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Abstract

The positions of hydrogen (deuterium) cations within the interlayer of synthetic Na- and K-birnessite 
samples have been determined for the first time using Rietveld analysis and Fourier difference syntheses, 
from time-of-flight powder neutron diffraction data. This study revealed that two symmetry-related 
D(H) positions are located ∼1 Å above and below the midpoint between the split O interlayer sites in 
Na-birnessite. This result confirms our earlier interpretation that the split interlayer sites include O 
atoms from two symmetrically equivalent H2O molecules. These molecules are oriented 180° to each 
other, and they are pivoted about a single set of H(D) atoms positions. The interlayer H2O molecules in 
K-birnessite are oriented such that one of the H(D) atoms is pointed approximately toward the Mn octahedral 
layer O atoms and the other is directed approximately within the net of interlayer K/O sites. In K-birnessite, 
six K-Ooct distances are shorter than 3.35 Å, compared with only two Na-Ooct bond lengths in Na-birnessite, 
suggesting that K cations are more tightly bonded to the octahedral O atoms than are Na cations.
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Introduction

Birnessite and birnessite-like layer structure 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 cathode 
material in rechargeable Li batteries and are being developed as 
ion-exchange materials for industrial use (Golden et al. 1986; 
Bach et al. 1995; Cai et al. 2002). Birnessite-like compounds 
exhibit very high cation exchange capacities for a host of aque-
ous metal species (McKenzie 1976), and they therefore play an 
important role in the sequestration and release of nutrients and 
toxic elements in soil and groundwater systems.

Despite their importance as battery materials and their role 
in geological environments, characterization of the crystal 
structures and behaviors of birnessite-like phases is challenging, 
because they tend to occur as fine-grained, poorly crystalline 
masses. The chemical formula of birnessite was first reported as 
(Na,Ca,Mn2+)Mn7O14⋅2.8H2O by Jones and Milne (1956). Subse-
quent studies demonstrated that natural samples can incorporate 
trace to minor amounts of many other cations, including Co, Ni, 
and Pb (McKenzie 1977). Moreover, experiments that involve the 
synthesis of birnessite reveal that this structure can integrate almost 
every alkali and alkaline earth element, as well as many of the transi-
tion metals (e.g., McKenzie 1971; Golden et al. 1986).

The basic birnessite structure is triclinic (Post et al. 2002; 
Lanson et al. 2002), and it consists of negatively charged 
sheets of (Mn4+,Mn3+)-O octahedra stacked in the c-direction. 
In the interlayer region between the octahedral sheets is a layer 
of hexagonally closest packed cations and coordinating H2O 
molecules (Fig. 1). The interlayer spacing in natural birnessite 

is ∼7 Å (e.g., Jones and Milne 1956), and in some samples 
this interlayer distance will expand to ∼10 Å upon hydration, 
generating a buserite-like structure. For example, Na-, K-, Ba-, 
and Cs-birnessites exhibit a ∼10 Å interlayer spacing when 
synthesized in aqueous solution but collapse to a ∼7 Å layer 
structure when dried in air (Wadsley 1950; Golden et al. 1986). 
Other synthetic structures, such as Ca-, Mg-, and Ni-birnessite, 
typically retain the ∼10 Å layer spacing upon drying at room 
temperature (Golden et al. 1986). X-ray diffraction studies of 
birnessite-like phases typically yield positionally disordered, 
split interlayer sites that are occupied by cations and H2O (Post 
et al. 2002; Lopano et al. 2007).

In situ infrared spectroscopy studies of the dehydration be-
haviors of various cation-exchanged birnessite phases by Johnson 
and Post (2006) suggest that cation hydration energies, and con-
sequently, cation-H2O interactions, are important factors in deter-
mining the relative stabilities and exchange behaviors of birnessite 
phases. Detailed descriptions of the interlayer region, however, 
and particularly of the roles played by the H2O molecules, are 
severely limited by the inability of powder X-ray diffraction 
studies to locate H atom positions. In the current study, we used 
powder neutron diffraction data and Rietveld refinements to locate 
H(D) atom positions in deuterated Na- and K-birnessite structures 
to better explore the interactions among the H2O molecules and 
interlayer cations and the Mn/O octahedral sheets. Additionally, 
because of the relatively large neutron scattering length for O 
atoms, refinements using neutron data yielded more precise O 
atom positions than do those using X-ray diffraction data.

Experimental methods

Samples
The Na-birnessite was synthesized by oxidation of Mn(OH)2 following the pro-

cedures of Golden (1986) and air-dried at room temperature. Post and Veblen (1990) 
reported the chemical formula: Na0.58(Mn4+
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