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abstract
Time-resolved synchrotron X-ray powder diffraction data were used to investigate the dehydration
behavior of the chalcophanite (ZnMn3O7·3H2
revealed two obvious phase changes, at ~450 and ~950 K, corresponding to the dehydration of chalcophanite followed by transformation to a spinel structure (Mn-hetaerolite). Only small changes were
observed in the chalcophanite unit cell from RT to ~438 K; the volume increased by ~0.8%, mostly
caused by thermal expansion of ~0.5% along c. Above ~427 K, the interlayer water molecules were
lost, resulting in a collapse of the interlayer spacing from ~7 to ~4.8 Å. The newly formed anhydrous
phase (ZnMn3O7) retained chalcophanite’s R3 space group and a dimension, but the c dimension decreased from ~21 to 14.3 Å, and the Zn coordination changed from octahedral to tetrahedral. Above
~775 K the anhydrous chalcophanite began to transform to a spinel structure, corresponding to a Mn3+
rich hetaerolite [(Zn0.75Mn2+
0.25)Mn2 O4]. By ~973 K the transformation was complete. The diffraction
the reaction did not involve transient amorphization. The phase change was likely triggered by loss of
1.25 of seven O atoms in the original anhydrous chalcophanite structure with a corresponding reduction of Mn4+ to Mn3+ and Mn2+.
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IntroductIon
Chalcophanite is a hydrated zinc-manganese oxide that is one
of a family of predominantly tetravalent Mn oxide minerals with
layer structures (phyllomanganates) that also includes birnessite,
ranciéite, takanelite, and lithiophorite. It is constructed of sheets
of Mn4+-O octahedra with the Zn cations and water molecules
located between the layers. It is found in oxidized Mn deposits
that also contain Zn, as exemplified by its type locality (Sterling
Hill in the Franklin Mining District, New Jersey). Recently,
Mg- and Ni-rich structural analogs to chalcophanite have been
reported, which are jianshuiite (Guiyin et al. 1992) and ernienickelite (Grice et al. 1994), respectively.
Recent interest in the behavior of chalcophanite is motivated
by its structural similarity to members of the birnessite family.
Birnessite-like layer minerals are common Mn oxides in soils,
stream deposits, and ocean-floor ferromanganese crusts and
nodules (Taylor et al. 1964; McKenzie 1976; Burns and Burns
1977; Potter and Rossman 1979; Post 1999). Birnessite-like layer
structures are also used as cathodic materials in rechargeable Li
batteries and are being developed as ion-exchange compounds
and catalysts for industrial use (Golden et al. 1986; Bach et al.
1995; Cai et al. 2002). Because cations are readily adsorbed on
or incorporated into the birnessite structure (McKenzie 1976),
birnessites play an important role in the sequestration and release
of nutrients and toxic elements in surficial environments. For
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example, Toner et al. (2006) have demonstrated that the biogeochemical cycling of Zn is controlled by sorption onto birnessite
minerals in soils and streams.
Despite their importance as battery and exchange materials
and their active role in geological systems, birnessite-like phases
are challenging to investigate because they tend to occur as finegrained, poorly crystalline masses. Chalcophanite is unusual
in the birnessite family in that it typically is well crystallized,
commonly forming crystals up to several millimeters in diameter.
Consequently it serves as an excellent proxy for better understanding the structures and behaviors of the broader group of
birnessite-like phases.
The chalcophanite structure was originally described by
Wadsley (1955) using a triclinic unit cell, but a later study by
Post and Appleman (1988) revealed that, in fact, the correct
symmetry is R3. The structure consists of sheets of edge-sharing
Mn4+-O6 octahedra alternating with layers of Zn cations and water
molecules in the stacking sequence: …Mn-O-Zn-H2O-Zn-Mn…
(Fig. 1). One out of every seven octahedral sites in the Mn-O
sheet is vacant, and the Zn cations are located above and below
the vacancies. The vacant Mn sites are fully ordered. The ~7 Å
spacing between the Mn-O sheets is one of the defining characteristics of birnessite-like phases. (There is an analogous group
of birnessite-like phases within the “buserite” family with ~10
Å layer spacings due to an additional water layer.) Synthetic
birnessite analogs crystallize in both triclinic and hexagonal
forms, depending upon pH and composition. In the triclinic
phases, typically Mn3+ cations, rather than vacancies, offset the
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