
American Mineralogist, Volume 97, pages 1291–1298, 2012

0003-004X/12/0809–1291$05.00/DOI: http://dx.doi.org/10.2138/am.2012.3982     1291 
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aBstract

The surface enthalpies of manganese oxide phases, hausmannite (Mn3O4), bixbyite (Mn2O3), 
and pyrolusite (MnO2), were determined using high-temperature oxide melt solution calorimetry 
in conjunction with water adsorption calorimetry. The energy for the hydrous surface of Mn3O4 is 
0.96 ± 0.08 J/m2, of Mn2O3 is 1.29 ± 0.10 J/m2, and of MnO2 is 1.64 ± 0.10 J/m2. The energy for the 
anhydrous surface of Mn3O4 is 1.62 ± 0.08 J/m2, of Mn2O3 is 1.77 ± 0.10 J/m2, and of MnO2 is 2.05 
± 0.10 J/m2. Supporting preliminary findings (Navrotsky et al. 2010), the spinel phase (hausman-
nite) has a lower surface energy than bixbyite, whereas the latter has a smaller surface energy than 
pyrolusite. Oxidation-reduction phase equilibria at the nanoscale are shifted to favor the phases of 
lower surface energy—Mn3O4 relative to Mn2O3 and Mn2O3 relative to MnO2. We also report rapidly 
reversible structural and phase changes associated with water adsorption/desorption for the nanophase 
manganese oxide assemblages.
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iNtroductioN

Synthetic manganese oxides (Mn-oxides) are produced for 
many modern needs including dry cell batteries, solar cells, 
circuit boards, and catalysts. Natural Mn-oxides are ubiqui-
tous in the near-surface environment and play important roles 
in processes that are valuable to life on Earth, such as water 
column oxygen cycling, biomineralization, and transport of 
minerals. These processes are governed by a complex interplay 
between thermodynamics and kinetics. Understanding such 
processes and their driving forces will contribute to describing 
global geochemical cycles and to the design of materials for 
applications critical to human society, including environmental 
remediation and energy sustainability technologies. Thus, it is 
critical to understand the energetics of Mn-oxide phase forma-
tion and transformation.

Early thermochemical studies of manganese oxides in our 
laboratory (Fritsch and Navrotsky 1996; Fritsch et al. 1997, 
1998; Laberty et al. 2000) centered on stability relationships of 
polymorphs and did not pay explicit attention to effects associ-
ated with particle size or hydration. Recently, we documented 
large shifts in phase boundaries in oxygen fugacity–temperature 
space for systems of nanoscale transition metal oxides when the 
oxidized and reduced phases have different surface energies 
(Navrotsky et al. 2010). Preliminary data for two manganese 
oxides (hausmannite and bixbyite) were reported in that study. 
The purpose of the present research is to document, in detail, 
the energetics at the nanoscale for three manganese oxides that 
represent different oxidation states: one spinel, hausmannite 
(Mn2+[Mn3+]2O4), one trivalent oxide, bixbyite (Mn2O3), and one 
tetravalent oxide, pyrolusite (MnO2).

The thermochemical results are discussed, shifts in phase 

equilibrium boundaries are computed, and several additional 
observations, consistent with the thermochemistry, regard-
ing hydration and phase transformations are presented. Some 
geochemical implications of this nanoscale complexity then 
are explored.

experimeNtal methods
The manganese oxides were synthesized using modifications of classic tech-

niques (McKenzie 1971). Powder X-ray diffraction (XRD) and thermogravimetric 
(TG) analysis were used to identify phases and their compositions, including water 
content. The surface enthalpies were determined using methods we have described 
in detail in several papers (Ushakov and Navrotsky 2005; Mazeina et al. 2006; 
Navrotsky et al. 2008). In brief, the methodology combines high-temperature 
oxide melt solution calorimetry (Navrotsky 1997a, 1997b, 2001; Navrotsky et 
al. 2008, 2010) and H2O adsorption calorimetry (Ushakov and Navrotsky 2005) 
of a suite of nanophase samples having surface areas determined by nitrogen 
adsorption measurements (Brunauer et al. 1938) and water contents measured by 
thermal analysis to obtain the energetics of both hydrous and anhydrous surfaces. 
Differential scanning calorimetry (DSC) and furnace heating experiments provide 
additional information on transformations. Experimental details are given in the 
online supplemental information1.

calorimetric data, eNthalpies of Bulk phases, 
aNd surface eNthalpies

Enthalpies of drop solution are listed in Table 1, which also 
gives the surface area and water content of the nanomaterials, as 
well as the water correction terms and calculated drop solution 
enthalpies of the H2O-free nanomaterials. Table 2 compares the 
measured enthalpies of drop solution, oxidation reactions, and 
formation from elements of bulk samples with previous values; 
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1 Deposit item AM-12-049, Supplemental information. Deposit items are avail-
able two ways: For a paper copy contact the Business Office of the Mineralogical 
Society of America (see inside front cover of recent issue) for price information. 
For an electronic copy visit the MSA web site at http://www.minsocam.org, go 
to the American Mineralogist Contents, find the table of contents for the specific 
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