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Coexisting hematite induces and accelerates the transformation of ferrihydrite: Pathway
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ABSTRACT

Crystallization induced by heterogeneous surfaces is an important process in geochemistry, biomin-
eralization, and material synthesis, but the effects of heterogeneous surfaces on the transformation of
metastable phases into new crystals remain poorly understood. In this work, we studied the transfor-
mation behaviors of ferrihydrite (Fhy) in the presence of hematite (Hem) nanoplates with specific
exposed facets ({001} and {113}) at different pH (4, 7, and 12). Our results reveal that the Hem nano-
plates can induce the transformation of Fhy to Hem/Gth (goethite) and accelerate the transformation
rate. This effect is primarily achieved bymodulating the dissolution-recrystallization process, i.e., accel-
erating the dissolution of Fhy and promoting the heterogeneous crystallization (to form new Hem/Gth)
at the surface of added Hem nanoplates, and solution pH plays a crucial role in these processes. Spe-
cifically, a relatively low supply of dissolved Fe3� fromFhy at pH 4 favors island growth of newHem at
the {001} facets of Hem nanoplates and layer-by-layer growth at the {113} facets, which eventually
results in the formation of thermodynamically stable pseudo-cubic morphology (exposing {012}
facets). Because of the very low solubility of Fhy at pH 7, the induced transformation of Fhy by
Hem nanoplates is relatively weak. While at pH 12, a high supply of dissolved Fe3� from Fhy benefits
the layer-by-layer growth at {001} facets of Hem and the significant heteroepitaxial growth ofGth at the
{113} facets. Besides the induced transformation, the direct solid-state transformation of Fhy into Hem
and the homogeneous crystallization of dissolved Fe3� also contribute to the transformation of Fhy.
This study reveals the mechanisms of induced transformation of Fhy in the presence of Hem nanopar-
ticles, which will advance our understanding of the significant effects of heterogeneous surfaces in
modulating metastable phases and supplement the transformation mechanisms of Fhy.
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INTRODUCTION

Crystallization is a critical process in geochemistry, biomin-
eralization, and materials synthesis, and a comprehensive under-
standing of the crystallization mechanism is of great importance
(Thanh et al. 2014; De Yoreo et al. 2015; Gilbert et al. 2019;
Fu et al. 2022). Crystallization involves both classical and
non-classical pathways. The former is based on the monomer-
by-monomer addition of simple chemical species (i.e., atoms,
ions, and molecules) from solutions (Kulmala 2003; Habraken
et al. 2013; Jun et al. 2022), while the latter is thought to involve
intermediate metastable stages (e.g., prenucleation clusters,
amorphous phases, metastable phases) preceding the formation
of a thermodynamically stable phase, and the crystal can grow
through the attachment of preformed metastable intermediate
particles (Yuwono et al. 2010; Gebauer et al. 2014; Jehannin
et al. 2019). Previous studies have shown that pH, temperature,

coexisting ions, heterogeneous surfaces, etc., can affect classical
and nonclassical crystallization pathways (Jung and Jun 2016;
Riechers et al. 2017, 2022; Jiang et al. 2017). Among these fac-
tors, the heterogeneous surfaces provided by coexisting solids
can significantly affect the crystallization process through a dis-
tinctive surface-induced manner, which has gained considerable
attention in the past decades (Riechers et al. 2017; Li andDeepak
2022; Molnár et al. 2023; Yang et al. 2023).

Heterogeneous surface-controlled nucleation and crystal
growth are widespread in nature (particularly in soils and sedi-
ments) and have often been applied for synthesizing composite
functional materials (Putnis 2014; Jung et al. 2016; Molnár et al.
2023). For example, mineral surface-induced oxidation and
crystallization of Mn(II) is a vital pathway for the abiotic forma-
tion of natural manganese oxide minerals, which is crucial to
the widespread formation of rock varnish (Hu et al. 2013; Yang
et al. 2023); macromolecule-directed nucleation and growth of
nanocrystals are important steps in building vertebrate skeletal
systems and other rigid structures in biological systems (Addadi
et al. 2003; Nudelman et al. 2010); surface-induced growth of
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