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Structure of heavy-metal sorbed birnessite: Part 2. Results from electron diffraction
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ABSTRACT

Selected-area electron diffraction (SAED) and energy-dispersive analysis were used to study
the structure of synthetic heavy-metal sorbed birnessites (MeBi). Samples were prepared by equili-
brating a suspension of Na-rich buserite (NaBu) at pH 4 in the presence of various heavy metal
cations (Me), including Pb, Cd, Zn, and Cu.

Five main types of SAED patterns were observed. Types| and Il were observed only for ZnBi
micro-crystals, and they both consist of two super-cell reflection networks related by a mirror
plane parallel tothe a’-c” plane. In direct space, these twinned networks correspond to hexagonal
supercellswith A, = B, = V7b/N'3, and A, = B, = V7b, for ZnBi type | and Il, respectively. The
supercellsin the two varieties result from an ordered distribution of vacant layer octahedra capped
by interlayer Zn in ZnBi layers. This distribution is described by a hexagonal cell with A, = \7h.
In ZnBi micro-crystals of type |, interstratified twinned right- and |eft-handed fragments are
similar to chalcophanite (ZnMn,;0,-3H,0; Wadsley 1955; Post and Appleman 1988), and distribu-
tions of vacant layer octahedra from adjacent layers are regularly shifted with respect to each
other by 1/3 of the long diagonal of the hexagonal layer unit cell. In ZnBi micro-crystals of type
I1, distributions of vacant layer octahedra are not regularly shifted from one layer to the adjacent
one.

SAED patterns of types I11 and 1V occur for PbBi, ZnBi, and CdBi micro-crystals and contain
super-cell reflections distributed parallel to [100]" with a periodicity that is not commensurate
with that of the MeBi sub-structure (a’/2.15 and a'/5.25, respectively). The super-cell reflections
result from the ordered distribution within MeBi layers of vacant layer sites capped by Me as
pairs along the a axis. Within each pair, vacant sites are separated by 2a for type I11, and by 5a for
type V. In one-layer monoclinic structures, the apparent incommensurability arises from the +a/
3 shift between adjacent layers having a similar one-dimensional periodic distribution of interlayer
Me located above and below vacant octahedra sharing three corners with My, octahedra (TC
sites). Tetrahedral coordination of these Me cations in TC sites, asin ZnBi, leads to the formation
of strong H-bonds between adjacent layers. A similar incommensurate effect occurs in one-layer
hexagonal MeBi if octahedrally coordinated Me cations periodically distributed along the a axis
are located above and/or below empty tridentate cavities sharing three edges with Mn,,,. octahe-
dra (V'TE sites, PbBi).

SAED patterns of type V contain only sub-cell reflections and were observed mostly for PbBi
and CuBi micro-crystals. Three different conditions can lead to the absence of super-cell reflec-
tions: (1) a low amount of sorbed Me (PbBi); (2) the presence of Me having a scattering power
similar to that of Mn on a single side of vacant layer sites (CuBi); or (3) arandom distribution of
interlayer species.

INTRODUCTION

Buserite and birnessite are layered hydrous Mn oxides, the
layers of which are built of edge-sharing Mn octahedra. Hy-
drated cations are present in their interlayer spacesto compen-
sate the negative layer charge that arises from the presence of
heterovalent Mn and/or vacant sites in the octahedral layers.
Because buserite and birnessite can fix heavy metals (Co, Pb,
Cd, Cu, Zn, ...) in contaminated soils and aqueous systems (Tay-
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lor and McKenzie 1966; McKenzie 1967, 1980; Burnsand Burns
1976; Bendell-Young and Harvey 1992; Manceau et a. 2000 and
references therein), it is essential to determine the structure of
heavy-metal sorbed birnessites (MeBi).

Selected-area electron diffraction (SAED) has often been
used, sometimes to complement X-ray diffraction (XRD), to
study the structure of birnessite and especially to reveal the
super-cell periodicities in these phyllomanganates (Post and
Veblen 1990; Manceau et a. 1992; Kuma et al. 1994; Drits et
al. 1997, 1998). However, the origin of super-cell reflections
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observed in SAED patterns of natural and synthetic birnessites
has long remained unclear. Giovanoli et al. (1970) described
super-cell reflections of high-pH Na-rich synthetic birnessite,
hereafter referred to as NaBi, and attributed them to ordering
of vacant layer octahedra capped by interlayer cations as in
chal cophanite (Wadsley 1955; Post and Appleman 1988). The
same interpretation was proposed by Chukhrov et al. (1978)
for a Carrich birnessite sample, and by Kuma et al. (1994) for
synthetic NaBi samples exchanged with different monovalent
and divalent cations. In contrast, Post and Veblen (1990) sug-
gested that high-pH synthetic birnessites consist of vacancy-
freelayersand, therefore, that super-cell reflectionsmorelikely
result from an ordered distribution of interlayer cations. This
conclusion was supported by the contrasting distributions of
super-cell reflections observed for NaBi and Mg-exchanged
birnessite. However, in their structural model, Mg? cationsare
located almost above/below layer octahedral sites (Post and
Veblen 1990), and Manceau et al. (1992) showed that this po-
sition may be occupied only if underlying octahedral sites are
vacant.

New insight into this problem was provided by Drits et al.
(1997) and Silvester et al. (1997). Using XRD, SAED, extended
X-ray absorption fine structure spectroscopy (EXAFS), and
solution chemistry, these authors demonstrated that NaBi con-
sists of vacancy-free layers and that super-cell reflections ob-
served inits SAED patternsresult from an ordered distribution
of interlayer cations. In contrast, low-pH synthetic birnessites
(HBI) resulting from the low-pH equilibration of Na-rich
buserite (NaBu) contain significant numbers of vacant layer
sites capped by interlayer Mn cations (MnNipenayer), but their
SAED patterns are either devoid of super-cell reflections or
contain extremely faint super-cell reflections (Dritset al. 1997;
Manceau et a. 1997; Silvester et al. 1997). Indeed, systematic
location of MnNiyenae €ither above or below vacant layer sites
induces a low electrostatic potential contrast between occu-
pied and vacant octahedral layer sites, and the intensity of su-
per-cell reflections is strongly decreased even if vacant layer
sites are regularly distributed (Drits et al. 1997; Lanson et al.
2000).

In the present article, SAED and energy-dispersive analy-
sis (EDA) were used to determine the origin of the different
super-cell reflection distributions observed for individual mi-
cro-crystals of heavy-metal sorbed birnessites equilibrated at
pH 4. The sub-structure of these MeBi samples and, in particu-
lar, their layer stacking modes, the nature and content of stack-
ing faults, the amounts of vacant layer sites and the location,
coordination and amounts of interlayer cations (M nNiyerayer @nd
Me) were determined by XRD and EXAFS spectroscopy (Table
1). The combined use of XRD (Lanson et al. 2002a), SAED,
EDA (present article), and EXAFS spectroscopy (Manceau et
al. 2002) provides new insight not only into the structural and
chemical features of these MeBi, but also into the structural
mechanism of formation as aresult of the equilibration of high-
pH NaBu at low pH in the presence of heavy metal cations.

EXPERIMENTAL METHODS

Thebirnessite samples studied in the present article are those
described in the two companion papers (Lanson et a. 2002a;

1647

Manceau et al. 2002), and their chemical compositionsaregiven
in Table 1 of Lanson et a. (2002a). In the following, they will
be denoted according to their Me/Mn ratios (e.g., ZnBi 122
standing for a 0.122 Zn/Mn ratio). Aliquots from diluted sus-
pensions were dried onto carbon-coated copper or aluminum
grids. The samples were then mounted on a tilting sample
holder. SAED patterns were recorded using either a JEOL
JEM 100c equipped with a Kevex X-ray spectrometer and op-
erated at 100 kV or aPhilips CM300ST equipped with aKevex
spectrometer system for energy-dispersive analysis (EDA) and
operated at 300 kV. The standards used for the semi-quantita-
tive EDA were SrCuQ,, Y,BaCuQs, LaMnO;, La,CuQ,, and
BaPbO;.

RESULTS

Features of SAED patterns

Thedifferent types of SAED patterns observed for the vari-
ous hirnessite samples are shown in Figures 1-5, and will be
referred to hereafter astypes|, Il, 111, 1V, and V, respectively.
All patterns contain a set of strong hkO reflections distributed
with hexagonal symmetry, which can be indexed either with a
base-centered (b* =V3a" andy* = 90°) or with ahexagonal (a.
=by" =2a" and y" = 60°) unit cell. In direct space, these cells
correspond to abase-centered cell with a=+3bandy = 90°, or
to a hexagonal cell a, = by =b and y = 120°, respectively, as
determined by XRD (Lanson et al. 2002a).

SAED patternsof typel. Ascan be seenin Figures laand
1b, each sub-cell reflection is surrounded by six weak super-
cell reflections of similar intensity that form three pairsrotated
with respect to each other by 120° around a vertical axis pass-
ing through the corresponding sub-cell reflection. The super-
cell reflections are connected by three horizontal twofold axes
(or vertical mirror planes) passing through the center of the
SAED pattern and parallel to [10]", [11]", and [17]". Alterna-
tively, the six super-cell reflections surrounding each sub-cell
reflection may be split into two triplets (solid and open circles
on Fig. 1b), the apices of which form an equilateral triangle.
The two triplets, which correspond to twinned structural com-
ponents, are rotated with respect to each other by 21.79° around
avertical axis passing through the sub-cell reflection. The sides
of thetriangles are parallel to [91], [64]", and [35]” for thefirst
one (irregular dashed line), and to [91]", [64]", and [35]" for the
second one (regular dashed line). Along any of these six direc-
tions, super-cell reflections are regularly spaced by 2b*//7. For
example, along [64]", the distance between two hkO reflections
(2\7b") isdivided into 7 intervals (Fig. 1c).

Thedistribution of super-cell reflectionsaligned along [91],
[64]", and [35]" may be described by a supercell with A, = b'/
\7, B’ = V3b/AN7, and Y = 90° (Fig. 1c). A, and Bj, are rotated
by 10.89° with respect to a” and b”, respectively. Alternatively,
this distribution may be described by a hexagonal cell with
A, =B = 2A; = 2b'/N7 and Y =60° (Fig. 1c). The Aj, and &
axes also form a 10.89° angle. In direct space, these cells cor-
respond to the base-centered cell A, = V7b, B,, = V7b/V3, and
¥ =90°, and to the hexagonal cell A, = B, =V7b/V3, and
v = 120°, respectively. The distribution of super-cell reflections
along [91]", [64]", and [35]" is characterized by the same su-
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TABLE 1. Main structural features of MeBi as determined from XRD and EXAFS results (Lanson et al. 2002a; Manceau et al. 2002)

Sample Layer stacking Well-defined Location and coordination of interlayer cations
stacking faults Mningeriayer Me Add. Me

ZnBi 69 1M (+a/3) 1H - - -
ZnBi 122 1M (+a/3) 1H -12% VITC sites VITC sites VTC sites

above OR below above AND below above AND below
ZnBi 128 1M (+a/3) 1H -15% VITC sites VITC sites VTC sites

above OR below above AND below above AND below
PbBi 6 1H 1M (-a/3) — 2% VITC sites VITC sites -

above OR below above OR below
PbBi 58 1H 1M (-a/3) - 3% VITC sites VITC sites VITE sites

above OR below above OR below above OR below
CdBi 106 1H 1M (+a/3) — 8% VITC sites VITC sites -

above OR below above AND below
CuBi 156 - - - - -

Notes.In TC sites, Me is located above/below vacant layer octahedra and shares three O, With neighboring Mn,,.., octahedra to form a triple-corner
surface complex (Fig. 6 in Lanson et al. 2002a). In TE sites Me is located above/below empty tridentate cavities sharing three edges with Mnja,
octahedra (Fig. 8 in Lanson et al. 2002a). In the latter sites, coordination of Pb is always octahedral (V' TE sites), whereas Me may be octahedrally or
tetrahedrally coordinated in TC sites. Add. indicates additional position for Me.

FIGURE 1. MeBi type I. Observed (a) and schematic (b, c) SAED
patterns of MeBi type |. (a) The experimental pattern was collected
with the electron beam normal to the basal surface of the crystal. (b)
Reflections from the subcell are shown as large solid circles. Small
circlesrepresent reflections of theright-handed (solid circles=irregular
dashed line) and left-handed (open circles = regular dashed line)
supercells. The unit cell is shown as a gray rectangle. (c) For clarity,
only theright-handed supercell isshown. Supercellsare shown asgray
rectangles. Orthogonal and hexagonal cellsare outlined by dashed and
solid lines, respectively.

per-cell parameters, the two supercells describing the two net-
works of super-cell reflections being connected by a mirror
plane (a'c).

Asthe two networks are twinned, the complete distribution
of super-cell reflections observed in SAED patterns of type |
can be described by aunique hexagonal supercell A" = B" = 2a’/
7 and ¥ = 60°, corresponding to the A=B =7b and y = 120°
cell in direct space.

SAED patterns of type | 1. The distribution of strong sub-
and weak super-cell reflections shown in Figure 2a is shown
schematically in Figure 2b. Each sub-cell reflection is sur-
rounded by 12 super-cell reflections that form six pairsrotated
with respect to each other by 60° around avertical axis passing
through the sub-cell reflection. Alternatively, these super-cell
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FIGURE 2. MeBi typell. Observed (a) and schematic (b, c) SAED
patterns of MeBi type 1. All symbolsasin Figure 1.

reflections can be grouped in two hexagons rotated with re-
spect to each other around the same vertical axis by 21.79°
(solid and open circles; Fig. 2b). The sides of the first hexagon
areparallel to[51]", [13]", and [42]" (irregular dashed ling; Fig.
2b), whereas the sides of the second are parallel to [51]", [13]",
and [42]" (regular dashed line; Fig. 2b). Super-cell reflections
are distributed along each of these directions, with a period
equal to 2a'/N7.

The network of super-cell reflections distributed along [51]",
[13]", and [42]" may be described by ahexagonal A = By, = 2a'/
Y7 and ¥ = 60°, or an orthogonal A, = a'/N7, B,= b'/N7, and
v =90° supercell (Fig. 2c). The A and A, axes are parallel to
[51]" and arerotated with respect to thea” axisby 19.11° around
acommon origin. In direct space, these cells have the follow-
ing parameters: A, = B, =V7b and y=120°, and A, = V7a,
By = V7b, and y = 90°, respectively. Super-cell reflections dis-
tributed along [51]", [13]", and [42]" also form a hexagonal
network with the same super-cell parameters, the supercells
corresponding to the two networks being connected by a mir-
ror plane passing through thea’-c” plane. All super-cell reflec-
tions of the twinned supercells may be described using a
common supercell with A, = 7a, B,, = 7b, and y = 90°, or A, =
By = 7b and y = 120° in direct space.

SAED patternsof typelll. In contrast to all other SAED
patterns, thetype-111 varieties contain weak sub-cell reflections
withh+k=2n+ 1 (Fig. 38), whichindicatesthat these crystals
have a primitive rather than a base-centered unit cell. In addi-
tion, along the a" axis, there is aweak super-cell reflection be-
tween any pair of sub-cell reflections, both intense and weak
ones. These weak super-cell reflections are almost equidistant
from the two sub-cell reflections, and careful measurement has
shown that they areregularly spaced by a’/2.15 (Fig. 3b), mean-
ing that the periods of the sub- and super-cells are incommen-
surate along the a axis. The super-cell parametersare A = 2.15
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a, B=b, andy=90° in direct space.

SAED patternsof typelV. These patterns also are charac-
terized by an incommensurate distribution of super-cell reflec-
tions along the a" axis. The interval between two successive
sub-cell reflections is divided into five almost equal intervals
by four super-cell reflections (Fig. 4a). Careful measurement
of theseinterval s has shown that the di stance between two near-
est super-cell reflections is slightly smaller than 2a’/5 and is
actually equal to 2a’/5.25. All super-cell reflections can be de-
scribed using asupercell with A, =a’/5.25, B, =b"andy = 90°,
corresponding to the A, = 5.25 a, B, = b, and y=90° base-
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FIGURE 3. MeBi typelll. Observed (a, b) SAED patterns of MeBi
typelll. (a) Large arrows indicate the faint sub-cell reflections with h
+ k= 2n+ 1. (b) Ticks indicate the positions of sub- and super-cell
reflections (below and above reflections, respectively) to allow for an
accurate determination of the super-cell periodicity (A" = a'/2.15).

centered unit cell in direct space. Because the value of A, is
close to 5a, sub- and super-cell reflections coincide at low h
values, whereas at higher h values positions of these reflec-
tions are further away resulting in elongated spots (Fig. 4b).

SAED patternsof type V. SAED patterns of thistype con-
tain only sub-cell reflections distributed according to hexago-
nal symmetry (Fig. 5).

Occurrence of the different types of SAED patterns

Individual particles of each sample, depending mostly on
the identity and amount of Me, have different SAED patterns.
For example, Table 2 shows that SAED patterns of CuBi and
PbBi 6 are exclusively of type V, whereas all types of SAED
patterns occur for ZnBi 69 crystals. More generally, SAED
patterns with a two-dimensional (2D) super-cell periodicity
(types | and I1) were observed only for ZnBi crystals; type I11
was present in ZnBi 69, PbBi 58, and CdBi 106; and typelV in
ZnBi 69 and CdBi 106. Finally, SAED patterns of type V oc-
cur in al samples, being prevalent or abundant in PbBi 6 and
58, CdBi 106, and CuBi 156.

EDA results

Relative proportionsof Me, Mn, and Na, as determined from
EDA in each type of micro-crystal previously identified by
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FIGURE 4. MeBi type V. Observed (a, b) SAED patterns of MeBi
type 1V. (b) Ticks indicate the positions of sub- and super-cell
reflections (below and above reflections, respectively) to allow for an
accurate determination of the super-cell periodicity (A" = a'/5.25).

FIGURE 5. MeBi type V. Observed SAED pattern.

SAED, are reported in Table 3. This table shows that the type
of SAED pattern depends on the Me/Mn ratio for ZnBi, CdBi,
and PbBi micro-crystals. In particular, this ratio decreases in
the sequence of SAED typell > 1 > IV > Ill in ZnBi micro-
crystals, V > IV > Ill in CdBi micro-crystals, and IV >V in
PbBi micro-crystals. The Me/Mn ratios obtained from EDA
are close to those calculated from chemical analysis (Lanson
et al. 20024) if the EDA values obtained for PbBi, CdBi, and
ZnBi 69 micro-crystals showing different types of abundant
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TABLE 2. Occurrence of the different types of SAED patterns for
the various samples
Sample SAED SAED SAED SAED SAED
Type | Type Il Type lll Type IV Type V
ZnBi 69 ++ + + F* +
ZnBi 122 - +++ - — +1
ZnBi 128 - +++ - - +t
PbBi 6 - - - - e+
PbBi 58 - - ++ - ++1
CdBi 106 - - + ++ ++
CuBi 156 - - - - +++T

MNote: +++, ++, +, +, — for prevalent, abundant, accessory, seldom ob-
served, not observed.

* Some SAED patterns of type IV were rotated with respect to each other
by 120° around a common origin (not shown).

T Some of the SAED patterns of type V were rotated with respect to each
other by 21.79° around the center of the electron diffraction pattern (not
shown).

TaBLE 3. EDA analyses calculated as atomic ratios as a function
of SAED type for the various samples

Sample SAED Me Mn Na Me/Mn Me/Mn
Type (EDA) (Chem.)

ZnBi 122 1l 10.7 89.3 - 0.122 0.122

ZnBi 69 | 7.7 92.3 - 0.083

ZnBi 69 \Y 4.6-55 94.5-954 - 0.048-0.058 0.069

ZnBi 69 1l 3.70 96.3 - 0.038

CdBi106 V  13.3-13.4 86.6-86.7 — 0.154

CdBi106 IV 7.5 92.5 - 0.081 0.106

CdBi106 I 6.5 93.5 - 0.070

PbBi 58 I 6.3 93.7 - 0.067 0.058

PbBi 58 Y, 3.9 91.5 4.6 0.043

CuBil56 V 12.8 87.2 - 0.147 0.156

SAED patterns (typeslil and V, IV and V, and | and 1V, respec-
tively) are averaged with eguivalent weights.

INTERPRETATION

As discussed by Drits et al. (1998) for birnessite samples
synthesized at high pH, super-cell reflections originate from
the ordered distribution of interlayer cations and associated H,O
molecules. For birnessite samples equilibrated at low pH, this
arrangement likely depends on both the total layer charge and
the distribution of negative charges within layers, that is, on
the ordering of heterovalent Mn cations and of vacant layer
sites. The presence of such vacant layer sites capped by
interlayer cations has been demonstrated in the studied samples
by XRD and EXAFS (Table 1; Lanson et al. 2002a; Manceau
et al. 2002).

SAED patternsof typel

This type of SAED pattern was observed only in ZnBi 69
(Table 2). To determine the positions of Zn in the interlayer of
thisstructure, let us consider the 2D distribution of |attice nodes
in one of the two twinned networks. According to XRD (Lanson
et al. 2002a), adjacent layersin ZnBi are predominantly shifted
with respect to each other by +a/3. Figure 6 shows the mutual
arrangement of Mn cations belonging to two adjacent layersin
projection along the ¢” axis. Taking the origin of the hexagonal
unit cell in a Mn site of the lower layer, the nodes of the hex-
agonal supercell (A; = By = V7b/N3 = 4.350 A and y = 120°;
regular dashed line, Fig. 6) coincide with three structurally dif-
ferent octahedral sites asthe A, axisis rotated with respect to
the a axis by 19.11°, in agreement with the mutual orientation
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FIGURE 6. 2D distribution in projection on the a-b plane of lattice
nodes corresponding to the super-cell reflection distribution in one of
the twin networks present in SAED patterns of type |. Adjacent layers
are translated by c-cosp = +0.333a along the a axis according to XRD
data (Lanson et a. 2002a). Small circles represent Mn,,e from the
lower (solid circles) and upper (open circles) layers defining the
interlayer space. The upper surface of the lower layer, and the lower
surface of the upper layer are shown aslight and dark shaded triangles,
respectively. O, are not shown. The regular dashed line outlines the
hexagonal supercell. The nodes of this cell arelocated above a vacant
octahedron of the lower layer (large solid circles), below a vacant
octahedron of the upper layer (large open circles), or in the center of
an octahedron defined by Mn sites of the upper and lower layers
(irregular dashed line). A solid line outlines the hexagonal cell
describing the distribution of Zn in one interlayer (A =B = b7 =
7.536 A and y = 120°).

of Ajjand a" (Fig. 1). Two of these sites (large solid and open
circles; Fig. 6) coincide with positions of layer Mn cations
(Mniy) from the upper and lower layers, whereas the third
one is located in the center of a hexagon formed by Mnye Of
the upper and lower layers (irregular dashed line; Fig. 6). Asa
consequence, within each interlayer, Zn may occupy only two
of the three available |l attice nodes, because XRD and EXAFS
showed that Zn formstriple-corner surface complexes (TC sites;
Fig. 7 in Lanson et al. 2002a) above/below vacant M. sites
by sharing three layer oxygen atoms (O,..). Thefirst occupied
node is located above a vacant octahedron of the lower layer
(large solid circle; Fig. 6), the second below a vacant octahe-
dron of the upper layer (large open circle; Fig. 6), and the third
possible nodeisnot occupied by Zn. Asaresult, within agiven
interlayer, Zn positions related to each layer define a hexago-
nal cell having A = B = bV7 = 7.536 A and y=120° as in
chal cophanite (Wadsley 1955; Post and Appleman 1988). Be-
cause of the superposition of Zn belonging to adjacent layers,
the overall periodicity of Zn distribution does not coincide with
the periodicity of Zn distribution within an individual layer
described above.

To reconstruct the three-dimensional (3D) distribution of
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FIGURE 7. 3D distribution in projection on the a-b plane of Znin
ZnBi 69 in one of the twin networks present in SAED patterns of type
I. (@), (b), and (c) refer respectively to the first, second, and third
interlayer regions of ZnBi type I. Symbols as in Figure 6, except for
the shaded triangles, which correspond to the upper surface of thelower
layer, and the lower surface of the upper layer, as illustrated on the
right side of each Figure. The solid star indicates the origin in thefirst
layer and is shown subsequently to indicate the total shift from that
first layer. Layer 4 is equivalent to layer 1.
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ZninZnBi 69, let us consider three adjacent interlayersformed
by four successive layers labeled from 1 to 4 (Fig. 7). In the
first interlayer (Figs. 6 and 7a), the Zn cations linked to layers
1 and 2 have coordinates (0,0) and (A/3, 2B/3), respectively.
To determine the position of Zn above layer 2, one must take
into account the fact that Zn hasto belocated above and below
vacant layer sites, in agreement with EXAFS and XRD results
obtained for ZnBi 122 and 128 (Table 1). Furthermore, because
Zn and Mn have similar scattering powers, the presence of Zn
as pairs on each side of vacant layer sites is necessary to in-
crease the electronic density of these sites as compared with
that of occupied Mny,e Sites, and thus to induce significant
intensity for super-cell reflections. Asaconsequence, Zn above
layer 2 is also at (A/3, 2B/3), Zn cations coordinated to each
side of layer 3 have coordinates (2A/3, B/3), and the position of
Zn cations linked to the fourth layer is (0,0), the same as those
linked to layer 1 (Fig. 7c). Only such a distribution of Zn in
successiveinterlayersallows preservation of the same unit cell
for the whole crystal. This distribution implies a three-layer
periodicity with A=B=7536A,C=3c=2118A, a =B =
90°, and y = 120°. In projection along the ¢ axis, Zn cations
from successive interlayers occupy sites with coordinates (0,
0), (A/3, 2B/3), and (2A/3, B/3) with equal probability, result-
ing inthereduced cell deduced from SAED patterns. Thisstruc-
ture, corresponding to one of the twin networks, isidentical to
that of chalcophanite, which has a similar three-layer unit cell
withA=B=753A,C=36.93=20.79 A, and y = 120°, and
space group R3 (Post and Appleman 1988). In this mineral,
successive layers are shifted with respect to each other by 1/3
of the unit cell long diagonal.

However, in contrast to the chal cophanite structure described
above, these ZnBi crystals are twinned, most likely as aresult
of a specific distribution of vacant octahedra in adjacent lay-
ers. When the vacant site of the lower layer is set at the unit
cell origin, and the vacant site of the upper layer has coordi-
nates (A/3, 2B/3), vacant sites of the upper layer may be de-
scribed by either one of the two hexagonal unit cells connected
by amirror plane a-c passing through the vacant site (A/3, 2B/
3; Fig. 8). The right-handed cell (regular dashed line) has the
same orientation as that of the lower layer, whereas the |eft-
handed cell (irregular dashed line) is rotated with respect to
the right-handed one by 21.79° around a common origin (A/3,
2B/3), so that the A axes of both cells form the same 10.89°
angle with the a axis (Fig. 8). As aresult, the complete distri-
bution of super-cell reflections is described by the unique
supercell with A=B = 7b and y = 120°, which is common to
both right- and | eft-handed structural fragments. In addition to
the 7 vacant layer sitesfrom thelower layer (large solid circles),
this supercell contains 7 vacant layer sitesfrom the upper layer
distributed according either to the right-handed (large open
circles) or to the left-handed (large shaded circles) cell (Fig.
8). On Figure 8, note that the right-handed distribution of va-
cant layer sites in the upper layer allows the presence of Zn
above and below each layer vacancy, as in this case Zn sites
within the sameinterlayer areall far enough from each other to
permit the formation of isolated Zn octahedra (large solid and
open circles; Fig. 8).

In the alternative distribution of vacant octahedra described
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FIGURE 8. 2D distribution in projection on the ab-plane of lattice
nodes corresponding to the overall super-cell reflection distributionin
the two twin networks of SAED pattern type of |. All symbols asin
Figure 6, except where specified. The solid line outlines the right-
handed supercell corresponding to the ordered vacancy distribution
of thelower layer (large solid circles). Theregular dashed line outlines
the right-handed supercell corresponding to the ordered vacancy
distribution of the upper layer (large open circles). Theirregular dashed
line outlines the left-handed supercell corresponding to the ordered
vacancy distribution of the upper layer (large shaded circles). Vacant
layer sites of the upper layer common to both right- and left-handed
unit cells are shown as large half-and-half circles. The white line
outlinesthe overall A= B = 7b and y = 120° supercell common to both
right- and left-handed structural fragments. Zn sites that may not be
simultaneously occupied in an interlayer defined by layers whose
vacant layer site distributions have different orientations are outlined
by open boxes.

by the left-handed unit cell (large shaded circles; Fig. 8), three
out of the seven available TC sitesfrom the upper layer aretoo
close to those from the lower layer for Zn to occupy the two
sites simultaneously (Fig. 8). In addition to the short Zn-Zn
distance (~3.1 A), pairs of Zn cations located simultaneously
in these two sites would share edges formed by H,O molecules
coordinated to Zn (H,0;,) that cannot screen the electrostatic
repulsion between the two Zn cations. Furthermore, in such a
configuration, H,O molecules coordinated by two Zn cations
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would be strongly oversaturated because of the short Zn-H,O,,
distance (2.05-2.10 A). To avoid such an unfavorable distri-
bution of Znin interlayersformed by successive layers having
different distributions of vacant layer sites, Zn must be located
either in the sites above the lower layer or in those below the
upper one. In this case, solution protons may be sorbed to pro-
vide local charge compensation in vacant octahedra that are
capped by Zn only on one side. In such interlayers the amount
of Znisdecreased from 14 to 11, asthree pairs of Zn positions
cannot host Zn cations simultaneously. This modification of
vacant layer site distribution between adjacent layersis likely
not to be systematic, and right- and left-handed chal cophanite
structural fragments probably alternate at random along the c*
axis. Each fragment may consist of severa layers with the
chal cophanite-like distribution of layer vacancies, Zn, and
H,Oz,.

If adjacent layers having different distributions of vacant
layer sites occur with the same probability in any micro-crys-
tal, then the average thicknesses of right-handed and | eft-handed
chal cophanite structural fragments are similar and their SAED
patterns contain two equivalent super-cell reflection networks
related by amirror plane. However, according to simulation of
XRD patterns and to chemical data (Lanson et al. 2002a), the
above structural model is only a simplified scheme of the ac-
tual structure of ZnBi 69 crystals of type |, as Mn also occurs
asan interlayer cation together with Zn. The possible distribu-
tion of Zn and Mn in ZnBi 69 interlayers will be described
below.

SAED patternsof typell

This type of SAED pattern is overwhelmingly present in
ZnBi 122 and 128 crystals and occurs less frequently in ZnBi
69 (Table 2). Figure 9 shows the mutual arrangement of Mz
in two adjacent ZnBi layersin projection along the ¢” axis and
the lattice nodes of the A, = B, = b7 = 7.535 A and y = 120°
unit cell describing super-cell reflections of one of thetwo net-
works. The origin of the unit cell is set to coincide with the
center of avacant octahedron from the lower layer (large solid
circles; Fig. 9). Aswith crystals of typel, in ZnBi 69, the dis-
tribution of Zn located in TC sitesin individual layers of type-
Il crystals is similar to that described for chalcophanite. In
contrast, the distribution of vacant sites in adjacent layers of
these type-11 crystals differs substantially from that of
chal cophanite. In the chalcophanite structure, the specific dis-
tribution of vacant sitesin adjacent layers (Fig. 7) reduces the
periodicity of the 2D lattice from b7 to bv7/V3 (Fig. 6). In
contrast, to preserve the 2D b\'7 periodicity in projection along
the ¢ axis for the distribution of Zn, the vacant octahedron of
the upper layer can be located in one of the three sites having
coordinates (0.476, 0.381), (0.905, 0.524), and (0.619, 0.095)
in the hexagonal cell (sites 1, 2, and 3, respectively; Fig. 9), in
addition to the (1/3, 2/3) site. These sites are far enough from
the nearest octahedral sites of the lower layer so as not to in-
duce significant electrostatic repulsion of Zn cations coordi-
nated to the two layers, and vacant layer octahedra may be
capped by Zn on their two sides. In such astructure, each layer
has the highest possible symmetry in projection along the ¢
axis. However, the superposition of two successive layers dra-
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FIGURE 9. 2D distribution in projection on the ab-plane of lattice
nodes corresponding to the overall super-cell reflection distributionin
the two twin networks of SAED patterns of type I1. Adjacent layers
aretranslated by c-cosf = +0.333 a along the a axis according to XRD
data (Lanson et al. 2002a). All symbols as in Figure 8, except when
specified. 1, 2, and 3 refer to the three possible positionsfor the origin
of the unit cell describing the vacancy distribution of the upper layer
to preserve the 2D bV7 periodicity, in projection along the ¢ axis, for
the distribution of Zn.

matically decreases their common symmetry, as the unit cell
loses all elements of symmetry except for the translation along
A, and B, (Fig. 9).

The structural model used to describe SAED patterns of
type | may also be invoked to explain the twinning observed in
SAED patterns of type 1, and for a given distribution of va-
cancies in the lower layer, there are two possibilities for the
vacancy distribution in the upper layer (Fig. 9). If vacancies of
both layers possess the same azimuhtal orientation (large solid
and open circles, solid and regular dashed lines; Fig. 9), then
Zn may systematically coordinate both sides of the vacant layer
sites. In contrast, if vacancies of the lower and upper layersare
respectively described by right- and left-handed cells (large
solid and shaded circles, solid and irregular dashed lines; Fig.
9), possible TC sites for Zn are separated from each other ei-
ther by short or by long distances. Interlayer sites separated by
short distances cannot simultaneously host Zn because of elec-
trostatic repulsion. As for SAED patterns of type |, the pro-
posed model does not account for the significant amount of
M Nieriayer Present in ZnBi samples (Table 1); the possible dis-
tribution of Zn and MnNjyenayer iN these sampleswill be described
below.
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SAED patternsof typeslll and IV

To combine the observed incommensurate periodicity along
the a axis with a periodic distribution of vacant layer sites
capped by Me in a MeBi structure, two conditions must be
fulfilled. Thefirst is a proper mutual arrangement of adjacent
layers. For example, arelative displacement of adjacent layers
with respect to each other by +a/3 is favorable for thisincom-
mensurate periodicity along the a axis. The second condition
includes the periodic distribution of vacant sites within layers
and from onelayer to the adjacent one, with some specific limi-
tations described below.

Asan example, one may consider two adjacent layers shifted
with respect to each other by +a/3. To obtain an average peri-
odicity of Me ordering equal to 2.25a, vacant octahedra may
form pairs along the a axiswithin each layer, with vacant sites
capped by Me being separated by 2a in each pair (Fig. 10).
Vacancy pairs belong alternatively to the upper layer and to
thelower layer and are distributed periodically along thea axis.
If the first vacancy pair belongs to the lower layer (bottom of
Figure 10a), the next one along the a axis belongs to the upper
layer and is separated from the first one by 2.33a in projection
along thec” axis(Fig. 10). Thethird vacancy pair belongsagain
to the lower layer, and the distance between the nearest vacan-
cies of the second and third vacancy pairsis2.67a (Fig. 10). In
such adistribution, the distance between the first and third va-
cancy pairs for the lower layer, as well as between the second
and fourth pairs for the upper one, is (2 + 2.33 + 2 + 2.67)a =
9a, corresponding to four interval s between successive Me cat-
ions (Fig. 10). As aresult, the average periodicity of the Me
distribution along the a axis is equal to 2.25a. The measured
2.15a period can be obtained, within experimental precision,
by assuming that the second and third pairs are separated by
2.67aor 1.67a with equal probability, asin this case the aver-
age Me periodicity is[2 + 2.33 + 2 + (2.67 + 1.67)/2]a/4 =
2.125a. Finaly, if these one-dimensional (1D) sequences of
vacancy pairs are distributed at random along the b axis, the
subcell losesits base-centered property in projection along the
c" axis to become primitive. If these periodically distributed
Me cations have octahedral coordination (Fig. 10b), water
molecules coordinating these cations (H,Oye) form an empty
octahedron with O, from the adjacent layer, thus forming
weak H-bonds. In contrast, if Meis tetrahedrally coordinated
(Fig. 10c), the short H,Ope-O4e distance leads to the more
favorable formation of strong H-bonds between adjacent lay-
ers, as discussed by Lanson et al. (2002a).

Similar diffraction effects can occur for 1H MeBi structures
(e.g., PbBi 58; Table 2) if vacant layer sites are distributed pe-
riodically along the a axis, assuming that Me is not located in
TC sitesbut rather is above or below empty tridentate cavities,
sharing three edges with neighboring M, octahedra[ TE sites,
position (—0.333, 0); Fig. 8 in Lanson et al. 2002a]. For PbBi
58, the presence of Pb in this alternative position is consistent
with the results obtained from XRD and EXAFS (Lanson et al.
2002a; Manceau et al. 2002). Figure 11 shows two adjacent
layersin which pairs of Me cationslocated in TE sitesare dis-
tributed along the a axiswith As= (2 + 2.67 + 2+ 2.33)a=9a
periodicity in projection along the c* axis, yielding an average
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FIGURE 10. Possible distribution of vacant sites and associated
Me leading to SAED patterns of type 11 for the 1M phase. Adjacent
layers are translated by c-cosp = +0.333 a along the a axis. (a)
Projection on the ab-plane. All symbolsasin Figure8. (b, c) Projection
along theb axis. O,y are shown aslarge circles. Open symbolsindicate
atoms at y = 0, and solid symbols indicate atoms at y = +1/2. Vacant
layer sites are shown as open squares, and My, is not shown. (b) Me
is located above/below vacant layer sites and is octahedrally
coordinated. (c) Me is located above/below vacant layer sites and is
tetrahedrally coordinated.

2.25a periodicity. This period may be reduced to match the
experimental one as for the 1M layer sequence.

A similar approach may be used to describethe A=5.25a
periodic distribution of Me along the a axis (SAED patterns of
type IV) for 1M microcrystals. Within each layer, pairs of va-
cant sites capped by Me are separated by 5a to match the ob-
served period (Fig. 12). Because of the +a/3 relative
displacement between adjacent layers, the distance between the
nearest vacancies of the first and the second vacancy pairsis
5.33awhereasthat between the second and third vacancy pairs
is5.67a, leading to an average 5.25a distance between Me cat-
ions (Fig. 12). To keep the base-centered symmetry of the
A =5.25a, B =b, and y = 90° supercell, sequences of vacancy
pairsaligned along the a axis should be shifted by (nA +mb)/2 (n
and m being integers) with respect to each other. As a resullt,
any interlayer 1D sequences of vacancy pairs having identical
periodicity but shifted with respect to each other by (A + b)/2
occur with equal probabilities and are interstratified at random
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2.67a

FIGURE 11. Possibledistribution of vacant sitesand associated Me
leading to SAED patterns of typelll for the 1H phase. Adjacent layers
are not translated along the a axis. (a) Projection on the ab-plane. All
symbolsasin Figure 8. Solid and open squares represent vacant layer
sitesfrom thelower and upper layers, respectively. (b) Projection along
theb axis. All symbolsasin Figure 10b. Me cations are located above/
below empty tridentate cavities and are octahedrally coordinated.

aong the b axis.

Finally, the A = 5.25 a periodic distribution of Me is also
encountered in some CdBi crystals that have a 1H layer stack-
ing. The distribution of Cd in these crystals will be discussed
below, as XRD showed that Cd is systematically present in
VITC sites (Table 1).

SAED patterns of typeV

All crystals of CuBi, PbBi 6, and some of the other MeBi
crystals exhibit SAED patterns of type V. Three hypotheses
may account for the absence of super-cell reflections in these
microcrystals. Thefirst isthe presence of Me having a scatter-
ing power similar to that of Mn located either above or below
vacant layer octahedra. In thiscase, in projection along ¢’, va-
cant and occupi ed octahedra have similar scattering power, and
super-cell reflections are extremely weak or absent, evenif Me
cationsare distributed periodically. Thishypothesisis supported
by the extremely weak super-cell reflections observed in the



1656

21.00 a

5.67a

15.33a__)

5.00 a

10.33 a__)

5.33a

5.00a_

5.00 a

DRITSET AL.: STRUCTURE OF HEAVY-METAL SORBED BIRNESSITE

SAED patterns of HBI, in spite of the ordered distribution of
vacant layer sites (Drits et al. 1997). This ordering may be the
casefor CuBi 156, because this sample contains alarge amount
of sorbed metal, a condition that seems likely to induce a peri-
odic distribution of these cationswithin individual interlayers.

The second hypothesisis alow Me content, which can ac-
count for the absence of super-cell reflections in PbBi 6 be-
cause the low concentration of Pb (Pb/Mn = 0.006) is not
conducive to long-range interactions. This hypothesis is sup-
ported by the SAED and EDA analysis of PbBi 58, which
showed that microcrystals having a Pb/Mn ratio equal to 0.067
are characterized by type-1V SAED patterns whereas microc-
rystalswith alower Pb/Mn ratio (Pb/Mn = 0.043) exhibit type-
V SAED patterns.

According to the third hypothesis, type-V SAED patterns
result from a random distribution of Me cations, so that their
average periodicity coincides with that of the layer, asin the
case of CdBi. As the scattering power of Cd is significantly
higher than that of Mn, strong super-cell reflections should arise
from an ordered distribution of Cd, even if these cations were
located either above or below vacant layer sites. This is the
casefor crystalsof types|Il and IV, which are characterized by
super-cell reflections along the a axisin spite of alow Cd con-
tent (Cd/Mn = 0.070-0.081). The absence of super-cell reflec-
tionsin SAED patterns of crystals having a higher content of
Cd (Cd/Mn = 0.154) can be considered as evidence for the ran-
dom distribution of vacant sitesamong all available octahedral
layer sites. Theresults of SAED pattern interpretation are sum-
marized in Table 4 to show relationships between the struc-
tural diversity of the MeBi samples and the identity of Me.

DISCcuUssION

L ow-pH transformation of NaBu as a function of Me

In NaBu synthesized at high pH following the protocol of
Giovanoli et al. (1970), the distribution of heterovalent Mn;a e
isordered, as Mn®* cations are segregated into Mn®-rich rows
parallel to[010] and separated from each other along thea axis
by two Mn* rows. Because Mn** octahedraare elongated along
thea axis, thisordered distribution viol ates the hexagonal layer
symmetry and results in the formation of the A = 3a supercell
(Drits et a. 1997; Silvester et a. 1997; Lanson et a. 2002b).
These authors, together with Lanson et al. (2000), showed that
the transformation of NaBu to itslow-pH form (HBi) involves
two successivereactions. First, onethird of Nayeiaye iSreplaced
by solution protons and one third of Mni;, disproportionates
to form Mn}e and MnZj0n, resulting in the formation of va-
cant layer sites. The second reaction includes the exchange of
protons for the remaining Na and migration of half of the re-
maining Mni,.. from layer to interlayer. As a result, the ini-
tially vacancy-free Mn®*-rich rows consist of regularly
aternating vacant and occupied layer octahedrainthe HBi struc-
ture. In addition, at pH 4, about 0.04 Mn?* re-adsorbs into the

<« FIGURE 12. Possible distribution in projection on the a-b plane of
vacant sites and associated Me leading to SAED patterns of type IV
for the 1M phase. Adjacent layers are translated by c-cosp = +0.333 a
along the a axis. All symbols asin Figure 8.
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TABLE 4. Summary of MeBi structural varieties determined from SAED

MeBi varieties

Main structural features

- ZnBi 69 micro-crystals of type |

- ZnBi 69, 122, 128 micro-crystals of type Il

- ZnBi 69 micro-crystals with a high 'VZn content
- CdBi micro-crystals with a high content of 1M layer pairs

- PbBi 58

-ZnBi 69, 122, 128, PbBi 58, CdBi
- PbBi 6
- CuBi

Twins of chalcophanite-like structural fragments - Vacant layer octa-
hedra form a hexagonal unit cell with A0=7b=7.530A

- Octahedrally coordinated interlayer cations are located either above
and below (Mn?®") or above and below (Zn) vacant layer octahedra
(V'TC sites)

Twins of ZnBi structural fragments

- Individual layers have a chalcophanite-like distribution of vacant
layer octahedra with 4,0=\74=7.530A

- In adjacent layers, these distributions are not

regularly shifted with respect to each other by 1/3 of the

long diagonal of the hexagonal layer unit cell (4,0=/74) as in
chalcophanite

- Octahedrally coordinated interlayer cations are located either above
and below (Mn?®) or above and below (Zn) vacant layer octahedra
('TC sites)

1M MeBi micro-crystals in which Me is only located above/below
vacant layer octahedra (TC sites)

- In projection along the c” axis, pairs of Me cations form ordered
1D sequences along the a axis with pseudo-periods equal to 2.15 a
(type 1) or 5.25 a(type IV)

- Me may be tetrahedrally (Zn) or octahedrally (Mn®*, and Cd)
coordinated

1H MeBi micro-crystals in which Me is partly located above/below
empty tridentate cavities (V'TE sites)

- In projection along the c” axis, pairs of Me cations form ordered
1D sequences along the a axis with pseudo-periods equal to 5.25 a
(type IV).

MeBi micro-crystals with either

- randomly distributed vacant layer sites and associated Me, or
- a very low amount of Me, or

- Me having a scattering power similar to Mn, and located either
above or below vacant layer sites

interlayer (Silvester et al. 1997) leading to the formula:
H$ 224M N31125M M3 loas(M NE7,M N30 6.167) O,. Equilibration of an
NaBu suspension at pH 4 in the presence of aqueous Co* isaso
accompanied by a layer-to-interlayer migration of Mn® and by
the subsequent replacement of Mn* by Co* (Manceau et a. 1997).

Theseresults consistently indicate that during equilibration
of NaBu under acidic conditions, Mn* isimmobile and unre-
active. In contrast, interpretation of SAED data has shown that,
at least in the presence of agueous Pb, Cu, Zn, and Cd, the low-
pH transformation of NaBu induces the migration of Mnyy.
into the interlayer from sites initially occupied by Mn®* and
Mn*. As an example, the distribution of Mn®* and Mn* in the
initial NaBu layer and that of Zn according to the chalcophanite
unit cell (SAED types| and I1; Figs. 8 and 9) are superimposed
in Figure 13. Inthiscase, only one-third of the octahedral layer
siteslinked to Zn wereinitially occupied by Mniy,.. Moreover,
the chal cophanite distribution of Zn prevents any further mi-
gration of M, from theinitial Mn3*-rich rows. Indeed, such
amigration of Mnf;. would lead to the formation of a pair of
edge-sharing vacant octahedra (not shown) and a pair of adja-
cent interlayer octahedra sharing a common edge (irregular
dashed lines; Fig. 13).

Two alternative NaBu-to-ZnBi transformation mechanisms
may account for such adistribution of vacant layer octahedra.
Inthefirst, both Mn?;,. and Mni,. can migrateto theinterlayer
with similar probability, inconsistently with the higher mobil-
ity of Mnf; . observed by Manceau et al. (1997) and Lanson et

al. (2000). In addition, the migration of Mnfy, seems unrealis-
tic given the presence of a significant amount of M., be-
cause the departure of Mni; .. releases the steric strain within
the layers. The alternative hypothesis assumes electron trans-
fer from Mn?, to the adjacent Mnty,, and the subsequent mi-
gration of the reduced Mni;, into the interlayer. According to
this hypothesis, the NaBu-to-ZnBi transformation may be de-
scribed as afour-step reaction. Thefirst step isthe diffusion of
Zn in the interlayer, the second is the migration of electrons
from Mni; to Mni; to generate the distribution of Mni;
according to the chalcophanite unit cell. The third step is the
migration of Mn?;., resulting in a regular distribution of va-
cant layer octahedra. The last step involves the sorption of Zn
on the two sides of vacant layer sites, with a partial substitu-
tion of Zn for Mniyeayer-

In crystals having type-111 and type-1V SAED patterns, Me
cations are distributed as pairs and are separated from each
other by 2a or 5a, respectively, along the a axis. Such a distri-
bution may be achieved only by changing the initial A = 3a
super-cell periodicity of Mnf;. ordering.

Interlayer structureand layer stacking mode asa
function of Me

XRD results (Table 1) showed that the +a/3 shift between
adjacent layers prevails for ZnBi varieties, whereas 1H layer
stacking is predominant in PbBi and CdBi. Examination of
Table 4 showsthat additional structural features of MeBi, such
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FIGURE 13. Possible distribution in projection on the a-b plane of
vacant sites and associated Me leading to SAED patterns of types |
and 1. All symbolsasin Figure 8, except for the dark shaded octahedra,
which represent the octahedrally coordinated interlayer cations. 4+
and 3+ indicate the initial distribution of Mn* and Mn** cations in
rows parallel totheb axis. Irregular dashed lines outline the edges that
Me octahedra would share with Mn®* in case of additional cation
migration from theinitial Mn*-rich rows.

as the distribution of newly formed vacant layer sites in the
transformed NaBu structure, depend consistently on the iden-
tity of Me. For example, PbBi and CdBi are characterized by
only 1D super-cell periodicities, whereas Zn induces either 1D
or 2D ordering in the distribution of vacant layer octahedra and
Zn. It isthuslikely that the distribution of vacant layer sites and
Me, the location and coordination of Me, and the mutua arrange-
ment of adjacent layers are interdependent, aswill be shown.
Thismutual dependence may beillustrated at first for ZnBi
micro-crystals of types| and Il. In the 1M ZnBi structure, be-
cause of the +a/3 shift between adjacent layers, the three H,O,,
define an empty octahedron with the O Of the next layer,
thereby forming weak H-bonds. In spite of this unfavorable
configuration, the ordered chalcophanite-like distribution of
vacant octahedra capped on each side by Zn (Figs. 8 and 9)
strongly constrains the mutual arrangement of adjacent layers.
Indeed, this distribution can occur only when adjacent layers
are shifted with respect to each other by +a/3. Thisdistribution

DRITSET AL.: STRUCTURE OF HEAVY-METAL SORBED BIRNESSITE

is compatible neither with the orthogonal layer stacking nor
with the —a/3 1M stacking because, for these two layer stack-
ing modes, the octahedral coordination of Zn by H,O leads
systematically to unrealisticaly short H,O,,-H,O;, distances
(Fig. 14).

In ZnBi crystals of types |1l and IV (Figs. 10 and 12),
adjacent layers are also shifted by +a/3 but the 1D ordering
of Znistotally different from the ordered chal cophanite-like
distribution. To account for this apparent contradiction, one
may note that together with V!'Mn* and V'Zn?, a significant
amount of 'VZn?* ispresent in ZnBi interlayers (Table 1). Be-
cause“'Zn should prevail in microcrystalswith achal cophanite-
like distribution of Zn, it is possible to assume that 1D
distributions of super-cell reflections observed for ZnBi mi-
cro-crystals (type-111 and type-1V SAED patterns) correspond
to 1M layer pairsthat contain'VZn or amixtureof V'Znand'VZnas
interlayer cations. Inthiscase, the short O,,-H,0;, distances per-
mit the formation of strong H-bonds (Fig. 10c).

Similarly, two different configurations are possible for Pb
located in TC or TE sites, and the ordered distribution along
the a axis of Pb located in V'TE sites is likely responsible for
the incommensurate 1D distributions of super-cell reflections
observed for 1H PbBi 58 micro-crystals (Fig. 11). Such aloca-
tion for Pb increases the distance between Mn,,. of one layer
and Pb of the adjacent one, thereby decreasing their electro-
static repul sion as compared with thelocation of Poin TC sites.

Finally, the origin of the 1D periodicity observed for 1H
CdBi micro-crystals may be linked to the relatively high pro-
portion of 1M layer pairs in the 1H stacking (Table 1). As a
consequence, the 1M stacking mode may prevail in some CdBi
crystals leading to the observed 1D super-cell periodicity
(SAED patterns of type V) if Cd* isdistributed in V'TC sites
as shown in Figure 10b.

Structural significance of Me/Mn ratios

The Me/Mn ratios determined by EDA for individual mi-
crocrystals having a 1D super-cell periodicity along the a axis
may be used to cal cul ate the frequency of the 1D Me sequences
along the b axis. If Nb is the average separation between two
adjacent sequences of Me, the primitive unit cell with A=2.15a,
B =Nb, andy = 90° contains4.30N layer octahedra. One out of
these 4.30N layer sites is vacant and capped by one Me. As a
conseguence:

Me/Mn = 1/(4.3N-1). 1)
If the vacant octahedron is capped by Me on each side, then:
Me/Mn = 2/(4.3N-1). 2

For the base-centered supercell with A=5.25a, B= Nb, and
v=90°, similar considerations transform Equations 1 and 2 to:

Me/Mn = 2/(10.5N—2) and Me/Mn = 4/(10.5N—-2),
respectively. 3), ¥
From Equation 1, N is equal to 3.7 for PbBi and CdBi mi-
crocrystals with A = 2.15a and Me/Mn = 0.07, that is, Me se-
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FIGURE 14. Schematic 2D distribution in projection on the ab-
plane of |attice nodes corresponding to the overall super-cell reflection
distribution in the two twin networks of SAED patterns of typell. (a)
Adjacent layers have 1H stacking. (b) Adjacent layers are translated
by c-cosf = —0.333 a along the a axis. All symbols as in Figure 8,
except for the dark shaded octahedral, which represent the octahedrally
coordinated interlayer cations. Dashed lines outline the | ocation of the
three H,Oy., Whereas open boxes outline unrealistically short distances
between H,0,, from adjacent layers.
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guences ordered along the a axis are repeated along the b axis
every 3-4b. If Me cations coordinate the two sides of avacant
layer octahedron then N = 7. Such an interval between two
adjacent Me sequencesistoo long to provide anoticeable con-
tribution to the intensity of observed super-cell reflections.

Similar conclusions may be drawn for CdBi microcrystals
with A=5.25a and Cd/Mn = 0.08. Inthis case, Equation 3 |eads
toN = 2.5, that is, the Cd sequences are repeated every 2-3b
along the b axis. Again, location of Cd on only one side of a
vacant layer octahedron looks preferable, as the presence of
Cd on the two sides of the same vacant layer site would again
lead to long distances between successive ordered Cd se-
guences. However, according to the structural formulae ob-
tained from chemical and XRD results, Cd is located above
and below vacant layer sites (Lanson et a. 2002a).

Application of Equations 1 and 3 to ZnBi microcrystals of
typeslil and IV asoleadsto very long averaged intervals (~6.5b
and ~4.2b) between successive ordered Zn sequences along
the a axis regardless of whether Zn is sorbed on one or on two
sides of vacant layer octahedra. Furthermore, because of the
similar scattering powers of Zn and Mn, the presence of strong
super-cell reflections in ZnBi SAED patterns with A = 2.15a
supports the occurrence of Zn on the two sides of vacant layer
sites, in agreement with XRD results (Lanson et al. 2002a).

As shown above, the distance between Me sequences in
MeBi crystals having type-111 and type-IV SAED patternsis
systematically too long to induce the observed strong super-
cell reflections. A possible explanation for this apparent con-
tradiction arising from the results obtained from chemistry,
XRD, EDA, and SAED, liesin the existence of adual reaction
within the same micro-crystalsduring the NaBu-to-MeBi trans-
formation. The first reaction leads to the formation of MeBi
fragments with an apparent periodicity A=2.15ao0r A=5.25
a. In turn, the second reaction |leads to the formation of HBi
fragments containing mostly Mn* in interlayers. The coexist-
encewithin the same micro-crystals of these MeBi and HBi struc-
tural fragmentsis consistent with al of the observations.

Chemical composition and structural models of chalco-
phanite-like ZnBi crystals

Chalcophanite and ZnBi have contrasting chemical com-
positions, with chalcophanite layers being built up of Mn*
octahedra only (Post and Appleman 1988), but ZnBi layers
containing both Mn®* and Mn* together with vacant octahe-
dra. This difference leads to contrasting layer charge between
the two species and, as aresult, to contrasting cation composi-
tion of their respective interlayers: chalcophanite interlayers
contain only V'Zn, whereas Mn®, Zn#, and H* are present in
ZnBi interlayers. To better assess both layer and interlayer cat-
ion compositions of these ZnBi crystals, one may assume that
only Mn* have migrated from the layer as discussed above. As
aresult, 7 out of the 49 layer sites of the supercell common to
the right- and left-handed chal cophanite unit cells(A=B=7b
and y = 120°) are vacant (Fig. 13), the other layer octahedra
being occupied by Mn* (32.67) and Mn* (9.33). As vacant
layer sites are capped on each side by Zn, the ideal composi-
tion of this supercell is: Zn3y(Mn%;e;Mn%530 ;) Ogger
(OH)g.33, OF Znes(MNEisezMNEl1000 0143)O1810(OH)0.100- The re-
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sulting Zn/Mn ratio of 0.333 is significantly higher than those
determined experimentally (0.12 and 0.083 for type-11 and type-
| crystals, respectively; Table 3), and severa hypotheses may
be considered to decrease this ratio.

First, chalcophanite-like ZnBi crystals may have a mixed-
layered structure consisting of both right- and left-handed
chalcophanite fragments. As shown in Figure 8, if two adja-
cent layers have different orientations, only 11 of the 14
interlayer sites can be occupied simultaneously. As aresult, a
regular alternation of right- and left-handed chal cophanite frag-
ments would lead to a Zn%(Mn%:;Mn¥ 30 ;) Ogzer
(OH)1533, OF ZNg2a(MNEis67MNE1000 6,143) O1.657(OH)o15 Cation
composition with a0.262 Zn/Mn ratio.

According to the second hypothesis, two competing reac-
tionstake placein NaBu crystals during their low-pH transfor-
mation to ZnBi. These two reactions lead to the formation of
either chal cophanite-like fragments or HBi fragmentswith Mn®*
as the unique interlayer cation. The coexistence of these two
reactions is likely as, on the one hand, Mn** has a strong ten-
dency to migrate from Mn**-rich rows at low pH to decrease
steric strains and, on the other hand, the migration of electrons
within the layers allows Mn, to migrate from layer sitesini-
tially occupied both by Mnfy., and Mng,.. According to this
second hypothesis, the Zn/Mn ratio isafunction of therelative
proportions of the two structural variants. For example, the
coexistencein equal proportions of HBi and chalcophanite-like
ZnBi fragments (respectively ZN%04sM N 105
(MnE722MNE1130 0.167) O1.676(OH)0.324, AN ZNT286(M Ne67
M08 0.143)O1.810(OH)0.100) l€2dS to an average composition
Zn5164M N (M NG 504M N3l15000 0.155) O1.744(OH)o256 and @ Zn/Mn
ratio of 0.181, closer to that determined experimentally for ZnBi
microcrystals of type Il (0.122).

Thethird hypothesis assumes that interlayer Zn and Mn are
distributed randomly over the seven vacant octahedra of the
supercell, Zn being located above and below vacant layer sites,
whereas Mniyena,er 1S lOCated either above or below these sites.
In such adistribution, the numbers of vacant layer sites coordi-
nated by two Zn cations (N) can be calculated from Zn/
Mn = 2N/(49-N). Consequently, the numbers of vacant sites
coordinated by interlayer Zn and Mn, respectively, should be
2.82and 4.18 for microcrystalsof typell (Zn/Mn=0.122; Table
3) and 1.95 and 5.05 for microcrystalsof typel (Zn/Mn=0.083;
Table 3). Thefollowing structural formulae may be calcul ated
for these ZnBi microcrystals:

Z5115M N3 logs(M NG s67M 10070 0.143) O1.724(OH)o 276 (type 1)
ZnGoaoM N 10a(MNE ez MNE1000 6,143) O1 708(OH)o.262 (type 1)

Inthiscase, theinterlayer cation composition of microcrystals
of type Il determined from SAED and EDA datais similar to
that derived from the simulation of the experimental XRD pat-
tern of ZnBi 122 (Zn3hsMnie,) for the same Zn/Mn ratio of
0.122. However, the amount of Mn* determined above for
microcrystals of typell (0.667) islower than that derived from
XRD results for ZnBi 122 (0.722). The latter value originates
from the structural model proposed by Silvester et al. (1997)
for the NaBu-to-HBI transformation, which includestheinitial
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FIGURE 15. Schematic two-step reaction leading to a random
distribution of Mn?* and Mn® over the interlayer sites of the A=B =
7b and y = 120° supercell (types| and I1). All symbolsasin Figure 8.
Mniye, M, and MnZy, are shown as 4+, 3+, and 2+, respectively.
(a) Initial distribution of Mn** and Mn**. (b) Electron migration from
a Mn® of the Mn®-rich row to one of the four adjacent Mn* (solid
arrow). Migration to alternative Mn*" sites are outlined by dashed
arrows. (c) Disproportionation of the two adjacent Mniy.

partial disproportionation of Mn* in Mn3*-rich rows and the
subsequent migration from layer tointerlayer of Mn? and Mn®*.
In the supercell with A= B = 7a and y = 120° (Fig. 13) deter-
mined for ZnBi micro-crystals of type |1, which contain 32.67
Mnfy.e and 9.33 Mni., 2.33 of the 7 vacant layer sites were
initially occupied by Mn®*. If theinitial disproportionation step
is taken into account, the latter Mn cations may be reduced,
leading to the migration of 2.33 Mn?* to theinterlayer andto an
increased amount of Mniy, (32.67 + 2.33 = 35). The structural
formula is then: Hig3Mn3s; MnSs, (Mn$Mn®0 ;) Ogg, OF
53M M3 5eM M3 505(MNEy1s MNElias 0445) Os. If MI?* issubsequeently
replaced by Zn?* |ocated on each side of the vacant layer sites, this
formulabecomes: H 25,2505 MNEo05(MNG71aM 011480 0148) O
Both layer and interlayer cation compositions of this for-
mula are very close to those obtained from the simulation of
XRD data. However, one may note that the systematic distri-
bution of Zn pairs above and below vacant layer sites from
initial Mn*-rich rowswould lead to a A = 3a super-cell period-
icity along the a axis. This effect is minimized if dispropor-
tionation occurs after electron migration within the layers.
Indeed, in the initial distribution of heterovalent Mnj,,, cat-
ions, any Mn* row is adjacent to a Mn3*-rich row along the a
axis (Figs. 13 and 154a). As a consequence, electrons can mi-
grate from a Mni; . to any adjacent Mniy, to form Mn*-Mn®
pairs oriented along the A or B axes (Fig. 15b). Subsequent
disproportionation enables the presence of Mn?; in any layer
octahedron (Fig. 15c). As a consequence, such a random dis-
tribution of Mn?* and Mn® over octahedral layer siteswill lead
to arandom distribution of interlayer Zn-pairs and single Mn%*
after their migration from the layers and the substitution of Zn
for Mn?*. The above hypotheses account for the diffraction ef-
fects observed for ZnBi micro-crystals of types | and I, as
well asfor their layer and interlayer cation compositions.
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