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Abstract
We report the first characterization of the internal structural features within rhombohedral nanocrystals of hematite (α-Fe2O3), specifically nanoscale pores (nanopores) within these crystals observed
by high-angle annular dark-field scanning transmission electron microscopy tomography. Threedimensional observations of the internal structure of hematite nanocrystals suggest that the nanopores
are formed due to a large reduction in solid volume during the transformation of a poorly crystalline
precursor [aggregates of ferrihydrite: Fe8.2O8.5(OH)7.4⋅3H2O], which results in the formation of pores
between grain boundaries. This formation mechanism is different from those previously reported,
such as hollow cores originating from screw dislocations. We also discuss dissolution experiments of
the hematite nanocrystals in ascorbic acid solution, in which we demonstrated that the nanopores are
reactive sites for dissolution and enlarged by preferential etching. Our findings are of fundamental
importance to understanding how certain crystal morphologies, internal structures, defects, and reactive sites occur in nanocrystals formed from a poorly crystalline precursor.
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Introduction
Iron oxide and iron (oxy)hydroxide minerals, hereafter iron
oxides, are present in almost all of the various compartments of
the Earth’s surface global system—the atmosphere, hydrosphere,
crustal lithosphere, pedosphere, and biosphere—and take part in
the manifold interactions between these compartments. Much of
the iron oxide in nature is found as nano-sized particles (nanoparticles) in, for example, soil (e.g., Waychunas et al. 2005), river
water (e.g., Hochella et al. 2005), airborne mineral dust (e.g.,
Utsunomiya and Ewing 2003), living organisms (e.g., Banfield
et al. 2000), and even martian environments (e.g., Christensen et
al. 2001). The pattern of occurrence and distribution of different
iron oxides in nature are affected by particle size (Navrotsky et
al. 2008, 2010) as well as other extrinsic parameters such as pH,
temperature, and pressure. The biogeochemical and ecological
impacts of nano-sized iron oxides and other nanominerals and
mineral nanoparticles are some of the fastest growing areas of
research today (Wigginton et al. 2007; Hochella et al. 2008;
Echigo et al. 2012).
* Present address: Functional Geomaterials Group, Environmental Remediation Materials Unit, National Institute for Materials
Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan. E-mail:
ECHIGO.Takuya@nims.go.jp
† Present address: Division of Earth Sciences, National Science Foundation, 4201 Wilson Boulevard, Arlington, Virginia
22230, U.S.A.
0003-004X/13/0001–154$05.00/DOI: http://dx.doi.org/10.2138/am.2013.4120

Hematite, α-Fe2O3, is one of most common iron oxides in
nature, and exhibits various crystal morphologies, e.g., rhombohedra, hexagonal plates, ellipsoids, and other anhedral forms;
and surface topography, e.g., steps, kinks, spirals, and hollow
cores (Sunagawa 2005). These variations in crystal morphology
and surface topography reflect the varying physical and chemical
conditions of the environments during mineral formation and
subsequent dissolution (Boudeulle and Muller 1988; Schwertmann et al. 1998; Hochella et al. 1999; Carbone et al. 2005).
In addition, hematite nanoparticles have attracted considerable
attention from the standpoint of environmental remediation
(e.g., Bargar et al. 1999; Redman et al. 2002), photo-chemical
catalyst (e.g., Kormann et al. 1989; Eggleston et al. 2009), and
magnetic material application (e.g., Kletetschka et al. 2000;
Wu et al. 2006). In general, particle size, crystal morphology,
and defects are important factors influencing many interactions
between solids and liquids, including dissolution, adsorption,
electron transfer and magnetic properties. Thus, understanding
coarsening behavior, morphology evolution, and defect generation is essential for efficient material design and quality control as
well as understanding geologic significance as alluded to above.
In natural environments, hematite typically form as a result
of the weathering of Fe-containing minerals (Cornell and Schwertmann 2003). In this process, nanoparticles of a poorly crystalline iron oxide, ferrihydrite [Fe8.2O8.5(OH)7.4⋅3H2O; Michel et al.
2010], forms initially and eventually crystallizes into hematite
(Jambor and Dutrizac 1998). Nanoparticles of hematite or other
synthetic iron oxides used for pigments and magnetic materials
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