was exposed to 

visible light irradiation with maximum illumination time up to 4 hours. During the 

irradiation, the suspension was magnetically stirred by using a magnetic stirrer and 

the reaction temperature was kept at room temperature by using a water cooling 

system. The suspension was subsequently illuminated by a 300 W xenon lamp (the 

wavelength distributes from 400 nm to 800 nm) at a ca. 30 cm distance (the optical 

irradiance at the sample was about 30 mW cm
-2

). A wave filter plate (λ >420 nm) was 

utilized to allow visible light to transmit. At given time intervals (0.5 h), about 4 mL 
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aliquots were sampled and centrifuged to separate the catalyst. The dye concentration 

in the filtrate was analyzed by measuring the absorption intensity of RhB at 554 nm. 

3. Results and discussion 

Typical morphology and structure of α-Fe2O3 pristine nanocrystals have been 

discussed systemically by SEM and TEM (Fig. 1). The as-synthesized Fe2O3 mother 

crystals showed truncated hexagonal bipyramidal structure (Fig. 1a, b), 
23

 similar as 

the short axis Fe2O3 icositetrahedron reported in our previous work. 
21

 These crystals 

were homogeneous in shape and uniform in dimensions with an average diameter of 

146±8 nm and an average axial length of 120±10 nm (50 nanoparticles were counted). 

All peaks in the XRD pattern (Fig. S6g) could be perfectly indexed to rhombohedral 

hematite (α-Fe2O3, JCPDS 33-0664). The peaks were sharp and no other phases were 

observed, indicating good crystallinity and high phase purity. 

The crystallographic orientation of each exposed surface was determined through 

the analysis of diffraction and high resolution TEM (HRTEM) images (Fig. 1c-o). To 

assign the surface facets, the nanoparticles were tilted in TEM until the surface was 

parallel to the electron beam. When the Fe2O3 crystal was tilted along [001] direction, 

six side facets were parallel to the beam (Fig. 1c-f). The spacing of lattice planes 

parallel to the surface was measured to be 0.25 nm (Fig. 1e, HRTEM image of region 

‘1’ in Fig. 1c), corresponding to α-Fe2O3 {110} plane. The SAED pattern and 

HRTEM image indicated that the exposed surfaces of the sample under this condition 

were six equivalent {110} facets. When the crystal was tilted along [2-10] direction, 

there were also six side facets parallel to the electron beam (Fig. 1g-k). From the 

SAED pattern and HRTEM images of the selected areas (region ‘2’ and ‘3’ in Fig. 1g), 

the exposed side planes could be indexed to four equivalent {113} facets and two 

{110} planes. In addition, when the particle was tilted anticlockwise 30º from [2-10] 

to [-100] zone axis (Fig. 1i-o), two top surfaces became parallel to the electron beam 

and could be indexed as {104} planes, according to the SAED pattern and HRTEM 

images. Comprehensive the above analysis and according to the former reports, 
21, 23, 

28, 30
 it could be concluded that the as-prepared Fe2O3 mother crystal also possess 
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icositetrahedron structure.  

As we know, phosphate ions have been widely used as shape controller to induce 

anisotropic growth of hematite nanocrystals. 
21, 26

 And in addition, the kinetic control 

of the monomer concentration and the crystal growth rate were the key factors to 

manipulate the particle size as well as material shapes initiated from the anisotropic 

growth. 
31, 32

 Thus, in this work, concentration dependent experiments were performed 

to explore the influence of phosphate and sulfate ions on the growth of Fe2O3 

polyhedrons (Fig. 2, Fig. S1-S3). When the experiment was carried out without 

phosphate ions, the typical Fe2O3 icositetrahedron was obtained (Fig. 2a). When the 

phosphate ions (0.025 mM) were introducing into the reaction system, the Fe2O3 

polyhedrons maintained the hexagonal shape (Fig. 2b), but the end of the crystal 

disappeared and the icositetrahedron structure destroyed (Fig. 2b). The average 

diameter of the sample became a little larger (148±7 nm), while the average axial 

length of the crystal decreased apparently (105±8 nm). With the concentration of 

phosphate ions continuously increased (0.05 mM), the average axial length of the 

crystals decreased to 80±7 nm (Fig. 2c, Table 1). The end of the crystal disappeared 

completely, and evolved into typical concave structure (Sample B). When the 

concentration of phosphate ions increased to 0.075 mM, the average axial length of 

the crystals decreased to 58±5 nm, and the hexagonal-ring shaped iron oxides began 

to emerge. Varying the amount of sulfate and phosphate ions to 0.825 mM and 0.075 

mM (Sample C), respectively, yielded the perfect hexagonal-ring shaped Fe2O3 

nanostructures. 

  Figure 3 showed the morphology and structure investigations of the typical Fe2O3 

concave nanocrystal. SEM and bright field TEM image at low magnification clearly 

revealed the concave structure and etched roughness surfaces of the as-synthesized 

Fe2O3 neiloid (Fig. 3a, b). The concave structures were observed to be 150±8 nm in 

diameter and about 80 nm in axial length. The typical SAED pattern ([001] direction) 

in Fig. 3(c) demonstrated that the Fe2O3 concave nanocrystal was well-crystallized 

with hexagonal structure. HRTEM images shown in Fig. 3(e, f) revealed that the 

synthesized Fe2O3 concave nanocrystal had six side surfaces of {110} parallel to its 
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[006] zone axis, similar with the Fe2O3 icositetrahedron (Fig. 1c-f). When the Fe2O3 

concave crystal was tilted along the [2-10] direction (SAED, Fig. 3h), the spacing of 

lattice planes parallel to the surface were measured to be 0.25 nm (Fig. 3i, j, HRTEM 

image of region ‘3’ and ‘4’ in Fig. 3g), corresponding to α-Fe2O3 {110} plane 

distance.  

  SEM and TEM investigations of the typical Fe2O3 hexagonal hollow rings were 

shown in Figure 4. From the low magnification images, the sizes of the products were 

homogeneous, and more than half of them possessed hollow ring shape with diameter 

of 153±10 nm and axial length of 58±5 nm (Fig. 4a, b). From the top view of a single 

Fe2O3 ring (Fig. 4c), it could be seen that the product similar to a hexagonal ring with 

a central hole. The SAED pattern (Fig. 4d) indicated that the nanorings were single 

crystals with a ring axis of [001]. On the basis of the SAED pattern and HRTEM 

images (Fig. 4e, f), the external wall surfaces should be {110} planes of hexagonal 

hematite. Figure 4g-j displayed the side view of the sample by TEM characterization 

along [-100] zone axis, which showed the similar lattice structure to the Fe2O3 

icositetrahedron (Fig. 1i-o), but compared with it, the exposed wall surfaces {104} 

facets were disappeared. Thus, we deduced that the growth of the typical Fe2O3 

concave and hollow nanocrystals should be the results of oriented etching of the 

Fe2O3 icositetrahedron along the common crystallographic direction ([006] zone axis). 

On the basis of our experimental results, a probable evolution mechanism of the 

Fe2O3 concave and hollow nanocrystal was proposed (Fig. 5).
 
When the additive 

anions (sulfate and phosphate ions) were introduced into the reaction, with their 

strong affinity for Fe2O3 {110} planes, 
26, 29

 would act as a shape controller to induce 

the Fe2O3 icositetrahedron growth (Fig. 5a). The formation of Fe2O3 with FeCl3 as 

source generally involves two reactions (1, 2) as follows: 
21

 

  HOHFeOHFe 3)(3 32

3
                  (1) 

OHOFeOHFe 2323 3)(2                       (2) 


 HHPOPOH

2

442                         (3) 
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OHFeHOFe 2

3

32 326  
                    (4) 

With the concentration of [H2PO4]
-
 increased, the faintly acid of the agent released the 

H
+ 

(reaction 3), which would not only reduce the hydrolysis of Fe
3+

, but also probably 

etched the formed products (reaction 4) from the end of the Fe2O3 icositetrahedrons 

(Fig. 5b). With the amount of the [H2PO4]
-
 increased continuously, the Fe2O3 

icositetrahedrons evolved to concaves and then hexagonal hollow rings (Fig. 5c-e). So, 

the formation mechanism of the Fe2O3 concave and hollow nanocrystals should be a 

result of the changes of the addition of NaH2PO4. 
21, 26

  

Figure 6(a) showed the absorption spectra for the typical α-Fe2O3 icositetrahedron, 

concave nanocrystal and hexagonal ring (Samples from A to C) in deionized water. 

All the three typical Fe2O3 polyhedrons almost shared the similar features of 

absorption, the broad band around 520 nm, which overlaps the absorption band with 

RhB (554 nm). While, the absorption edge of the samples exhibited various 

absorption spectrum characteristics with different shapes. 
33

 According to the 

interband transition formula in semiconductor near the absorption edge, the 

absorption coefficient (α) and optical gap (Eg) obey the following equation: 
34, 35

  

)()( 2

gEhAh                           (5) 

where A was restricted by the valence and conduction band of material and hν was the 

photon energy. Thus by linearly fitting on the absorption edge of the corresponding 

curve, the band gaps of the single crystal Fe2O3 polyhedrons (from Sample A to C) 

were obtained to be 1.92, 2.00 and 1.90 eV, respectively (upper inset of Fig. 6a), the 

difference of which might be ascribed to the quantum confinement effect of the 

α-Fe2O3 nanoparticles. 

Table 1 showed the specific surface area (SSA) and Zeta potential (in neutral water 

solution, PH=7) of the different samples. With the shape of the Fe2O3 nanocrystals 

evolved from icositetrahedron, concave to hexagonal hollow ring (Sample A to C), the 

SSA of the sample increased from 10.31 to 12.71 m
2
g

-1
. However, the concave 

nanocrystal had the greatest average pore size (18.99 nm) and Zeta potential (18.7 

mV), probably implied the different physical and chemical properties and better 
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stability than the other structures. Surface element composition measurements of the 

samples were carried out using an XPS setup (Fig. 6b). 
36

 From which we could find 

that the peak intensity of the adsorbed OH groups hardly any changed from sample A 

to C, this could be ascribed to the similar exposed {110} facets of the three typical 

Fe2O3 polyhedrons.  

Figure 6c showed the changes of the RhB relative concentrations (C/C0) as a 

function of irradiation time, where C was the concentration of RhB at the irradiation 

time t and C0 was the initial concentration. For comparison, several control 

experiments were performed under similar conditions (Fig. S4a), including (1) dye + 

H2O2 (without Fe2O3 catalyst), (2) dye + Fe2O3 catalyst, (3) dye + H2O2 + Fe2O3 

catalyst. However, in both situation (1) and (2), the (Photo) Fenton reaction were very 

slow, as compared to those obviously occurred in condition (3) that α-Fe2O3 catalyst 

and H2O2 were used simultaneously. It was supposed that the structural Fe
3+

 plays a 

key role in the heterogeneous photo-Fenton reaction via the redox cycle between Fe
3+

 

to Fe
2+

 to generate hydroxyl radicals. 
37, 38

 Meanwhile, the addition of H2O2 facilitated 

the reaction rate of the photocatalytic on the surface of Fe2O3 catalyst. 
39

 Five times 

repeated trials of each sample illustrated that the sequence of the photocatalytic 

activities of different Fe2O3 polyhedrons was as follows: Sample B > Sample C> 

Sample A, the Fe2O3 concave nanocrystal possessed the most superior photocatalytic 

activities. Generally, this phenomenon would be attributing to the lager SSA of the 

concave and hollow nanoparticles. 
40

 But, for Sample B, the SSA was clearly not the 

decisive factor (Table 1). Thus, it was speculated that the reason could ascribed to the 

edges, corners and rough structures (‘hot spots’, which often bring a large density of 

atomic steps, dangling bonds etc. and possess higher energy than the crystal facets 
1, 4, 

41
) on the etched surfaces of the concave Fe2O3 polyhedrons.  

The EIS measurements were carried out to further evaluate the electrochemical 

behaviors of the three typical Fe2O3 polyhedrons (Fig. S4b). The results of which 

showed that the impedance spectra were composed of one semicircle at high 

frequency (inset of Fig. S4b) and a linear part at low frequency, illustrating a typical 

capacitor behavior. At the high frequency region, the intercept on the real axis which 
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represents the equivalent series resistance (Rs) showed the sequence as: Sample C > 

Sample B > Sample A, in accordance with the specific surface area (SSA) order of the 

materials. So, we deduced that the ‘Rs’ of the typical Fe2O3 polyhedrons was mainly 

induced by the contact resistance at the interface between the electroactive material 

and the current collector. 
42, 43

 At the low frequency region, the concave Fe2O3 

polyhedron (Sample B) showed a more vertical curve, representing the fast ion 

diffusion in electrolyte and the adsorption onto the electrode surface. It facilitated the 

efficient access of ions between electrolyte and the electrode, and thus it would aid in 

the photodegradation of the RhB dyes. 

Recycling capability of the Fe2O3 polyhedrons were evaluated by the additional 

degradation process of fresh RhB solution with the used catalyst from the previous 

runs. Fe2O3 polyhedrons were reused over 10 times (inset of Fig. 6d, Fig. S5) and 

almost retained the catalytic activity as the fresh catalyst through the process (Fig. 6d), 

especially the concave ones (Sample B). SEM and XRD results showed that after 10 

times reaction, the morphology and crystallinity of the three typical Fe2O3 

polyhedrons almost retained, only the surface of the samples changed a little 

roughness (Fig. S6). All of the results above indicated that the natural Fe2O3 concave 

nanocrystals are relatively stable and good catalyst for the removal of cationic dyes. 
17, 

44
 

4. Conclusions 

In summary, we have demonstrated a facile top-down etching method to fabricate 

the uniform single crystal hematite concave nanocrystals. The selective etching along 

[006] zone axis of the icositetrahedron was made possible by employing phosphate 

ions as an effective etchant. We further illustrated the versatility of this top-down 

etching approach by creating the typical α-Fe2O3 hexagonal hollow rings. When 

evaluated for their possible use as photocatalysts, the etched α-Fe2O3 concave 

nanocrystals with a much larger average pore size and more hot spots on the crystal 

surface exhibited comparative photocatalytic activities than the pristine 

icositetrahedrons and the subsequent hexagonal rings. 
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Tables 

Table 1. Sample parameters, specific surface area (SSA) and Zeta potential of typical iron 

oxides. 

Samples 
Diameter 

(nm) 

Height 

(nm) 

Surface 

area (m2 

g-1) 

Total pore 

volume 

(cm3 g-1) 

Average 

pore size 

(nm) 

Zeta 

potential 

(mV) 

A 146±8 120±10 10.31 0.044 17.26 -4.3 

B 150±8 80±7 11.88 0.056 18.99 18.7 

C 153±10 58±5 12.71 0.059 18.53 7.9 
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Figures and Captions 

 

Figure 1. Typical morphology and structure of α-Fe2O3 icositetrahedron synthesized 

without [H2PO4]
- (Sample A). (a, b) SEM and bright field TEM images; (c-f) TEM image, 

corresponding SAED pattern, HRTEM images and geometrical configuration pattern 

showing the [006] zone axis parallel to the electron beam; (g-k) TEM image, 

corresponding SAED pattern, HRTEM images and geometrical configuration pattern 

showing the {113} and {110}surfaces parallel to the electron beam; (l-o) TEM image, 

corresponding diffraction pattern, HRTEM images and geometrical configuration pattern 

showing the {104} surfaces parallel to the electron beam when the same particle was 

tilted anticlockwise 30°. 
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Figure 2. SEM images of shape evolution of α-Fe2O3 nanocrystals (from icositetrahedron, 

concave to hexagonal ring) at different [H2PO4]
- concentration: (a) 0, (b) 0.025, (c) 0.05 

and (d) 0.075 mM, respectively.  
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Figure 3. Typical morphology and structure of α-Fe2O3 concave nanocrystal. (a, b) SEM 

and bright field TEM images; (c-f) TEM image, corresponding SAED pattern and 

HRTEM images along [001] zone axis; (g-k) TEM image, corresponding diffraction 

pattern and HRTEM images along [2-10] zone axis. 
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Figure 4. Typical morphology and structure of α-Fe2O3 hexagonal ring. (a, b) SEM and 

bright field TEM images; (c-f) TEM image, corresponding SAED pattern and HRTEM 

images along [001] zone axis; (g-k) TEM image, corresponding diffraction pattern and 

HRTEM images along [-100] zone axis. 
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Figure 5. Schematic diagram showing the axial etching of Fe2O3 nanocrystal from 

icositetrahedron, concave to hexagonal ring with the [H2PO4]
- concentration increasing. 
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Figure 6. The optical properties of the as-prepared samples: (a) Absorption spectra for 

α-Fe2O3 polyhedrons with various shapes (Samples from A to C), the inset above shows 

linear fits (dashed lines) of the (αhν)2-hν curves calculated from the absorption spectra; (b) 

O 1s XPS spectra of samples from A to C, the experimental data are shown as solid black 

lines and the results of the peak fitting are shown as short dash. (c) The changes of the 

RhB relative concentrations (C/C0) as a function of irradiation time, each degradation 

process have been repeated for 5 times. (d) Recycling capability of different Fe2O3 

polyhedrons on the degradation process of RhB, each sample was reused over 10 

times; the inset above shows the cyclic degradation process of RhB with the α-Fe2O3 

concave nanocrystal (Sample B). 
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