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Structure of synthetic monoclinic Na-rich birnessite and hexagonal birnessite:

Il. Results from chemical studies and EXAFS spectroscopy
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ABSTRACT

Solution chemical techniques were used to study the conversion of synthetic Na-rich
buserite (NaBu) to hexagonal (H*-exchanged) birnessite (HBi) at low pH. The low-pH
reaction is broadly characterized by the exchange of structural Na+ with solution H+ and
the partial loss of Mn2+ to the aqueous phase. The desorption of Na* in two temporally
distinct steps indicates the existence of two types of binding sites for this cation. Mn2z+
appears to originate from a partial disproportionation of Mn#+ in the NaBu layers, accord-
ing to the sequence

Mn3+

layer

EXAFS measurements on Na-rich birnessite (NaBi) show that this mineral is primarily a
layered structure formed by edge-sharing MnO, octahedra, with no evidence for triple-
corner (TC) sharing Mn. HBi is significantly different with strong evidence for TC-sharing
Mn and therefore layer vacancies. The relative numbers of edge (E)-sharing and TC-shar-
ing neighbors determined from EXAFS measurements on HBi is consistent with SAED
results (Drits et a. 1997), which suggest that the layer vacancies are restricted to every
third row of Mn cations, with 50% of the Mn sites along these rows vacant. The density
of vacancies in the entire layer is therefore one in six of layer Mn sites. Polarized EXAFS
measurements on orientated films of NaBi and HBi confirm the absence of TC-sharing
Mn in NaBi and indicate that Mn adsorbed at layer vacancy sites in HBi a pH 4 is
dominantly Mn3+. The intensity of the TC-sharing contribution to the Mn EXAFS spectra
of HBi samples increases with increasing pH from pH 2 to 5, and supports a mechanism
of formation involving both the direct migration of layer Mn3+ to interlayer TC-sharing
positions and re-adsorption of Mnz+ from solution onto layer vacancy sites. The migration
of Mn3+ cations into the interlayer releases the steric strain associated with the Jahn-Teller
distortion of these octahedra. This model of the NaBu-to-HBi conversion explains the
transformation from orthogonal to hexagonal layer symmetry, respectively, as reported by
Drits et al. (1997).

Analysis of the Zn EXAFS spectrum of Znz+-exchanged birnessite shows that Zn2+ also
occupies TC-sharing positions at layer vacancy sites. The results of this study strongly
suggest that lattice cation vacancies are of critical importance in adsorption and electron
transfer processes occurring at the surface of this mineral.

- Mn%

- Mn% ver

+ M. e T M2, + Vacancy + Mnz;.

I NTRODUCTION

Hydrous manganese oxides (HMO) play a pivotal role
in the redox and adsorption processes that occur in soil,
groundwater, oceanic, and agquatic systems (e.g., Kraus-
kopf 1957; McKenzie 1967; Werhli et a. 1995). In lab-
oratory-based studies of such processes, synthetically pre-
pared manganese oxides are commonly used as model
materials to avoid the inherent complexity of natural ma-
terials (e.g., Gray and Madati 1979a, 1979b; Catts and

* Author to whom correspondence should be addressed.
T Present address: CSIRO Division of Mineras, Box 312,
Clayton South, 3169, Australia

0003-004X/97/0910-0962$05.00

Langmuir 1986; McKenzie 1980). Synthetic buserite and
birnessite, being of mixed Mn valency and generaly dis-
ordered in nature, mimic the essential features of natural
layered HMO and have been used as model manganese
oxide materials. Recent electron transfer studies per-
formed using synthetic Na-rich buserite (Crowther et al.
1983; Xyla et a. 1992; Manceau and Charlet 1992) re-
vealed considerable information on the reaction mecha-
nisms involved, however the relatively poor structural
characterization of this mineral remains a principal limi-
tation in understanding these reactions at the atomic level.
In particular, a knowledge of the spatia distribution of
lower valency states of Mn (Mn#+ and Mn2+) as well as
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the abundance and distribution of lattice cation vacancies
is required.

Buserite and birnessite can be broadly described as
having a layered structure, formed by edge-sharing MnO,
octahedra. The interlayer region between adjacent layers
is occupied by various combinations of cationic species
and H,O according to the particular buserite or birnessite
species. For synthetic Na-rich buserite the interlayer re-
gion is occupied by Na* ions and H,O. Partial dehydra-
tion leads to the formation of the Na-rich birnessite phase
and is associated with a change in the interlayer spacing
from 10 to 7 A (Giovanoli 1980), a difference that is
approximately equal to the diameter of molecular H,O
(2.8 A).

Adsorption and redox processes are typicaly studied
under low pH conditions. With the exception of the stud-
ies by Giovanaoli et al. (1970b, 1980) there has been very
few investigations of the structure of the low pH forms
of synthetic buserite and birnessite. Chemica analyses
show that below pH 7, Na* in the solid exchanges for H+
from solution, whereas structural studies reveal a change
in the interlayer spacing from 10 to 7 A (Giovanoli et al.
1970b). This change in interlayer spacing is similar to
that observed between synthetic Narich buserite and
Narich birnessite, although it is reasonable to suppose
that at low pH the decrease of the interlayer spacing is at
least partly associated with loss of Na+ from the interlay-
er. Selected-area electron diffraction (SAED) and X-ray
diffraction (XRD) studies of synthetic Na-rich birnessite
and H-exchanged birnessite microcrystals show that the
high pH to low pH transformation is characterized by a
change from a monoclinic unit cell (Post and Veblen
1990; Giovanoli et al. 1970a) to a hexagonal unit cell, as
was demonstrated by Drits et a. (1997) and, to some
extent, demonstrated previously (Giovanoli et a. 1970b).

The synthetic forms of Na-rich buserite and Na-rich
birnessite that were prepared in this study are referred to
by the names NaBu and NaBi, respectively. The low pH
forms of synthetic buserite and birnessite are all charac-
terized by a7 A layer spacing, regardless of whether they
are in the form of a suspension or as a dry powder. On
the basis of both the similar chemical nature of the low
pH forms of synthetic buserite and birnessite and the ob-
servation that all are 7 A hexagona species, we believe
that they are, collectively, most appropriately referred to
as hexagonal birnessite (HBi).

In this article, the results from chemical studies of the
NaBu to HBi conversion process and extended X-ray ab-
sorption fine structure (EXAFS) spectroscopic studies of
both NaBi and HBi are presented and discussed in light
of the structural observations of Drits et a. (1997). One
of the primary aims of these articles is to present struc-
tural and chemical models for NaBi and HBi that can be
used to assist in the interpretation of the adsorption and
electron transfer processes that occur on the surfaces of
these minerals.
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EXPERIMENTAL DESCRIPTION
Preparation of Na-rich buserite and Na-rich birnessite

The method of preparation and preliminary character-
ization of NaBu has been described previously (Drits et
al. 1997). Particles were stored in a hydrated state at the
synthesized solids concentration (~50 g/L) in polypro-
pylene containers at 5 °C before use.

For the preparation of orientated films of NaBi the fol-
lowing procedure was used. Approximately 5 cm? of the
NaBu suspension was ultrasonicated for several minutes
to ensure good dispersion of the platelets. Then a small
quantity of this suspension was deposited within a 2 cm
diameter retaining gasket placed on a glass plate. The
suspension was alowed to dry slowly in air yielding a
solid disk of oriented NaBi. The quantity of suspension
deposited within the gasket was calculated to yield a disk
of optimum thickness for the X-ray absorption measure-
ments, according to the criterion described in a later
section.

Preparation of hexagonal birnessite

All chemical modifications of the NaBu suspensions
were conducted at 25 °C with exclusion of light in con-
stant ionic strength (0.1 mol/dm® NaNO,) aqueous me-
dium saturated with argon gas. The concentration of sol-
ids was approximately 2 g/dme. Kinetic studies of the
exchange process were conducted in a batch reactor and
were initiated in the following way: NaBu was dispersed
in the ionic strength medium (typically 10 mL of a 50
g/dm2 suspension into 250 mL) without adjustment of pH.
The pH after dilution was typically in the range 8-9. Af-
ter an equilibration time of 30 min the pH of the suspen-
sion was then rapidly adjusted to, and maintained at, the
desired value by addition of a small aliquot of 1.0 mol/
dm3 HNO, and then 0.1 mol/dm® HNQ,, as controlled by
an automatic titration assembly. H+ additions were re-
corded directly on a computer. During the course of the
reaction the concentration of aqueous Mn and adsorbed
Na as well as the average Mn oxidation state were deter-
mined using the methods described in the following
sections.

Orientated films of HBi were prepared as described for
NaBi, except that it was necessary to decant some of the
aqueous phase to obtain a suspension of sufficiently high
concentration for film preparation.

Aqueous Mn. Aqueous Mn was separated from the
solid phase by filtration of 3-5 cm? of the suspension
through a 0.05 wm pore size filter. Manganese in solution
was shown to be exclusively in the form of Mn2+ by use
of a Mnz+-specific complexing agent (Chiswell et al.
1990). This is the expected result given the very low sol-
ubilities of Mn3+ and Mn*+ in agueous solutions over the
pH range studied (pH 2-5) (Baes and Mesmer 1976). In
genera the solution concentrations of Mn were deter-
mined by either atomic absorption spectroscopy (AAS)
or by oxidation to MnO, using potassium periodate
(K10,) (Kolthoff et al. 1952). In this second method, sam-
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ple absorbances were measured at 526 nm and compared
to absorbances of known standards (es,em = 2410 dmd/
mol -cm-1).

Structural Na. A 5 cm?® sample of the suspension was
collected and centrifuged. The bulk of the agueous phase
was removed and the centrifuge tube then weighed with
the remaining concentrated suspension. This suspension
was allowed to air dry over several weeks until a constant
weight was attained. The dried solid phase was dissolved
with 1 cm® of 10% hydroxylamine hydrochloride
(NH,OH-ClI) solution and diluted with 1% HNO, to a suit-
able concentration for analysis. Total Mn and Na were
measured by inductively coupled plasma (ICP) spectros-
copy. Structural Na was calculated as the difference be-
tween the total Na measured and that contributed by the
included agueous phase, alowing calculation of the
Na+*/Mn ratio in the solid phase.

Average Mn oxidation state. The method used for the
measurement of the average oxidation state of Mn in the
buserite samples followed that of Freeman and Chapman
(1971), except for the measurement of the total Mn con-
tent. A mixture of 5.00 cm? of 0.200 N (0.100 M) sodium
oxaate and 2.5 cm? of concentrated H,SO, was prepared
immediately before sampling. A 25 cm® sample of the
buserite suspension (at ~ 2 g/dm?) was added to this mix-
ture. Excess sodium oxalate was titrated with a previously
standardized 0.05 N potassium permanganate (KMnO,)
solution using an auto-titration system. The determination
of the Mn content of the buserite sample was achieved
by measurement of the total Mn concentration in the ti-
trated solution with correction for the concentration of
Mn added as KMnQ, in the titration procedure. This de-
termination was carried out by oxidation of al Mn to
MnQO; using the potassium periodate method described
above.

Preparation of Zn?+-exchanged birnessite

The Znz+-exchanged birnessite (ZnBi) sample was pre-
pared by addition of a Zn(NO,), solution to a HBi sus-
pension that had been pre-equilibrated at pH 4. The total
Zn concentration after dilution was approximately 5 x
10-2 mol/dm3 and the HBi concentration 2 g/dm3. After
allowing several hours for equilibration, the solid was fil-
tered and dried, yielding ZnBi solid.

EXAFS measurements

Mn EXAFS spectra were recorded at the LURE syn-
chrotron radiation laboratory (Orsay, France) on the EX-
AFS | station. The positron energy of the storage ring
DCI was 1.85 GeV and the current between 200 and 300
mA. The incident X-ray beam was monochromatized
with a channel-cut Si(331) crystal. X-ray absorption data
for Mn were recorded over the energy range 64007300
eV, corresponding to a Bragg angle of between 50° and
43°. In this angular range the linear polarization is close
to 100% (Hazemann et al. 1992). To avoid sample thick-
ness and heterogeneity effects (Stern and Kim 1981;
Manceau and Gates 1997) it was necessary that Au <1,
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where A is the absorption edge step. Homogeneous and
flat self-supported films of controlled thickness were pre-
pared for both powder and polarized EXAFS
measurements.

Angular measurements were performed in transmission
mode by turning film layers around a rotation axis normal
to both the beam direction and the electric field vector e.
The angular dependence of the EXAFS y function is given
by (Heald and Stern 1977; Brouder 1990): x(«) = [x(0°)
— x(90)]coz? o + x(90°) where « is the angle between e
and the layer plane. This relationship applies for al pho-
toelectron energies and by means of linear regression and
extrapolation, can be used to determine x(90°), which can-
not be measured experimentally (Manceau et al. 1988, un-
published manuscript). Powder EXAFS spectra were re-
corded &t « = 35° to eliminate any orientation effects
(Manceau et a. 1990). X-ray absorption spectra were an-
alyzed according to standard procedures (Teo 1986). A
Kaiser function window was used in Fourier transforms to
minimize the intensity of side lobes resulting from trun-
cation effects (Manceau and Combes 1988). Manceau
(1995) has shown that side lobes associated with the use
of a Kaiser window function are of the order of 5% of the
intensity of main structural peaks. This low intensity al-
lows greater sensitivity to less pronounced structural fea
tures in the RDF and provides strong evidence that peak
intensities above this value should be interpreted in struc-
tura terms. Interatomic distances and numbers of atomic
neighbors were determined using experimental phase shift
and amplitude functions derived from suitable reference
materias. For Mn-O and Mn-Mn interactions experimental
functions were obtained from stoichiometric A-MnQ, in
which Mn*+ atoms are surrounded by six nearest O atoms
at 1.91 A and six nearest Mn atoms at 2.84 A (Thackeray
et a. 1993). For Zn-Mn interactions experimental func-
tions were derived from the phyllomanganate chalcophan-
ite (ZnMn,0,-9H,0) in which Zr?; has six Mn neighbors
a an average distance of 3.49 A (Post and Appleman
1988) (Fig. 11). Through the use of such reference mate-
rials it is reasonable to expect an absolute accuracy in the
fitted number of neighbors of approximately 10%. The rel-
ative accuracy within a series of minerals of similar struc-
tures should be better than 10%.

ResuLTs
Chemical studies of the NaBu to HBi conversion

Figure 1la shows the kinetic behavior of the adsorbed
and solution species involved in the structural alteration
of NaBu at pH 4. The reaction is characterized by an
initial rapid process in which both Mnz+ and part of the
Na+ are released from the solid and exchanged with H*
from solution. This step is followed by a slower process
in which the remaining Na+ is released and Mn2+ (par-
tialy) re-adsorbs. The separation of Na+ desorption into
two distinct temporal processes implies that Na+ occupies
at least two types of sites in NaBu. The solid and dashed
lines shown for the profiles of Mn2+ and H+, respectively,
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Ficure 1. (a) Tempora behavior of Hi, (dashed line),
Nay, (solid circle), and Mz, (open circle) for NaBu undergoing
structural ateration at pH 4. The solid line shown for Mz is
an interpolation of the experimental data, whereas the line shown
for Nay,, was calculated on the basis of charge balance consid-
erations, assuming only Na+, H+, and Mn2+in the exchange pro-
cess. Total Mn concentration is 1.54 X 10-2 mol/dm?. (b) Degree
of oxidation (x in MnO,) for NaBu undergoing structural alter-
ation at pH 4.

are interpolations of the experimental data. The solid line
shown for Nay,, was calculated from charge-balance con-
siderations, on the basis that the only cations involved in
the exchange process are Na*, H*, and Mnz2+. Because
these are the only cations present in this system, the ex-
cellent agreement proves beyond doubt that the aqueous
Mn is in the form of Mn2+.

Figure 1b shows the degree of Mn oxidation (x in
MnOKx) during the structural alteration reaction. Because
the method used for this analysis involved the sampling
of the buserite suspension, the values shown are averaged
over al Mn in the system, both in the solid and agueous
phases. The measured value does not change during the
reaction, which shows that there is no external oxidation
of Mn by oxygen under the experimental condition em-
ployed. The average of the vaues shown in Figure 1b
corresponds to a degree of oxidation, for the buserite
sample used in this study, of MNO, g5 . o00s- Previous stud-
ies have reported that the low-pH alteration of synthetic
NaBu results in the oxidation of the solid phase because
of incorporation of O (Giovanali et a. 1970b). The results
of this study do not support such a mechanism. It should
be noted however, that the manganese oxide solid does
become oxidized during the structural alteration reaction,
due entirely to the loss of Mn2+ from the solid to the
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Ficure 2. Percentage re-adsorption of Mz at completion
of the low pH structural alteration reaction as a function of so-
lution pH.

aqueous phase. As shown in the following section, the
loss of Mn2+ from the solid phase increases with decreas-
ing pH, so under the strongly acidic conditions used by
Giovanali et a. (1970b) in the preparation of their HBI
(or Mn,0,,-5H,0) phase, considerable oxidation of the
solid would have been observed. The degree of oxidation
is insufficient information for the calculation of the rel-
ative proportions of the various Mn oxidation states pres-
ent in the solid phase. In principle the measured value
may correspond to many different combinations of Mn#+,
Mn3+, and Mnz+.

The amounts of Na* and Mn?* desorbed in the initial
rapid reaction were independent of the solution pH over
the pH range studied (pH 2-5). The quantity of Mn2
observed in solution corresponds to approximately one-
twentieth of the total Mn concentration. The extent of
Mnz2+ re-adsorption as a function of pH is shown in Figure
2. The increased adsorption of Mnz+ with increasing pH
observed in this system is entirely consistent with pre-
vious studies of the adsorption of Mnz+ and other hydro-
lyzable divalent metal ions on manganese oxide colloids
(McKenzie 1980). The concentration of Mnz+ that ap-
pears in solution after the initial rapid process, and that
remains in solution at pH < 2, provides a measure of the
Mn2+ content of the NaBu phase. This Mnz+ component,
however, could originate from either structural Mn2+ in
NaBu or as a result of M3+ disproportionation according
to: Mng, + Mné ., Mni, + Mnz-.

These two possihilities for the origin of Mn2+ allow the
range of possible chemical formulas for NaBu to be cal-
culated. The proportions of Mn#*+, Mn3+, and Mn2+ in the
NaBu phase can be calculated by solving the charge bal-
ance and mole balance equations: 4p + 3q + 2r = 2x
andp + g+ r =1, wherep, g, and r are the proportions
of Mn*, Mné+, and Mn2+ in the NaBu phase, and X is
the degree of oxidation (1.845 for this synthetic NaBu
sample). If it is assumed that Mnz+ observed in solution
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is present in the structure of NaBu, then r = 0.049 (one-
twentieth of the total Mn), and the chemical formula for
NaBu is Nag;,Mnés, Mngs . .Mn2;,,0_,. However, if the
Mn2z+ component is derived from disproportionation of
Mn3+, then r = 0 and the chemical formula is Na;,-
Mné¢,Mn2;,0_,. It should be noted that in the latter case
the Na* and Mn#* contents are almost equal to the max-
imum values predicted for the type |1 NaBi microcrystals
on the basis of the SAED results of Drits et al. (1997).
Given that the Na* to total Mn ratio is quite different in
the two types of microcrystals observed for this synthetic
NaBu, with approximately 0.2:1 for type | microcrystals
and 0.33:1 for type Il microcrystals (Drits et a. 1997),
the experimentally obtained value would suggest a dom-
inance of type Il. This conclusion is consistent with the
observations made by Drits et a (1997) in their SAED
analysis.

Complete desorption of Na+ was observed across the
pH range studied (pH 2-5), with the interlayer charge
balance maintained by exchange with H* and Mn2+, in
varying proportions depending on the solution pH. For
this reason, the exchange stoichiometry varies continu-
ously with pH between the limiting cases of:

Nag, + Hi - Hzio + Nag, (pH < 2) @
and
4Nay, + Mnz+ + 2H
- MnZ + 2Hz + 4Nag, (pH > 4) 2

Given that Na+ desorption and Mn2+ re-adsorption appear
to be independent processes, we ascribe no particular
structural significance to the stoichiometry of Equation 2.

Information from EXAFS spectroscopy

Analysis of reference manganese dioxides. The trans-
ferability of the phase-shift and amplitude functions de-
rived from A-MnO, was tested on the manganese oxides
ramsdellite (y-MnO,) (Bystrom 1949), pyrolusite (B-
MnO,) (de Wolff 1959; Shuey 1975), and romanechite
(Turner and Post 1988). Radial distribution functions
(RDFs) derived from EXAFS measurements at the Mn K
edge for these minerals are shown in Figure 3a aong with
the RDF for A-MnQO,. The RDF for A-MnO, demonstrates
the suitability of this materia as a source of phase and
amplitude data, with well-isolated peaks at distances, un-
corrected for phase shift, of 1.5-1.6 and 2.5 A corre-
sponding to six O neighbors at 1.91 A and six Mn neigh-
bors at 2.84 A, respectively.

The RDFs for the other manganese oxides exhibit
prominent peaks at ~1.6, 2.4-2.6, and ~3.1 A. Given
that a nominal correction of 0.3-0.4 A applies to these
distances due phase shift effects, the observed peaks can
be assigned to the interactions between Mn-O, Mn-Mn
(edge-sharing octahedra), and Mn-Mn (corner-sharing oc-
tahedra), respectively (Manceau and Combes 1988). In
the case of romanechite the intensity of the Mn-Mn cor-
ner-sharing peak is about 20% of the Mn-Mn edge-shar-
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Ficure 3. (a) Manganese radial distribution functions from
EXAFS measurements at the Mn K edge for A-MnQO,, ramsdel-
lite, pyrolusite, and romanechite. (b) Fourier-filtered o, CON-
tributions to EXAFS spectra (solid lines) with fits (open circles)
for ramsdellite, pyrolusite, and romanechite. Fitted parameters
are given in Table 1.

ing peak. Based on the previous discussion regarding the
size of side lobes associated with the use of a Kaiser
window in the Fourier-transform procedure, it is clear that
this peak is structural in origin instead of a side lobe of
the main Mn-Mn edge-sharing peak.
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TaBLE 1. Mn-O and Mn-Mn distances and amplitudes (number of neighbors) for reference Mn oxides, as determined from
EXAFS data
Mn-Mn, Mn-Mn,
Mn-O (Edge linkage) (Corner linkage)

Reference Rngn-o Ao AE RM;\»Mn Ao RMon-Mn Ao Mn-Mn
Material (A) (A) N, (eV) (A) (A) N, (A) (A) N, AE(eV)
Ramsdellite 1.90 0.00 4.8 0.6 2.86 0.01 3.7 3.42 0.02 4.0 2.6

(1.89) (6 0) (2.89) (4.0) (3.43) (4.0)
Pyrolusite 1.89 0.01 1.3 2.86 0.00 2.0 3.42 0.03 7.8 33

(1.88) (6 0) (2.87) (2.0) (3.43) (8.0)
Romanechite 1.91 0.01 4.2 2.1 2.87 0.04 4.6 3.46 0.04 3.4 2.6

(1.93) (6.0) (2.90) (4.4) (3.43) (3.2)

Note: Mn-O and Mn-Mn distances and amplitudes were fitted with experimental phase-shift and amplitude functions extracted from A-MnO, (Thackeray
et al. 1993). Values in brackets are the interatomic distances and number of neighbors as determined from XRD data for ramsdellite (Bystrom 1949),
pyrolusite (de Wolff 1959), and romanechite (Turner and Post 1988). AE values correspond to the shift of the K-edge energy threshold.

Good fits of the Fourier-filtered Mn-O contributions to
the EXAFS spectra were obtained for all three manganese
oxides. Fitted values of R,,,,, and the number of neighbors
(No) are shown in Table 1. N, values obtained are dightly
lower than those determined by X-ray diffraction because
of the higher degree of disorder in Mn-O distances in
these materials compared to the reference A-MnO, ma-
terial. In the case of romanechite the fitted AE value is
dlightly higher and probably reflects the greater distribu-
tion of Mn-O distances in this sample in comparison with
the other reference manganese dioxides. First and second
Mn-Mn contributions were fitted together because of in-
complete separation in the Fourier-filtering process. The
fits to these spectra for the three test minerals are shown
in Figure 3b and the fit parameters given in Table 1. Good
agreement is obtained for Mn-Mn distances and the num-
ber of neighbors for all manganese dioxide materials ex-
amined. Again romanechite shows some anomalous be-
havior with rather large Ao values required to achieve a
goad fit to the data. This can probably be attributed to a
wider distribution of Mn-Mn distances because of the
presence of some lower valence Mn in this minera (Wads-
ley 1953; Turner and Post 1988). Quite clearly, the am-
plitude and phase-shift functions extracted from A-MnO,
lead to fitted EXAFS parameters for these reference man-
ganese oxides, which are in good agreement with the
crystallographically determined values. For this reason
we can be confident that these same amplitude and phase-
shift functions are suitable for the analysis of the EXAFS
spectra of the synthetic birnessite samples prepared in this
study.

Powder EXAFS data for NaBi and Hbi: Qualitative
results. Figure 4 shows the Mn RDFs for NaBi at pH 9
and several HBi phases equilibrated at constant pH, be-
tween pH 5-2. Also shown in this figure are the Mn and
Zn RDFs for chalcophanite and the Zn RDF for ZnBi.

Apart from the first peak corresponding to Mn-O in-
teractions, the RDF of NaBi exhibits one strong cation-
cation peak at the uncorrected distance of 2.5-2.6 A
Again assuming a phase-shift correction of 0.3-0.4 A,
this peak corresponds to a structural distance of 2.8-2. 9
A, which is atypica distance for edge-sharing MnO; oc-

tahedra and similar to the values found for the manganese
oxide reference minerals described previously. The ab-
sence of a peak at 3.1 A indicates that there are no de-
tectable corner-sharing octahedrain NaBi and that the Mn
octahedra are amost exclusively edge-linked. Similar
conclusions were made by Strobel et a. (1987), Manceau
et a. (1992), and Post and Veblen (1990). The only other
major peaks in this spectrum are those corresponding to
the second sphere of cations in the layer, in the range
47-51A.

The Mn RDFs for the HBi samples are al similar and
distinctly different from that for NaBi. In particular there
isapeka 3.1 A in addition to the main Mn-Mn peak
a 25 A. This peak corresponds to a structural distance
of 3.4-35 A and therefore to corner- sharing MnO, oc-
tahedra. The minimum intensity for this peak is observed
for the pH 2 sample, but even in this case the intensity
of the peak is 10% of the intensity of the Mn-Mn edge-
sharing peak. When compared to the expected intensity
of side lobes resulting from the Kaiser window function
used in the Fourier-transform procedure of 5%, it is clear
that in all HBi samples the 3.1 A peak is structural in
nature. Further confirmation of the structural nature of
this peak is the absence of a similar peak in the Mn RDF
of NaBi. Because all spectra were treated in exactly the
same way, if this peak were a side lobe originating from
truncation effects of the window function used, it would
appear in al spectra. Two strong peaks are observed at
longer distances (4.7 and 5.2 A) in the HBi Mn RDFs.
As for NaBi these peaks correspond to second and third
Mn neighbors in the layers, although for the HBi samples
the intensities of these peaks are considerably greater.

The Mn RDF for chalcophanite shows a strong simi-
larity to the Mn RDF for the HBi samples, suggesting a
similarity in the structure of these materials, as suggested
previously (Giovanoli et al. 1970b). At the Zn K edge for
chalcophanite the peak corresponding to the corner-shar-
ing distance (3.2 A uncorrected) is considerably enhanced
because Zn is exclusively located on lattice vacancy sites
in this mineral with six nearest neighbor Mn atoms at the
crystallographic distance of 3.49 A (Wadsley 1955; Post
and Appleman 1988). The Zn RDF of ZnBi shows strong
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Ficure 5. Fourier-filtered xy,.w, COntributionsto Mn EXAFS
spectra of NaBi (pH 9) and HBi (pH 2-5). Solid lines are ex-
perimental spectra whereas the open circles are fits. The first pair
of spectrain this figure show a comparison of the Fourier-filtered
Xwnwn CONtribution for A-MnO, (solid line) with that for NaBi
(dotted line), demonstrating the considerable differences in am-
plitude envelopes for these samples. Fitted parameters are given
in Table 2.
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TABLE 2. EXAFS parameters for Mn-Mn pairs in NaBi and HBi and the Zn-Mn pair in ZnBi

Mn-Mn, Me-Mn, Mn-Mn,,

Runving Ac(y RMz-an AO(T Me-Mn,, RMI:»MM Aoo' AE

Sample &) (A) Nun (A) (A) Nygn AE(ev) (A) (A) N (eV)
NaBi pH9 2.88 0.0 3.9 3.02 0.01 2.9 -12
HBi pH5 2.87 0.01 4.1 3.52 0.03 2.0 -1.0

HBi pH4 2.87 0.01 4.1 3.49 0.03 2.0 1.6 5.01 0.02 5* 0.8

5.61 0.02 16* 0.8
HBi pH3 2.86 0.01 4.3 3.47 0.02 2.0 2.0
HBi pH2 2.87 0.01 4.6 3.47 0.03 1.7 1.6
ZnBi 3.45 0.01 5.8 25

* Values unreliable due to multiple scattering effects.

similarity to the Zn RDF of chalcophanite, although the
corner-sharing peak occurs at a dightly shorter distance.
This observation strongly suggests that Znz+ occupies
similar structural positions in these two materials. The Zn
RDF for chalcophanite also shows an atomic neighbor at
4.1 A, corresponding to Zn-Zn interactions between the
pairs of Znz+ cations across lattice vacancy sites, i.e.,
above and below vacancy sites. It is interesting to note
that this peak is absent in the Zn RDF of ZnBi.
Quantitative analysis. Figure 5 shows fits to Fourier-
filtered Mn-Mn interactions for the NaBi and HBi sam-
ples. Also shown is a comparison of the Fourier-filtered
Mn-Mn edge-sharing interaction for the reference A-
MnO, material with that for NaBi (first pair of spectrain
Fig. 5). Fitting parameters and best-fit values for the num-
ber of neighbors and distances for the synthetic birnessite
samples are given in Table 2. The second spectrum in
Figure 5 shows the Fourier-filtered EXAFS spectrum of
the Mn-Mn edge-sharing distance in NaBi (solid line)
along with a one-shell fit to this spectrum. The assump-
tion of a single structural distance provides an approxi-
mate fit to this spectrum. The amplitude mismatch in the
range 9-11 A-* and the phase mismatch at higher k val-
ues, however, suggest the presence of at least one other
Mn-Mn distance. Support for this conclusion is provided
by the comparison of the NaBi spectrum with the spec-
trum of A-MnQO,, demonstrating the considerable differ-
ences in the shapes of the amplitude envelopes for these
two samples. A two-shell fit to the NaBi EXAFS data
(third spectrum) yields good agreement over the entire k
range, corresponding to distances of 2.88 = 0.05 A (Nun
= 3.9 and 3.02 = 0.05 A (Nyn = 2.9). Assuming a dom-
inance of type Il microcrystals [on the basis of the chem-
icaly derived Na* to total Mn ratio and the SAED ob-
servations (Drits et al. 1997)], in which every third row
of Mn octahedra running in the [010] direction contains
dominantly Mné+, the expected Mn-Mn distances and am-
plitudes can be estimated. Figure 6a shows the expected
Mn-Mn distances in the layers of NaBi, calculated on the
basis of both the a and b parameters reported previously
(Drits et a. 1997) and the charge distribution in the lay-
ers. Mn#s-Mn*+ and Mne*-Mn*+ distances in the [010]
direction equal the b parameter value of 2.847 A with
N, = 2.0. The Mn-Mn distances in the (110,110) direc-

tions are longer because of the elongation of the Mn3+
octahedra. As expected, the longest Mn-Mn distances in
these directions occur between Mn#+-Mn3+ pairs because
of the localization of layer distortion on the Mn** rich
rows. Mn*-Mn#+ distances in the (110,110) directions,
however, also increase because of the migration of Mn#+
cations toward the Mn3* rich rows, as a result of the in-
complete charge compensation of the shared O atoms. We
estimate that Mn-Mn distances in these directions vary
periodically between ~3.00 A for Mn**-Mn®* pairs and
~2.90 A for Mn**-Mn#+ pairs with N,,, = 2.7 and N,,, =
1.3, respectively. The two-shell fit to the Fourier-filtered
Mn-Mn EXAFS spectrum of NaBi can be understood if
it is assumed that all Mn-Mn pairs in the [010] direction
and Mn**-Mn** pairsin the (110,110) directions are fitted
as one shell with an average distance of ~2.87 A (Nun =
3.3) and Mn*+-Mn?+ pairs in the (110,110)°d| rections are
fitted as a longer distance shell at ~ 3.00 A (N, = 2.7).

These values compare well with the experimental EXAFS
results of N,,, = 3.9 at 2.88 A and N,,, = 2.9 at 3.02 A.

Of course it would be structurally more accurate to fit the
NaBi edge-sharing peak as a three-shell system. Unfor-
tunately, because of the limited reciprocal space of EX-
AFS spectra (14 A- 1) it is not possible to resolve dis-
tances that are separated by less than ~0.12 A.In general,

however, the EXAFS results support the structural model
developed by Drits et a. (1997) for the layers of NaBi.
As discussed by Drits et al. (1997), very few lattice va-
cancies in the NaBi sample exist, which means that the
total number of neighbors should be close to six. The
EXAFS-derived value of 6.8 = 0.7 is consistent with the
absence of vacancies in the layers of NaBi.

For all the HBi samples it was necessary to fit both the
edge-sharing and corner-sharing peaks, at 2.5 A and 3.1
A, respectively, together because of the incomplete sep-
aration of these two peaks in the Fourier-filtering process.
The Fourier-filtered EXAFS spectra shown in Figure 5
for the HBi samples (both peaks combined) therefore dis-
play a wave beating in the range 6-10 A-*, which can be
related to the expected difference in shell distances of 0.5
= AR[ = (3n/2k)] = 0.8. Reasonable two-shell fits are
obtained across the entire k range for al spectra. For al
the HBi samples the Mn-Mn edge-sharing distance is 2.87
+ 0.02 A, a distance that is shorter than that observed
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Ficure 6. (@) A structural diagram showing the ordering of
Mn#+ and Mn3+ octahedra in the layers of NaBi (type Il micro-
crystals). Mn-Mn distances in this figure were calculated on the
basis of both the a and b parameters reported by Drits et al.
(1997), taking into account the charge distribution in the layers.
(b) Top shows Mn-Mn neighbors along an edge for HBi micro-
crystals, corresponding to a distance of 5.0 A (from EXAFS
measurements) or 4.93 A (from SAED and XRD measurements),
see Drits et a. (1997). (b) Bottom shows Mn-Mn neighbors
across two edges for HBi microcrystals, corresponding to a dis-
tance of 5.6 A (from EXAFS measurements) or 5.69 A [from
SAED and XRD measurements, see Drits et a. (1997)].

P

for NaBi, taking into account that two Mn-Mn edge-shar-
ing distances are found for NaBi (2.88 and 3.02 A). This
would suggest a decrease in the lower valence Mn content
of the layers in HBi. The second fitted distance, in the
range 3.47-3.52 A, is similar to that found for the Fou-
rier-filtered Zn-Mn distance in ZnBi of 3.45 = 0.05 A
(see Table 2) and a range of values that compare closely
with that for chalcophanite at 3.49 A (Post and Appleman
1988). Based on the similarity of the ionic radii of Zn?
(R, = 0.74 A) and of Mn? (R, = 0.83 A) and Mn**
(Ry.2 = 0.65 A), this would strongly support a structural
similarity within this group of mineras. For this reason
we propose that the corner-sharing Mn-Mn distance ob-
served in the HBi EXAFS spectra corresponds to Mn
adsorbed on vacancy sites, that is, triple corner (TC) shar-
ing Mn. The fitted TC-sharing distances for_the HBi se-
ries increase with increasing pH from 3.47 A at pH 2 to
352 A a pH 5. This trend agrees with the qualitative
interpretations of the RDFs for these samples (Fig. 4).
Assuming that the TC-sharing distance is directly related
to the radius of the cation adsorbed at lattice vacancies,
and keeping in mind the ionic radii values given above
for M3+, Mn2+, and Zn?+, the observed TC-sharing dis-
tances suggest that there is a mixture of Mnz+ and Mn3+
at vacancy sites in HBi. As shown later in this article,
this assignment of the Mn valency at vacanciesis strongly
supported by polarized EXAFS studies.

In the RDFs shown in Figure 4 for the HBI series of
samples, the intensity of the TC-sharing peak increases
with increasing pH. In genera terms this trend is sup-
ported by the EXAFS data in Table 2 for these samples,
which show the TC-sharing amplitude changing from N,
=17a pH 2toN,. = 2.0 a pH 5. However, the fitted
number of TC-sharing neighbors for these samples does
not increase in an orderly way with increasing pH and
therefore cannot be interpreted as unequivocal proof of a
structural trend in the HBi series. Additional support for
this interpretation is provided by the corresponding num-
ber of edge-sharing neighbors, which steadily decreases
with increasing pH from N; = 4.6 at pH 2 to N, = 4.1
at pH 5. Because the EXAFS method provides an average
of the loca structures of al Mn atoms in the sample, a
decrease in the number of edge-sharing neighbors must
be accompanied by an increase in the number of TC-shar-
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Ficure 7. Fourier-filtered yu.o contributions to Mn EXAFS
spectra of A-MnO,, NaBi (pH 9), and HBi (pH4). These spectra
clearly show the smaller amplitude of the EXAFS oscillations
for the birnessite samples compared to the reference A-MnO,
material.

ing neighbors. The fact that the expected trend in the
number of TC-sharing neighbors is poorly reflected in the
fitted EXAFS parameters is most likely due to the small
contribution that the TC-sharing peak makes to the Fou-
rier-filtered EXAFS spectrum. The increase in the number
of TC-sharing neighbors with increasing pH, combined
with the observed increase in the re-adsorption of Mn2*
with increasing pH (Fig. 2), suggests that the re-adsorp-
tion of Mnz+ on HBi occurs at lattice vacancies. This
behavioral trend also explains the increase in TC-sharing
distance with increasing pH for the HBI series of samples.

As noted previously there is a significant difference in
the amplitude of the peaks in the range 4.7-5.2 A for the
NaBi and HBi samples. Comparison with the number of
edge-sharing neighbors for these samples shows that this
difference in intensity cannot be correlated with the ex-
pected number of neighbors at these longer distances. The
two peaks in this range were fitted as a two-shell system
for the pH 4 HBi sample (spectra not shown) with the
best-fit values given in Table 2. The amplitude was poorly
reproduced over the k range, however the frequency was
well matched indicating that the fitted distances were re-
liable. The fitted number of neighbors for these Fourier-
fitted peaks is therefore not accurate. The two distances
of 5.0 and 5.6 A can be related to second-neighbor
Mn-Mn distances along edges [Fig. 6b(top)] and across
two edges of the phyllomanganate layer [Fig.
6b(bottom)]. These values compare with the values of
4,93 and 5.69 A, respectively, calculated from the unit-
cell parameters for HBi (Drits et a. 1997). The high in-
tensity of the second of these peaks (across two edges),
despite the long distances involved, is striking and can be
atributed to the so called “‘focusing effect,” which is
commonly observed in layered metal oxides and hydrox-
ides (O'day et al. 1994). The focusing effect is a result
of multiple scattering (MS) of the gected photoelectron
and results in a substantial increase in the EXAFS am-
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TaBLE 3. EXAFS parameters for Mn-O pairs in NaBi and HBi

Mn-O

Rl\ﬂn-o Ao(]‘ AE
Sample (A) (A) No (eVv)
NaBi pH9 1.92 0.01 5.5 1.0
HBi pH5 1.90 0.01 4.5 1.0
HBi pH4 191 0.01 4.7 1.0
HBi pH3 191 0.01 5.2 1.0
HBi pH2 191 0.01 4.9 15

plitude. The simulation of MS spectrais beyond the scope
of this paper, but it suffices to say that typically MS ef-
fects are observed for layered structures where there is
strong linear alignment of layer cations and little variation
in the cation-cation distances. Drits et al. (1997) noted
that a principal difference between NaBi and HBI is the
change from a distorted hexagona symmetry to an un-
distorted hexagona symmetry of layers. In the case of
NaBi it is clear that there is considerable variation in the
Mn-Mn distances, especialy in the [110] and [110] di-
rections where the cation sequence is Mn*--Mn3+-Mn*+,
This incoherence in the cation-cation distances of NaBi
explains the low intensity of the RDF signal of NaBi in
the 4-5 A range (Fig. 4). The EXAFS results alow us to
conclude that there are significantly fewer Mn3+ centers
in the layers of HBi than NaBi.

Figure 7 shows Fourier-filtered Mn-O EXAFS spectra
for A-MnO,, NaBi, and HBi (pH 4). The amplitude of the
EXAFS oscillations decreases in the order A-MnO, >
NaBi > HBi suggesting a corresponding trend in the
number of O neighbors or a greater disorder in the Mn-O
distances. Good fits were obtained for the Fourier-filtered
Mn-O EXAFS contributions for all synthetic birnessite
samples by assuming a single atomic shell (Table 3). Con-
sistent with the EXAFS spectra shown in Figure 7, the
Mn-O pair for NaBi is fitted to a dightly longer average
distance and a higher amplitude than for the HBi samples.
The difference in Mn-O distances can be partly attributed
to the loss of some Mnz+ from the solid, i.e., to the de-
crease in Mn?+ re-adsorption at decreasing pH. The de-
crease in amplitude upon conversion of NaBi to HBi can
be correlated with an increase of TC-sharing Mn in the
HBi samples. Mn adsorbed in this way is coordinated to
three O atoms of the layer and three H,O molecules, as
for Zn?+ in chalcophanite. The disorder in the Mn,;,,-O
octahedra is high, due to the presence of both Mn-O and
Mn-OH, bonds, resulting in a broader distribution of
Mn-O distances for these Mn cations. For example, in
chalcophanite the Zn-O and Zn-OH, distances were mea-
sured as 2.07 and 2.14 A, respectively (Post and Apple-
man 1988). This disorder results in a lower back-scatter-
ing amplitude, as observed in the experimental data.

Polarized EXAFS Spectra of NaBi and HBi. In po-
larized EXAFS measurements, the amplitude of the EX-
AFS contribution for each atomic pair depends on its an-
gle with respect to the electric field vector e. This angular
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Ficure 8. Schematic diagram of the relative orientation of
a hirnessite layer to the electric field vector (). The angle be-
tween the layer and the electric vector is denoted «; g is the
angle between the vector connecting the atomic pair of interest
and the perpendicular to the layer, and 6 is the angle between

the vector connecting the atomic pair of interest and the electric
field vector.

dependence can be written (Teo and Lee 1979; Stern and
Heald 1983):

x(k 8) = > E 3 cos?(8])x!w(K)

ii=

©)

where the index j is over al atomic shells around the
absorbing atom, the index i is over al N, atoms of the jth
shell, 6i is the angle between the polarization vector € and
the vector ri that connects the absorbing atom to the ith
atom of the jth shell and x,., is the EXAFS amplitude for
the powder spectrum. Equation 3 shows that when € is
pointed toward a given backscatterer, the EXAFS ampli-
tude is enhanced by a factor of three. As a result of this
property, angular measurements provide information of
both a direction-dependent structural and chemical nature
and alow the detection of weak atomic shell contribu-
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tions that otherwise are undetectable in the analysis of
powder spectra.

Manceau et al. (1990) demonstrated that the varia-
tion of the EXAFS amplitude x(k,0) with the angle be-
tween e and the layer («) depends on the angle between
the vector connecting the atomic pair of interest and
the perpendicular to the layer (8) (see Fig. 8). For g =
54.7°, 3cos?6; is equal to one and the EXAFS amplitude
is independent of the orientation angle (a) [x(k,0) =
Xiso(K),] effectively forming a magic angle for the min-
eral phase. For B < 54.7° x(k,6) increases with increas-
ing values of «, while for g > 54.7° x(k,0) decreases
with increasing a.

For cations adsorbed at layer vacancy sites, it islogical
to conclude that smaller cations are closer to the Mn layer
and hence have a larger 8 angle. The series of cations, in
order of increasing ionic radius, Mn*+ (0.53 A) Mn3+
(0.65 A) Znz+ (0.74 A) and Mn2+ (0.83 A) should there-
fore exhibit decreasing g angles when adsorbed on lattice
vacancy sites. The mineral chalcophanite provides a suit-
able reference point for the assessment of the polarized
EXAFS spectra of NaBi and HBi. In chalcophanite the
vector connecting Zn?* and the nearest Mn cations in the
layer form a g angle of 53.5°, very close to the magic-
angle value. Accordingly the intensity of the Zn-Mn
TC-sharing peak in the RDF of chalcophanite is indepen-
dent of orientation angle. Based on the relative ionic radii
for Znz* and Mn cations it is reasonable to expect that
for synthetic birnessite samples with Mn3+ or Mn*+ ad-
sorbed at lattice vacancy sites the g angle would be great-
er than or 54.7° resulting in a decreasing intensity for the
Mn-Mn TC-sharing peak with increasing orientation an-
gle. For synthetic birnessite samples with Mn2+ adsorbed
at vacancy sites, the opposite behavior should be
observed.

Figures 9a and 9b show polarized EXAFS spectra of
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Ficure 9. Polarized EXAFS spectra recorded at the Mn K edge for (a) NaBi and (b) HBi at « 0°, 20°, 35°, 50°, and 60°. The
90° spectra were calculated using the method described in the experimental section.
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Ficure 10. (@) Mn RDFs for NaBi, derived from the Mn

EXAFS spectra shown in Figure 9a. (b) Mn RDFs for HBi, de-
rived from the manganese EXAFS spectra shown in Figure 9b.

NaBi and HBi (pH 4), respectively. Of particular impor-
tance in these spectra is the presence of isosbestic points
at which x(K) is independent of «. The presence of these
points indicates a high homogeneity in the sample thick-
ness and provides good evidence that the differences be-
tween these spectra are due to orientation effects alone.
Accordingly the observed changes in amplitude can safe-
ly be interpreted in terms of structural properties. The 90°
spectra shown in these figures were calculated using the
linear regression method described in the experimental
section. Figures 10a and 10b show the RDFs correspond-
ing to the EXAFS spectra shown in Figures 9a and 9b,
respectively. Perfect orientation of the synthetic birnessite
layers should result in a 90° spectrum in which there is
no contribution from Mn-Mn edge-sharing interaction be-
cause under these conditions the electric field vector and
the layer are orthogonal. In both sets of RDFs there is a
contribution because of Mn-Mn edge-sharing octahedra
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in the 90° spectra; this is more pronounced for the pH 9
spectrum. The unexpected presence of this peak in both
samples indicates that perfect orientation of the synthetic
birnessite microcrystals was not achieved. Despite this
limitation it is clear that the microcrystals are highly ori-
entated, thus alowing analysis of the spectra in terms of
structural effects. A particular feature to note from the set
of spectra at pH 9 is the absence of significant intensity
at 3.1 A (indicated by the arrow, Figs. 10a and 10b) at
all angles. The structural results of Drits et al. (1997)
show that if any TC-sharing Mn exists in NaBi, it can
only occur in the form of Mnz+, resulting from dispro-
portionation along Mn3+-rich rows. Because the ionic ra-
dius of Mn2* is greater than that of Zn?*, the g angle
formed by Mn2+ adsorbed on lattice vacancies is less than
54.7°. For this reason, any Mn-Mn TC-sharing interac-
tions in NaBi should be maximized in the 90° RDF. The
absence of the 3.1 A peak in the 90° RDF allows us to
conclude that there can only be very little, if any,
TC-sharing Mn in NaBi. Clearly, any interlayer Mn2+ in
NaBi does not sorb above or below lattice vacancy sites
and must therefore occupy other specific interlayer sites.

Of great interest in the polarized RDFs for HBi (Fig.
10b) is the behavior of the Mn-Mn TC-sharing peak at
3.05 A. It isclear that the intensity of this peak decreases
with orientation angle, leading to the direct conclusion
that the g angle is greater than 54.7°. Keeping in mind
the order of increasing ionic radius Mn* < Mn3+ < Znz+
< Mnz+ and the g angle in chalcophanite of 53.5°, it can
be concluded that the ionic radius of Mn cations located
at vacancy sites in HBi is, on average, smaller than that
of Zn?+. The majority of Mn cations at these sites at pH
4 must therefore be Mne+ or Mn*+ rather than Mnz-.

The absence of any detectable peak at 4.0 A in the
polarized EXAFS spectra of HBI at all angles shows that
there are unlikely to be any pairs of Mn cations across
lattice vacancy sites. It is important, however, to be cau-
tious in this interpretation. In the chalcophanite Zn RDF
(Fig. 4) the peak corresponding to Zn-Zn interactions
across vacancy sites is quite strong because Zn?+ is lo-
cated exclusively on vacancy sites, and al Zn>+ atoms
have a neighbor at the crystallographic distance of 4.25
A. For EXAFS spectra recorded at the Mn K edge for
HBiI, the intensity of any Mn-Mn across-vacancy inter-
actions will be diminished significantly because of the
averaging of loca Mn environments in the sample. For
this reason we must be less definite about the absence of
Mn-Mn pairs across lattice vacancy sites.

Discussion
Structure of NaBi

The structures of synthetic NaBi and NaBu have been
likened to that of chalcophanite by severa authors (Gio-
vanali et al. 1970a; Burns and Burns 1977; Post and Veb-
len 1990; Manceau et a. 1992). On the basis of the results
presented by Drits et a. (1997) and in this paper, this anal-
ogy can be considerably refined. NaBi is a layered man-
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ganese oxide formed by edge-sharing MnO, octahedra and
in this sense is similar to chalcophanite. In the chalco-
phanite layers one in every seven cation sites is vacant,
with Zm?* ions coordinated above and below these sites
(Waddey 1955; Post and Appleman 1988). NaBi differs
considerably, with no evidence for significant numbers of
layer vacancies or corner-sharing Mn octahedra. The re-
sults of the polarized EXAFS measurements provide strong
confirmation of this last point. NaBi and chalcophanite
must therefore have considerably different interlayer struc-
tures. In chalcophanite the mechanism of layer-layer sta
bilization is the hydrogen bonding between TC-sharing
Znz+ ions and adjacent layers. Layer-layer stabilization in
NaBi must occur by means of the strong association of
Na+ with the excess negative charge in the layers, com-
bined with some degree of hydrogen bonding between lay-
er O atoms and interlayer H,O molecules. Both the asence
of layer vacancies and the high proportion of layer Mns+
in NaBi are consistent with the Rietveld refinement of syn-
thetic NaBi by Post and Veblen (1990). In particular the
Mn site-occupancy factor was found by these authors to
be close to 1.0 (indicating very few vacancies) and the
mean Mn-O distance was equal to that expected for alayer
with 75% Mn#*+ and 25% Mns+. These values are of course
approximate but lie within the range of chemica formulae
for NaBu and NaBi presented earlier, between
Naas M ng.;sg M ngElZ M ng.&m O~2 and Naés M ngfée M ng.gl owz,
corresponding to the possible presence or absence of Mnz+,
respectively, in NaBu and NaBi.

The XRD data of Kuma et a. (1994) showed that the
conversion of synthetic NaBu to NaBi is characterized by a
reduction of the a parameter, which on the basis of the con-
clusons drawn by Drits et d. (1997) shows a decrease in
the M+ content of the layers. As was discussed by Drits
et a. (1997), the maximum possible Na- and M3+ content
in NaBu is given by the formula Ng;,,Mn&:,Mn3:,0_,, be-
cause an Na* content greater than this requires Na'-Na*
pairs at distances of 2.85 A. It appears reasonable to con-
clude that the experimentally determined chemica formula
in which the Mr* content is assumed to be zero,
NagiMnés,Mn3s, O_,, gives the best chemical description of
NaBu, corresponding amost to the maximum Mn#+ and Na*
content possible. It is most likely that the process of drying
NaBu to form NaBi results in the disproportionation of
some M2+ (approximately one-third), according to the A =
6b periodicity aong Mns+-rich rows (Drits et d. 1997), and
the migration of Mr?* into the interlayer region, yidding
the chemica formula: Nag,Mn2t,e(Mngt.sMnds, .00, 000 0-,),
where [ represents a layer vacancy. SAED studies (Drits
et a. 1997) show that for the more dominant of the micro-
crysta types observed for NaBi (type Il) the idedized
chemical formula is Nag;;MnZ2i..(MNngs,,Mn3s,,0000550_,).
Clearly there is very good agreement between this chemical
formula and that measured experimentally when the maxi-
mum possible content of M2+ is assumed. The results from
the polarized EXAFS measurements on NaBi indicate the
absence of TC-sharing Mn in thisminerd. This result would
strongly indicate that M+ that migrates into the interlayer
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does not reside a layer vacancy stes, athough the few
Mnz+ cations involved forces us to be less conclusive on
this paint.

Implicit in the development of a structural formula for
NaBi is the conclusion that the quantity of Mre+ that is
observed in solution upon conversion of NaBu to HBi is
the same as that which exists within the structure of NaBi.
The strong correlation between the solution level of Mne+
observed at pH < 2, corresponding to one-twentieth of the
total Mn, with that expected from the A = 6b periodicity of
one-eighteenth of total Mn, supports this interpretation. Put
another way, it appears from the results of this study that
both the conversion of NaBu to NaBi by means of dehy-
dration and the conversion of NaBu to HBi at low pH result
in an equivalent amount of layer M+ disproportionation.

Structure of HBI

There appears to be a close smilarity between chalco-
phanite and HBI, based on the evidence from the XRD
(Drits et a. 1997) and EXAFS results, which demonstrate
the existence of TC-sharing Mn cations located on lattice
vacancy sites. The Mn-Mn TC-sharing pesk is observed for
al HBi samples. Given that there is no re-adsorption of
Mnz+ a pH 2 (Fig. 2) during the structural ateration of
NaBu, part of the TC-sharing component must come from
adirect structura re-arrangement of the MnO, edge-sharing
layers. This observation, combined with the observed
change between a distorted hexagona layer structure for
NaBi and an undistorted layer structure for HBI, suggests
that upon lowering the pH, there is a significant migration
of lower vaence Mn into the interlayer region. This con-
cluson is aso in accord with the observed decrease in the
Mn-Mn edge-sharing distance between NaBi and HBi. The
results of polarized EXAFS for HBi have shown that Mn
adsorbed at lattice vacancy sites has a smdler ionic radius
than Znz+ and is therefore dominantly Mn#+ or M+, Quite
clearly, any mechanism of NaBu to HBi conversion in
which the migration of M+ from layer to TC-sharing po-
sitions occurs, would result in a relative increase in the low-
er valence content of the layers, in total contradiction of the
experimental data. For this reason, the results obtained by
polarized EXAFS must be interpreted as evidence for a
dominance of Mn#+ adsorbed on layer vacancies in HBi.

As discussed by Drits et a. (1997), HBi microcrystals
exhibit a weak superstructure, with the unit-cell parameters
A = 3a and B = b. This superstructure was interpreted as
arising from the distribution of layer vacancies and associ-
ated TC-sharing Mn cations. Manganese cations coordinated
to vacancy sites would also be associated with three inter-
layer H,O molecules, resulting in an enhanced scattering
intengity in the a-b plane. This interpretation of the super-
structure in HBi leads to the conclusion that lattice vacancies
are regtricted to the rows that originaly contained M+ in
NaBu and NaBi, i.e, every third row running along the
[010] direction.

From the EXAFS data obtained for HBi prepared at pH
5, which has the maximum number of TC-sharing and min-
imum number of edge-sharing Mn, it is possible to estimate
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Ficure 11. Proposed structura models for NaBi, HBi, and
ZnBi as determined from the results of this study. The numbers
on the faces of the octahedra in the NaBi structure refer to the
sequence of Mn valency in the [110] or [10] directions. The
numbers on the TC-sharing octahedra in the HBi structure indi-
cate that a mixture of M3+ and Mn?+ cations occupy these sites.
Also shown is a structural model for chal cophanite from Wadsley
(1955) and Post and Appleman (1988).

O Nat

the density of vacancies in the layers. The outcome of this
calculation depends on the assumed vacancy distribution in
the layers. For the reasons given above, vacancies are as-
sumed to be restricted to every third row in the [010] di-
rection. If al Mn3+ cations along the Mn3+-rich rows of
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NaBu were to migrate from layer to interlayer positions, the
expected numbers of TC-sharing and edge-sharing neigh-
bors in the EXAFS fitting procedures would be 2.7, for both
distances. The experimental values of N, = 20 and N; =
4.1 for HBi a pH 5 clearly demondgtrate that not al of the
Mne+ cations migrate from the layers. It is readily shown
that these experimenta values in fact correspond closdly to
that expected where there is a 50% density of vacancies in
these rows, with every layer vacancy having an associated
TC-sharing Mn. The theoretical number of TC- and edge-
sharing neighbors corresponding to this cation distribution
is 2.0 and 4.0, respectively.

It would appear that there are two principa mechanisms
of TC-sharing Mn formation in HBi. One involves the direct
migration of M2+ from the layer to the interlayer and the
second the adsorption of Mre+ from solution onto lattice
vacancy sites. This second mechanism explains the increase
in the TC-sharing distance and amplitude with increasing
pH for the HBI series of samples. At pH 5 the re-adsorption
of Mn2+ results in complete occupancy of the vacancy sites,
consistent with the number of edge- and TC-sharing neigh-
bors for this sample, whereas a pH 2 no re-adsorption of
Mre+ occurs. Within the framework of this model, two ex-
treme cation distributions for the HBi series of samples can
be identified. All HBi samples have a vacancy density of
50% along every third cation row. At pH 2, 67% of vacancy
sites have an associated TC-sharing Mn and al are Mg+,
At pH 5 there is 100% occupancy of the lattice vacancies,
with a vaency distribution of 67% Mn#+ and 33% Mnz+,
This moddl is consistent with a dominance of M3 in
TC-sharing positions under dl pH conditions.

Because all Na* is lost from the interlayer region upon
forming HBI, layer-layer stabilization must occur by means
of hydrogen bonding by TC-sharing Mn ions with adjacent
layers, similar to that observed for chacophanite. This mod-
el of the interlayer structure provides an explanation for the
change in interlayer spacing from 10 A for NaBu to 7 A
for HBi. One important difference between HBi and chal-
cophanite is that in the latter mineral Zr?+ cations occur in
pairs at |attice vacancies whereas the evidence here suggests
that this does not occur in HBi. The absence of a peak a
4.1 A in the RDF of ZnBi shown in Figure 4 indicates that
there are adso very few pairs of Zne+ cations at layer va
cancy dtes for this synthetic phase. In this sense ZnBi is
very similar to HBI, which suggests that the mechanism of
HBI to ZnBi conversion proceeds by means of displacement
of Mn cations adsorbed at layer vacancies by Zne+ cations.
The reason for the absence of cation pairs across layer va-
cancies in HBi and ZnBi is not clear from the results of this
study, but it is possibly related to the distribution of lattice
vacancies in the layers.

Diagrams of the structures of NaBi, HBi, and ZnBi, as
determined from the results of this study, are shown in Fig-
ure 11. Also shown in this figure, for purposes of compar-
ison, is the structure of chacophanite from the results of
previous studies (Post and Appleman 1988; Waddey 1955).
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Ficure 12. Schematic diagram showing the changes in cat-
ion layer and interlayer positions along the Mn3+-rich rows for
the ateration of NaBu to HBi at low pH. Mn**-rich rows are
assumed to be unaffected by the structural alteration at low pH.
This diagram shows: (1) the partial loss of Na+ from the inter-
layers and the partial disproportionation of layer Mn3+, according
to A = 6b periodicity, (2) the migration of layer Mn®* into in-
terlayer (TC-sharing) positions (creating a vacancy density of
50% along these rows) and the desorption of the remaining in-
terlayer Na+, and (3) re-adsorption of solution Mn2+ onto avail-
able layer-vacancy sites, as controlled by the solution pH. Large
open circles symbolize Na* cations, and the numbers on the oc-
tahedra correspond to the Mn valency.

—

M echanism of the NaBu-to-HBi conversion

Figure 12 shows a schematic sequence for the conver-
sion of NaBu to HBI that allows an understanding of both
the chemical and structural observations. According to
the proposed model, NaBu is a layered material contain-
ing only Mn*+ and Mn3+ in the layer with no layer va-
cancies and hence no TC-sharing interlayer Mn cations.
NaBu undergoes a rapid partial equilibration under low
pH conditions resulting in a redistribution of layer and
interlayer cations. One-third of the Mn3+ (corresponding
to the A = 6b periodicity) disproportionates to form
Mnt,, and Mn2+, with the latter migrating into the solu-
tion phase. A significant proportion of the Na+ (~two-
thirds) remains associated with the solid. This heteroge-
neity in the binding strength of interlayer Na* correlates
well with the results presented by Drits et al. (1997). For
the type Il microcrystals of NaBi, approximately one-
third of al interlayer Na+ is associated exclusively with
layer Mn*+, and hence only weakly bound to the layers.
It seems most likely that these Na+ ions exchange rapidly
with solution H+ at low pH. The Na* that remains in the
interlayer after the initial rapid process therefore corre-
sponds to Na* associated with layer Mn3+. The chemical
formula of the intermediate H-NaBu phase created can
be written as: Nag,,[Mngs,,Mngs,,[]0, ;6(OH),.,]. In this
formula no attempt was made to account for any hydrox-
ide groups that may have been present initially in the
NaBu structure, although these should be very few.

In the subsequent slow exchange process the remaining
Na+ desorbs, with the layer charge balanced by the ad-
sorption of Mn?+ and H* in proportions that depend on
the solution pH. The observation that Na+ desorbs from
NaBu regardless of whether Mnz+ re-adsorbs indicates
that the mechanism of Na+ desorption does not involve
Mnz+, For this reason it appears most likely that the slow
Na+ desorption step relates to a structural re-arrangement
of the solid, probably mediated by solution H+. The na
ture of this structural re-arrangement is unclear. One pos-
sible mechanism is that the migration of Mn3* from the
layer to interlayer positions occurs slowly. Only after the
formation of TC-sharing Mn does the exchange of ad-
sorbed Nar with solution H+* becomes energetically
favorable.
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Symmetry of the phyllomanganate layers

From the results of powder and polarized EXAFS mea-
surements, combined with the SAED results (Drits et a.
1997), we show that lattice vacancies in HBi are predom-
inantly restricted to every third cation row in the layers.
This distribution of vacancies appears to be a vestige of
the original Mn3+ distribution in NaBu and NaBi. The
vacancy density within these rows is close to 50% cor-
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responding to atotal vacancy density in the layers of one
in six of al Mn sites. Both the occupancy of lattice va-
cancy sites by TC-sharing Mn cations and the valence
distribution of the adsorbed Mn appear to be pH depen-
dent. The model developed for the structure of HBi re-
quires that some Mn3+ cations remain in the layers. This
conclusion is uneguivocal given that there is no change
in the average oxidation state of Mn during the conver-
sion of NaBu to NaBi. Assuming that these layer Mn3+
cations are restricted to the vacancy-rich rows, one-third
of the available cation sites in these rows must be occu-
pied by Mn3+, equivalent to one in nine of all layer cation
sites. This quantity of Mn3* is apparently insufficient to
cause a distortion of the hexagonal layer symmetry. Sev-
eral studies have reported the structural and electrochem-
ical properties of y-MnOx as a function of the degree of
Mn oxidation (e.g., Giovanoli and Leuenberger 1969;
Ruetschi 1984; Chabre and Pannetier 1995). It is gener-
ally observed that the structural and electronic properties
of y-MnOx change dramatically about the mid-point be-
tween pure Mn3+ and Mn** oxide materias, i.e., about x
= 1.75in MnOx. At degrees of Mn oxidation greater than
this, bulk Jahn-Teller distortion of the structure is not ob-
served. This observation was explained in terms of the
random distribution and directional orientation of Mn3*
centers throughout the structure. In considering the elec-
tronic and structural difference between NaBi and HBi it
is important to distinguish between the oxidation state of
the layers and the oxidation state of the solid as a whole,
which does not change between NaBu or NaBi and HBi.
Taking into account the lattice vacancy density of onein
six and the Mn#+ abundance in the vacancy-rich rows of
33% in HBI, it is readily calculated that, whereas the
layers of NaBi correspond to an MnOx solid with x =
1.845, in HBI the layers correspond to x = 1.94. Put
another way, the migration of Mn3+ from the layer to the
interlayers effectively resultsin an oxidation of the layers.
This greatly reduced proportion of Mn#+ in the layers of
HBiI is consistent with a reduction (quasi-absence) of lay-
er distortion. An additional factor involved in the elec-
tronic distribution of NaBi and HBi is that compensation
of the layer charge is achieved by Na+* and H*, respec-
tively. It is reasonable to assume that the interlayer mo-
bility of Na* is considerably lower than that for protons,
on the basis of both the ion sizes and the existence of the
chain mechanism for proton diffusion. It is most likely
that both the migration of lower valence Mn to the inter-
layer region and the change in the interlayer speciation
from Na+ to H* are contributing factors in the change
between the monaoclinic symmetry of NaBi and the hex-
agonal symmetry of HBI. The structural modification that
occurs at low pH results in two principal effects that pro-
vide a more energetically favorable situation. First, the
removal of lower valence Mn from the layer relieves the
steric strain associated with the presence of Mn#* rows.
Second, the formation of TC-sharing Mn atoms creates
an interlayer structure that stabilizes the layer-layer dis-
tance in HBi.
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