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Abstract: Structures of layered metal
hydroxides are not well described by
traditional crystallography. Total scat-
tering from a synthesis-controlled
subset of these materials, as described
here, reveals that different cobalt coor-
dination polyhedra cluster within each
layer on short length scales, offering
new insights and approaches for under-
standing the properties of these and re-
lated layered materials. Structures re-
lated to that of brucite [Mg(OH),| are
ubiquitous in the mineral world and
offer a variety of useful functions rang-
ing from catalysis and ion-exchange to
sequestration and energy transduction,
including applications in batteries.
However, it has been difficult to re-
solve the atomic structure of these lay-
ered compounds because interlayer dis-

ture determination. For this reason,
traditional unit-cell-based descriptions
have remained inaccurate. Here we
apply, for the first time to such layered
hydroxides, synchrotron X-ray total
scattering methods—analyzing both the
Bragg and diffuse components—to re-
solve the intralayer structure of three
different a-cobalt hydroxides, revealing
the nature and distribution of metal
site coordination. The different com-
pounds with incorporated chloride ions
have been prepared with kinetic con-
trol of hydrolysis to yield different
ratios of octahedrally and tetrahedrally
coordinated cobalt ions within the
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layers, as confirmed by total scattering.
Real-space analyses indicate local clus-
tering of polyhedra within the layers,
manifested in the weighted average of
different ordered phases with fixed
fractions of tetrahedrally coordinated
cobalt sites. These results, hidden from
an averaged unit-cell description,
reveal new structural characteristics
that are essential to understanding the
origin of fundamental material proper-
ties such as color, anion exchange ca-
pacity, and magnetic behavior. Our re-
sults also provide further insights into
the detailed mechanisms of aqueous
hydrolysis chemistry of hydrated metal
salts. We emphasize the power of the
methods used here for establishing
structure—property correlations in func-
tional materials with related layered

order disrupts the long-range periodici-

] . ray diffraction
ty necessary for diffraction-based struc-

Introduction

In many layered materials, weak interactions between layers
results in a plethora of low-energy defects such as stacking
faults.'l These disrupt the three-dimensional periodicity of
the system, making traditional diffraction studies difficult to
perform.”! While structural parameters, such as space group,
lattice constants, and interlamellar separation, can be ex-
tracted from the observed broad and asymmetric Bragg
peaks in the diffraction patterns, establishing the arrange-
ments of atoms within the layers, as well as the nature and
disposition of species between the layers is rather difficult.
As an example, determining the arrangement of Mg(OH),
and Al(OH)4 octahedra in the ubiquitous hydrotalcite min-
eral [Mgq; Al,(OH),][CO;]-4H,0, a compound that serves as
a model for a vast family of layered double hydroxides,® re-
quired the concurrent use of 'H, ¥Al, and Mg solid-state
NMR techniques.”! This problem had not been solved by
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structures.

decades of diffraction studies on these systems, because of
negligible differences in scattering cross-sections of the dif-
ferent metal sites."!

The simplest layered hydroxides have the brucite
Mg(OH), structure, as in 3-Co(OH), depicted in Figure la.
Replacement of one of the octahedrally coordinated diva-
lent metal ions with a trivalent cation recruits an interlayer
counteranion, such as CO5>" in the case of hydrotalcite or
hydrotalcite-like compounds, shown in Figure 1b with Co®*
(pink) and Co** (black). With two distinct metal sites, these
compounds are often referred to as layered double hydrox-
ides; such materials play a large role in catalysis, geological
ion exchange, and environmental mediation, yet the exact
arrangement of atoms within each layer is still debated.’! A
subset of these materials, the layered hydroxide salts, formu-
lated as M2*(OH),_(A""),,»nH,O,F! contain only divalent
metal ions. The lamelle of these materials develop a positive
charge from under-coordination or mixed coordination ge-
ometries of the intralayer cations. A prime example of this
structure is a-Co(OH),, which can include a number of dif-
ferent counteranions.®” Studies of cobalt hydroxide chlo-
ride have shown that the cobalt ions take on both octahe-
dral and tetrahedral coordination geometries,® as portrayed
in Figure 1c, and that changing the precursor hydrolysis rate
in the synthesis process comprising hydrolysis and polycon-
densation varies the ratio of the different coordination ar-
rangements, altering the structure within the layers.”) De-
spite the many previous studies on the cobalt hydroxide
chloride family, a detailed picture of the arrangement of
metal sites, in terms of their coordination and distribution,
has remained elusive. Even with high-resolution synchrotron
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B-Co(OH), Hydrotalcite -Co(OH),

Figure 1. Schematic representations of 3-Co(OH),, hydrotalcite, and a-
Co(OH), structures showing the different coordination states of divalent
cobalt (pink: octahedral, green: tetrahedral), oxidation state (Co’*:
black), and lamellar separation. Orange spheres represent oxygen, blue:
carbon, yellow: chlorine. Hydrogen omitted for clarity. The a-Co(OH),
structure has split-site occupancy between the metal atoms and the water
positions. The depiction of a-Co(OH), is highly averaged, with a high
degree of partial occupancy.

powder X-ray diffraction,” analysis of the data requires dis-
ordering through split atoms and partial occupancy (Fig-
ure 1c). Consequently, the positions of the two distinct
metal ions are not spatially distinguished and their shared
occupancy is statistically averaged over all metal sites,
making an accurate description of all atom sites impossible
using a traditional unit cell.

We focus here on three different cobalt hydroxide com-
pounds, prepared by kinetic control of aqueous precursor
hydrolysis, with different fractions of tetrahedrally coordi-
nated cobalt ions (Co''), with 1 containing 40% Co'*', 2
with 33% Co'', and 3 with 23% Co', as previously de-
scribed.”’ The use of the air-water interface to control the
precipitation is an important aspect in the preparation, and
all else being equal, provides highly ordered materials rela-
tive to materials produced by bulk precipitation.

Preliminary magnetic studies suggest that the metal sites
(tetrahedral and octahedral) in these compounds are not ar-
ranged randomly. The magnetic susceptibility (Figure 2) of
the three compounds is consistent with ferrimagnetic order-
ing, as determined from the different zero-field and field
cooling temperature dependences. For 1 and 2, multiple
kinks in the y versus T trace suggest distinct ordering ten-
dencies within the different sublattices, and/or multiple mag-
netic transitions. Clearly, magnetic behavior in these com-
pounds cannot be understood on the basis of average struc-
tural models such as the depiction used in Figure 1c.

Traditional diffraction studies define a periodic structure
confined within a unit cell. In the materials presented here,
this traditional structure description fails: these cobalt hy-
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Figure 2. Magnetic susceptibility as a function of temperature from zero
field cooling (open symbols) and field cooling (closed symbols) at 100 Oe
for compounds 1 (squares), 2 (circles), and 3 (triangles) showing the dis-
tinct behavior of the three samples.

droxides have extensive site sharing of many atoms as a
result of their disrupted three-dimensional periodicity, thus
preventing an accurate description of all atom positions and
occupancies. Here we use total scattering methods to ana-
lyze Bragg profiles and pair distribution functions of these
materials."” The methods used here have been applied to
numerous partially ordered systems including nanoparti-
cles," locally strained lattices,™” and layered materials.*!
These methods also have been used to help explain poorly
understood phenomena and properties.'! We use these
methods here to decouple different elements of static disor-
der and unravel the rules by which cation coordination and
distribution are determined in a-Co(OH),.

Results and Discussion

Average structure from Rietveld analysis: The powder X-
ray diffraction patterns of compounds 1-3 are shown on a
log-scale in Figure 3a. All three samples share the same re-
flections, but display subtle differences in peak intensity and
width, as well as distinct background profiles. Rietveld re-
finement of 2, initialized with the rhombohedral structure
described by Ma, et al.’l is shown in Figure 4 and summa-
rized in Table SI in the Supporting Information. The use of
anisotropic thermal parameters significantly improves the
fit, both visually (red difference curve, versus the isotropic
difference in black; Figure 4) and statistically by decreasing
R,, from 5.5 t0 5.0% and x* from 5.5 to 4.6. Layered mate-
rials often have poor lamellar registry or turbostratic disor-
der that asymmetrically broaden diffraction peaks.!” This, in
addition to the diffuse scattering seen in the background
profile, accounts for the relatively poor refinement statistics,
although the quality of the fit appears excellent as judged
visually. It is well known that refinement statistics are not
the sole determinant of fit quality.l'”!

The refined anisotropic thermal parameters indicate
lamellar disorder, with the intralayer metal ions and bridg-
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Figure 3. a) Synchrotron powder X-ray diffraction of samples 1 (top), 2
(middle), and 3 (bottom) in transmission showing similar Bragg profiles
on a log scale with minor changes in relative peak intensities. b) Extract-
ed pair distribution functions (G(r)) for samples 1 (top), 2 (middle), and
3 (bottom) showing identical peak positions for each sample with subtle
variations in intensity.
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Figure 4. a) Rietveld refinement of sample 2 (black) with a calculated
profile (red) using anisotropic thermal parameters. b) Difference curves
illustrate a better fit with anisotropic thermal parameters (red) than with
isotropic thermal parameters (black). Reflections are shown in the black
ticks above the data. c) Structural representation of a layer within one
unit cell of the split-atom structure showing ellipsoids of the anisotropic
thermal parameters, implying increased out of plane disorder of bridging
oxygen (orange) and cobalt (pink for Co*, green for Co'') atoms and
generally disordered water. The chlorine atoms (yellow) show greater
displacement in plane.

ing oxygen atoms exhibiting reduced in-plane displacements
from U, but enlarged U,; values, suggesting intralayer
order and decoupling of the layers. Representation of the
result by the thermal ellipsoids of one layer within a unit
cell in Figure 4c illustrates this effect. Furthermore, the
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chlorine atoms show enlarged x—y atomic fluctuations, since
the tetrahedral vertices are less topologically constrained in
the ab plane and occupational disorder or site mixing with
the water position could artificially increase the parameters.
The water position is highly disordered, with a physically
unrealistic thermal parameter (U,; =0.1457 A?) that is indic-
ative of positional disorder rather than atomic displacement
(Table SI in the Supporting Information).'” Reduced lamel-
lar correlations with anisotropic thermal parameters also
have been observed in pair distribution function studies of
disordered lamellar materials such as V,05-n H,O xerogels!
and pyrolytic graphite.['"!

Each of the three samples exhibits various degrees of
preparation-dependent paracrystallinity,”! as seen in Fig-
ure 3a. Rietveld refinements for 1 and 3 are not stable when
atom positions are refined. However, the decreasing frac-
tional occupancy of Co' sites from 1 to 3 brings about a lat-
tice contraction along the a axis (Table 1). As expected, the

Table 1. Summary of Rietveld refinement from compounds 1, 2, and 3
using isotropic thermal parameters.

Sample  a [A] c[A] Ry [%] R (%] £

1 3.14330(30)  24.0350(32)  7.26 4.89 11.40
2 3.14166(23)  24.0731(24)  5.51 3.80 5.52
3 3.1285(5) 24.228(6) 4.88 3.78 3.20

¢ axis expands with a axis contraction in order to retain the
unit-cell density. Despite these reciprocal-space structural
analyses, the intralayer structure of a-Co(OH), remains elu-
sive. As depicted in the split-atom structure shown in Fig-
ures 1 and 4c, two cobalt atoms may be only 1.7 A apart;
this would be closer than the cobalt-cobalt distance in met-
allic cobalt (~2.5 A), and thus chemically unreasonable, but
not excluded by the average structure. While Rietveld anal-
ysis employing anisotropic thermal parameters (Figure 4c)
reveals insights into the lamellar and positional disorder, the
arrangement of metal sites remains unknown.

Local structure analysis using the pair distribution function:
The experimentally extracted pair distribution functions
(PDF) for 1, 2, and 3 (Figure 3b) are similar, but display
subtle variations in intensity. We focus here mostly on the
analysis of the PDF of 2, and refer to the PDFs of 1 and 3
later. Shown in Figure 5, the experimental PDF of 2 (grey
circles) is compared with the PDF simulated from the lay-
ered structures pictured in Figure 1. Refining scale factors
and lattice parameters of the hydrotalcite [Co?*(Co’*,
(OH)(][CO5]-4H,OM or of B-Co(OH), structures yields
poor fits to the data. The PDF profile for the average o-
Co(OH), structure is directly calculated from the structural
parameters obtained by Rietveld refinement by using aniso-
tropic thermal parameters. While the calculated profile de-
scribes the data at longer distances (r>5 A), the structural
model only poorly fits the experimental data at short distan-
ces, even after accounting for correlated atomic displace-
ments (6,=1.16).’"") When the Rietveld refined isotropic
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Figure 5. a) Pair distribution function of 2 with refined profiles of hydro-
talcite and $-Co(OH), and a calculated profile of a-Co(OH), using aniso-
tropic thermal parameters determined from Rietveld refinement, show-
ing a reasonable fit at large distances, but under-representation of the
local structure, even after accounting for correlated atomic displace-
ments.

thermal parameters are used (data not shown), the fit is
worse at short distances, indicative of anisotropic local
order, such as the intralayer order depicted in Figure 4c,
with U,, < U;; for the intralayer species. This trend is consis-
tent with the PDFs for 1 and 3. In fact, the major differences
in G(r) between the three materials (1-3) are systematically
modulated peak intensities below 6 A.

Peak intensities of the pair distribution function calculat-
ed from the average structure are strongly influenced by the
occupancy of the split-atom sites (gcox)» &co) &ci» o)) and
all atomic displacement parameters. The large anisotropic
thermal parameters masquerading for static disorder in the
Rietveld analysis are not required in the PDF analysis of
short-range atomic correlations within a layer. A range-de-
pendent real-space refinement links the reduced intensity of
pair-wise correlations at high r with increased atomic dis-
placement parameters, as in the case of layered
V,05n H,0" or exfoliated titanate nanosheets!" (Support-
ing Information, Figure S3 and Table SII). A similar but in-
variant analysis performed on powdered nickel metal (Sup-
porting Information, Figure S4 and Table SIIT) excludes con-
tributions from instrumental broadening at increased r*!
Therefore, an independent analysis of the short-range PDF
(r<6 A) describes details of intralayer atomic arrangements
without the convolution with extended static disorder.

Local metal site coordination: Since the average structure
describes many of the features of G(r) accurately, it was re-
fined over short distances to quantify the ratio of six- to
four-coordinate cobalt sites. These results are summarized in
Figure 6, Table 2, and Table SIV in the Supporting Informa-
tion. Beginning with the PDF for compound 1, the average
structure from Rietveld refinement (Table SI in the Support-
ing Information) was refined in real space from 2.5 to 6 A,
allowing all parameters to change concomitant to the R3m
space group (Figure 6a). Since the occupancies and thermal
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Figure 6. a) Pair distribution functions for each compound (grey circles),
with refined average structures (2.5§r§6A; black lines), allowing g,
Zwaers 4, C, and the atom positions to change. The thermal parameters
were equivalent for each refinement and all variables were sent succes-
sively from one refinement to the next. b) Deconvolution of the pair dis-
tribution function into major pair-wise contributions, Co*'~O (solid blue
line), Co*'-O (dot-dashed green line), Co®'~Co®" (dashed red line), and
Co*'-Co'**"* (dotted black line). The asterisk indicates the nearest neigh-
bor Co*~Co'*" pairing, which is mandated by the average structure but
distinctly not observed in the local structure, indicating that there are no
tetrahedral cobalt sites directly capping octahedral cobalt.

Table 2. Summary of real-space refinements of the pair distribution func-
tions for 1, 2, and 3, using the disordered average structure.

Sample a[A] c[A] Co* [%] R, [%]
1 3.14155(6) 24.165(5) 33.8 21.7
2 3.13677(7) 24.267(45) 26.6 20.3
3 3.12727(1) 24.2704(72) 24.9 18.8

parameters are convoluted, the variable occupancies (gco),
8oy) were initially held constant from the Rietveld refine-
ment, allowing the atomic displacement coefficients to con-
verge, along with a coefficient describing correlated atomic
displacements. The linked occupancies (gcoe)=8ca=1—&con))
were then allowed to co-refine with the atom positions and
lattice constants and are reported in the Supporting Infor-
mation (Table SIV). Hydrogen (hydroxyl and water bound)
is included in the refinement in order to accurately repre-
sent the average number density (o,), but neither its position
nor thermal displacement is refined.

For compounds 2 and 3, the atom positions and thermal
parameters were constrained from the analysis of 1, while
the lattice parameters and occupancies varied (Figure 6a).
The refinement was only run from 2.5 to 6 A, because of an
evident discrepancy in the data at ~1.7 A indicated by an
asterisk. Deconvolution of the PDF into individual pair-wise
contributions, shown in Figure 6b, reveals that the calculated
PDF peak at 1.7 A results from a Co®-Co' correlation.
This feature is not observed in the experimental G(r) for
any compound (1-3), meaning that a four-coordinate cobalt

Chem. Eur. J. 2010, 16, 9998 —10006
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ion cannot sit on top of a six-coordinate cobalt ion, as de-
picted in Figure 4c or Figure 1. While this result has been
previously assumed,™? this is the first structural observation
in a-Co(OH), showing that the tetrahedrally coordinated
cobalt sites require an octahedral vacancy in the layer.
Deconvolution of the calculated G(r), Figure 6b, illus-
trates that the PDF peaks at 3.1 and 5.4 A result from Co*'—
Co°" pair-wise correlations. The added intensity of these
peaks from 1 to 3 reflects the increased Co® in the lattice
as determined analytically. Correspondingly, the peak at
3.6 A, derived from Co®-Co' pairing (Figure 6b), consis-
tently decreases in intensity from 1 to 3 with the analytically
measured fraction of Co' sites, based on the assumption of
one chloride anion per tetrahedral vertex. Quantitative re-
finement of the occupancy of tetrahedral sites in the lattice,
1—gcoy decreases from compound 1 to 3 (Table 2). The re-
fined values of the occupancy are consistent with the as-
sumed occupancies derived from analytical measurements of
the chloride concentration (ICP and EDS),! despite their
convolution with thermal displacement parameters. In sup-
port of this observation, the planar lattice parameter, a, con-
tracts from 1 to 3 (Table 2), as also observed from Rietveld
refinement (Table 1). As the cation concentration per layer
increases from the replacement of a Co®" vacancy with two
Co' sites, enhanced cation—cation repulsion within the layer
expands the lattice in the ab plane. Regardless of the abso-
lute occupancies, this analysis unequivocally shows that the
kinetically controlled hydrolytic synthesis controls the distri-
bution of intralayer metal coordination of the layered hy-
droxide, as previously described,””’ and the pair distribution
function analysis provides a quantitative comparison.

Local metal site distribution: While a quantitative descrip-
tion of the metal coordination geometry with the average
structure is important, it does not accurately describe the
local distribution of metal sites, as evident from the anoma-
lous peak at 1.7 A in Figure 6a. Therefore, we model three
different structures with specific ordering of the metal poly-
hedra within the layer. A schematic layer of each of the
three calculated structures, in comparison with the split-
atom average structure, is illustrated in Figure 7. The struc-
tures labeled [(C0°);(Co'),], [(Co*")s(Co*"),], and
[(Co°)15(Co'Y),], with a linear connectivity of one, two, and
three octahedral cobalt sites between tetrahedrally coordi-
nated cobalt sites, have 40% Co™, 20% Co"', and 12%
Co'*', respectively. These structures are necessarily generat-
ed using P1 symmetry in order to retain the same relative
atom positions, displacements, and stacking sequence as the
disordered average structure determined from Rietveld
analysis (Tables SII and SIV in the Supporting Information).
There is no evidence of long-range periodicity of the or-
dered phases observed in the Bragg profiles shown in
Figure 3, which would lift the split-atom degeneracy, as in
the case of the analogous zinc mineral, Zns(OH)g(Cl),-
(H,0), Simonkolleite.’?) All three structures generally de-
scribe the experimental pair distribution function at longer
real space distances, indicative of an accurate representation
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Figure 7. Structural models containing different distributions of metal
polyhedra, with a random site distribution (Average), one Co® site
(pink) between Co' sites (green) [(Co°");(Co'"),], two Co®" sites be-
tween Co™ [(Co°)y(Co'™"),], and a connectivity of three Co®" sites be-
tween Co™ [(Co°);5(Co'™"),], showing the linear in-plane separation (a-
axis, front) and planar distribution (¢ axis, back). Fractionally shaded
atoms (average model) indicate split-site occupancies. Oxygen atoms de-
picted in orange, chlorine in yellow. Hydrogen and water positions omit-
ted for clarity.

of the stacking sequence and overall lattice connectivity
(Figure 8, r>6 A). Locally, with r<6 A, only the [(Co®)s-
(Co'"),] structure accounts for the intensity of the PDF for
compound 2. While this structure does not describe the re-
ciprocal-space structure and Bragg profile, we conclude that
there is short-range ordering within the layer that has an or-
dered distribution of polyhedra like the [(Co°")s(Co'),]
structure, with a linear connectivity of two Co®" sites be-
tween Co'' sites.

LI': 6 é1I01I2 1I4 1I61IE!20

rA)
Figure 8. Pair distribution function for 2 with calculated structural models
containing different polyhedral distributions, in comparison with the site-
disordered average structure. The best short range fit is observed with
the [(Co°")g(Co'™),] local geometry, whereas all structures describe the
extended structure reasonable well (r>6 A).
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Since there is no evidence from Rietveld analysis for the
[(Co*")5(Co'"),] phase, we simulated a weighted average of
the three ordered phases described above in order to pro-
vide a representation consistent with the average structure.
Weighted averages of locally ordered phases are often used
to describe atomic positions of different alloys for which su-
percell reflections are not observed, but the local structure
is indicative of structural heterogeneity, as in the case of
alloy induced lattice strain of In, ,Ga,As'@ or
CoAl, ,Ga, 0, ™ The experimental PDF is fit with the
weighted average of the three ordered phases shown in
Figure 7, after refinement of only the scale factors (Table 3).

Table 3. Summary of real-space refinements of the pair distribution func-
tions for 1, 2, and 3, using a locally ordered multiple-phase fit.

Sample Al Bl clal Co* [%] R, [%]
1 35.9 49.1 15.0 26.0 21.9
2 28.6 50.9 20.5 24.0 23.1
3 222 472 30.6 21.9 229

[a] A, B, and C correspond to the atomic phase fractions of [(Co°")s-
(Co'Y),], [(Co*)g(Co'),], and [(Co),5(Co'*),] ordered phases, respec-
tively, calculated from the scaling factors, which were not constrained to
a sum of 100 %.

Furthermore, the sum of the scale factors is not constrained
to 1, providing an objective result. We repeat this analysis
for all three synthesized compounds (1-3) and calculate the
relative atomic fractions of each phase from the scale factors
to arrive at a quantitative number of tetrahedrally coordi-
nated cobalt atoms in the overall material for each com-
pound (Table 3). Using these ratios to determine site occu-
pancy, we also report the equivalent G(r) for the disordered
average structure, as shown in Figure 9a for 2. The clustered,
or weighted average, model is displayed in Figure 9b. The
calculations for 1 and 3 are presented in the Supplementary
Information, Figure S5, and the results are summarized in
Table 3. This analysis allows an independent comparison of
the effect of the distribution of metal sites within the lattice,
all other things being equal.

The subtle differences between the two calculated profiles
in Figure 9 reveal important and newly recognized features
of the intralayer structure. The anomalous peak at 1.7 A in
the average structure does not represent the data, but is re-
solved with the clustered model, which specifically introdu-
ces two Co'*' sites sandwiching a Co®" vacancy. Another dis-
crepancy is the peak in the average structure at 3.6 A, corre-
sponding to Co®'-Co"" pair-wise correlations (Figure 6b).
The disordered distribution of polyhedra does not capture
all of the intensity of the 3.6 A peak (Figure 9a). The well-
described intensity of the 3.6 A peak for 2 from the clus-
tered model (Figure 9b) results from incorporation of the
[(Co*)5(Co*Y),] phase (26.7 at%), which has the most
Co®—Co'*" correlations. Alternatively, the poor fit of the dis-
ordered model can structurally manifest in a hypothetical,
but allowed, local arrangement in which a Co"' site studs
only one side of the layer either above or below a Co® site,
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Figure 9. Pair distribution function for 2 (grey circles) with a) a calculated
average structure containing an equivalent number of tetrahedrally coor-
dinated cobalt ions (black line) as b) from refining scaling factors of a
three-phase material with [(Co®");(C0*),], [(Co*")s(Co™),], and
[(Co*"),5(Co'"),] clustered phases (black line), all other things being
equal, in order to illustrate the effect of cation site distribution and clus-
tering within the layer. ¢) Schematic atomic representation of one layer
showing short-range clustering of the three different types of coexistent
ordered phases. Cobalt atoms shown in pink (six-coordinate) and green
(four-coordinate), oxygen in orange, and chlorine in yellow. Hydrogen
and water positions omitted for clarity.

reducing the number of Co*'-Co'" correlations for a fixed
number of Co' sites. The clustered model is also supported
by the better representation of the next-nearest Co*" neigh-
bor peak at 5.4 A. In the [(Co®");(Co'"),] phase, there are
correspondingly fewer next-nearest-neighbor correlations at
54 A relative to the disordered structure with an equal
number of Co* sites (Figure S6 in the Supporting Informa-
tion), because a tetrahedrally coordinated cobalt is present
in every-other metal site, as observed when projected along
the c axis (Figure 7).

The overall ratio of Co'* is compensated by an increasing
fraction of [(Co°"),5(Co""),] from 1-3, and a decreasing frac-
tion of [(Co°");(Co'"),] from 1-3, while the [(Co*")s(Co'"),]
phase does not vary systematically with composition, as
summarized in Table 3. The short range of this analysis (1<
r<6 A) assures that solely intralayer pair-wise interactions
are modeled, but the long-range calculated structures
(Figure 8, r>6 A) show no gross misrepresentation of peak
locations or intensities. Therefore, a schematic representa-
tion of the local structure may appear as depicted in Fig-
ure 9c, in which each of the different ordered phases is in-
cluded within a layer according to the atomically weighted
scale factors. Randomly distributed clusters, with coherence
lengths less than a few unit cells, would also generate the
observed split-atom average structure determined from
Rietveld refinement of the Bragg profile.

Only with total scattering analysis, of both Bragg and dif-
fuse scattering profiles, can the atom positions of these la-
mellar structures be accurately described. Furthermore, the
evidence of intralayer clustering as depicted in Figure 9c,

tet
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aids in the explanation of the unusual magnetic behavior
shown in Figure 2. Additional analysis with low-temperature
total neutron scattering of analogous cobalt deuteroxides is
underway to help further understand the local, average, and
magnetic structures of a-Co(OH), structures. With well-de-
fined atom positions, excluding interlayer water, the distri-
bution and occupancy of the metal sites clearly depend on
the length scale at which they are examined: local analysis
provides evidence of randomly distributed intralayer clus-
ters, which consistently gives the average appearance of ran-
domly split metal site occupancies over extended length
scales.

Conclusion

Despite the prevalence of static disorder in a-Co(OH),,
both in a preparation-dependent and a length-scale depen-
dent manner, local structural characteristics are obeyed.
While a-Co(OH), structures have been described for several
decades, the precise arrangement of atoms within the defect
brucite layers has remained elusive. Here we have observed
and summarized various rules regarding the atom positions
and occupancies in the o-Co(OH), family, as determined
from structural analysis at multiple length scales. The aver-
age structure is incomplete; all metal sites and water posi-
tions require split-site occupancies due to an absence of
long-range ordering of tetrahedrally coordinated cobalt
within the layers. Each brucite-like layer has well-defined
atom positions, but poor coupling between the layers, as
supported by both real- and reciprocal-space analyses. Fur-
thermore, the local pair distribution function is better de-
scribed by a weighted average of different phases consisting
of symmetrically distributed metal polyhedra rather than a
random distribution of metal polyhedra on average. This
offers significant new insights into the connectivity and clus-
tering of metal polyhedra within the layers and opens up the
interpretation of previously reported Bragg patterns based
on a traditional unit cell description of the atom positions.
We anticipate that the results presented here will point the
way to understanding myriad related compounds, and will
help address important questions regarding structural
chemistry and related physical properties.

Experimental Section

We employed kinetically controlled aqueous hydrolysis of a molecular
precursor, as previously described,” to prepare three compounds:
Coy25(OH)(Cos(H,0)os (1), Coy20(OH)(Clygao(H,0)11 (2),  and
Co,13(OH),(Cl),,6(H,0), 5 (3), the chemical compositions of which have
been previously analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP) and energy dispersive spectroscopy (EDS).”) The
compounds were prepared from aqueous cobalt chloride (0.1m) at the
air-water interface by using 1.2, 0.6, and 12% NHs,,, (v/v) solutions as
the volatile hydrolytic catalyst to obtain 1, 2, and 3, respectively. Separa-
tion of the material from the solution by use of the Langmuir-Blodgett
technique ensures that only product formed by kinetic control is isolated.
The fractions of tetrahedrally coordinated cobalt were approximated
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from the stoichiometric ratios of incorporated chloride by assuming one
chloride ion per tetrahedral cobalt, such that 1 contains 40% of four-co-
ordinate cobalt ions (Co""), 2 with 33 % Co', and 3 with 23 % Co''. Sam-
ples were ground into a fine powder for subsequent investigations using
an agate mortar and pestle and stored in sealed containers. Magnetic sus-
ceptibility measurements were performed on powders immobilized in
paraffin wax using a Quantum Designs MPMS 5XL SQUID magnetome-
ter.

Synchrotron XRD (X-ray diffraction) data were collected at room tem-
perature, in transmission on beamline 11-ID-B at the Advanced Photon
Source, Argonne National Laboratory, with an X-ray energy of about
90 keV. Powder samples were loaded into Kapton tubes and placed verti-
cally in a sample holder in the path of the beam, with an experimental
set-up similar to that described by Chupas et al.” Scattering data were
collected on an amorphous silicon detector from General Electric
Healthcare at sample-to-detector distances of 650 mm (Rietveld) and
around 140 mm (pair distribution function). The data were processed
using the program FIT2D® to yield the corresponding one-dimensional
XRD pattern, accounting for beam polarization. The pair distribution
function (PDF), G(r) =4mr[o(r)—p,],1*?" was extracted with the program
PDFgetX2,® using a maximum momentum transfer of Q. =25A"
Bulk cubic CeO, was used to calibrate the sample to detector distance,
and for constructing an instrument parameter file for refinements in
GSAS,?! with instrument parameters (Q-damp and Q-broad) for PDF
analysis obtained by refining a PDF of Ni powder. Full structure profile
refinements with the PDF data were carried out in the program
PDFFIT2 and PDFgui.?*! Specific refinement recipes are described in
detail throughout the text. Structural models are rendered using
VESTA P!
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