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ABSTRACT: In this work we present a systematic computational study of

the structural and magnetic properties of a layered family of Co(II)
hydroxichlorides, obeying to the general formula Co(OH),_,Cl,(H,0),. This
solid contains both octahedral and tetrahedral cobalt ions, displaying a
complex magnetic order arising from the particular coupling between the two
kinds of metallic centers. Here, supercells representing concentrations of 12,
20, and 40% of tetrahedral sites were modeled consistently with the
compositions reported experimentally. Our simulations show that the two
types of cobalt ions tend to couple antiferromagnetically, giving rise to a net
magnetic moment slightly out of the plane of the layers. The band gap

reaches its minimum value of 1.4 eV for the most diluted fraction of

tetrahedral Co(II) sites, going up to 2.2 €V when the content is 40%.
Moreover, our results suggest that the presence of interlayer water stabilizes
the material and at the same time strongly modifies the electronic

environment of tetrahedral Co(1II), leading to a further drop of the band gap. To our knowledge, this is the first theoretical

investigation of this material.

B INTRODUCTION

In contrast to other divalent transition metals, cobalt(II) can
adopt several coordination environments, including octahedral,
tetrahedral, square-pyramidal, trigonal-bipyramid, and square-
planar configurations, and hence its crystalline phases exhibit an
extremely rich variety of structures.'”> This exceptional
versatility results in a vast family of crystalline arrays, ranging
from simple quasi-two-dimensional (2-D) hydroxides or basic
salt layered materials™ to complex three-dimensional metal—
organic frameworks." Among the former phases, the family of
layered basic salts known as a-Co(II) hydroxides caught
particular attention since the report of an improved method of
synthesis, either in the form of strictly inorganic basic salts® or
intercalated with large organic spacers.””® This phase contains
a predominant fraction of octahedral Co(Il) centers, hereafter
denoted as Co®", which display a brucitic hexagonal arrange.”
Certain Co%" positions of each layer are vacant, and these sites
are occupied by a pair of tetrahedral Co(II) centers, Co™
positioned externally to the hydroxilated layer. This structural
configuration, bearing the ideal formula
C0?" ) 425C0 0 345(OH),(Cl) 3,50.46H,0, results in an inter-
basal distance [003] of 8.02 A (¢ = 24.058 A cell parameter),
significantly expanded with respect to the [001] distance of
4.653 A observed for brucitic f-Co(OH),” This phase, at
variance with the well-defined mineral parent structure of
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simonkolleite,'"” Zn°";Zn™,(OH)4Cl,-nH,0, exhibits a disor-
dered distribution of Co™ sites within the layers.

Shortly after the accurate characterization of the a phase,
alternative synthetic, kinetically controlled procedures allowed
for the modulation of the Co®" to Co™ ratio, giving birth to a
family of Co-layered hydroxides obeying to the general formula
Co%,_,Co™ (OH),_,(Cl),.yH,0, with 0.26< x < 0.5."" Bragg
profiles and pair distribution functions from scattering
experiments have been used to elucidate the structures of
partially ordered systems including nanoparticles and layered
materials.”*~'* Neilson and collaborators employed these
methods to interpret the short order distribution of metal
centers and to resolve the intralayer structure of different cobalt
hydroxides, revealing the nature of metal site coordination."”
Nevertheless, the distribution of Co™ within the layer and the
kind of magnetic interactions between the two types of Co(1I)
are currently under discussion. Interestingly, this phase
develops without a significant distortion of the intralayer
Co(I1)—Co(II) distance or coordination environment, arising
as a close to ideal model to probe the incidence of Co™
abundance and spatial distribution on the magnetic and
electronic properties of these solids. In the present work, we
explored the magnetic coupling and structural features of a
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Figure 1. Schematic view of the supercells employed to model the & hydroxide layers. In the top panel, green triangles represent the location of Co™
ions, while magenta rhombi represent Co? ones. Yellow spheres denote chloride anions coordinated to Co™,

series of representative a cobalt hydroxides by means of DFT
+U simulations, employing reduced supercells. To the best of
our knowledge, this one is the first theoretical report on the
magnetic and structural properties of @ hydroxides cobalt
phases.

B METHODS

DFT Calculations. All calculations were performed employing
density functional theory (DFT) as implemented in the Quantum
Espresso code,'® which is based on the pseudopotential approximation
to represent the ion—electron interactions, and plane waves basis sets
to expand the Kohn—Sham orbitals. Ultrasoft type pseudopotentials
were adopted, in combination with the PBE formalism to compute the
exchange—correlation term.'” The incidence of the Hubbard
parameter in the DFT+U calculations on the magnetic coupling and
other properties was explored by screening its value between 3 and 7.8
eV, based on previous reports. * > An energy threshold of 107% au
was used for self-consistency, while for geometry optimization, the
convergence criteria were 10~ au for the energy and of 107 au for the
forces per atom. To improve the numerical convergence, in particular
for pure DFT calculations for which the system becomes metallic, a
first-order Methfessel—Paxton spreading was implemented. van der
Waals interactions were considered by including the semiempirical
correction DFT-D originally introduced by Grimme™ and imple-
mented in a plane-wave framework by Barone and co-workers.**

Supercells. The simulations were carried out on supercells with
specific ordering of the metal polyhedra within the layer and a general
formula [Co® nConz(OH)ZMZClz]m~(H20)y4m, according to the
representative arrays characterized by Nielsen et al.,15 where n = 3,
8 and 1S, m represents the number of layers, and y the number of
water molecules per layer (Figure 1). In the following, the
aforementioned supercells will be referred to as
[COOh3C0Td2(OH)8C12]: [COOhSCOsz(OH)mClz]; and
[Co% sCo™,(OH);,CL]. These model cells represent a concentration
of tetrahedral cobalt centers of 40, 20, and 12%, respectively, in line
with observed chemical compositions.”*®

Brillouin zone sampling was performed on these supercells with a
Monkhorst—Pack grid, checking for convergence with respect to the
number of k-points. In the case of [Co®";Co™,(OH),Cl,] supercells,
parameters a = b = 6.23 A and ¢ = 18.7 A were adopted, based on
experimental data, employing a 3 X 3 X 1 k-point mesh. The same
mesh was used in the case of [Co%sCo™,(OH),5ClL,], with supercell
parameters a = b = 9.35 A and ¢ = 18.7 A (isolated layer). Finally, for

the largest model with 12% of tetrahedral cobalt,
[Co% sCo™,(OH);,CL], with cell parameters a = b = 12.48 A and
¢ = 18.7 A (isolated layer), a 2 X 2 X 1 k-point grid was used. To
evaluate the interlayer magnetic coupling, supercells containing two
layers were built by properly stacking the bidimensional arrays;
interlaminar water molecules were taken into account in all cases.

B RESULTS AND DISCUSSION

The incorporation of a Hubbard term in the Kohn—Sham
Hamiltonian that penalizes on-site electron interactions and
inhibits d-charge delocalization has proven effective to correct
the well-known DFT deficiencies to describe the electronic
properties of transition metal oxides.”™*® In particular, the use
of a Hubbard parameter U allows to properly reproduce the
magnetic behavior of cobalt oxides and hydroxides, including
the a phases. DFT+U calculations have been applied to
investi%ate the structural and magnetic behavior of CoO and
Co;0,”" crystals. In these cases, the effect of the U parameter
was screened within an ample range of values. Our own
experience on this family of cobalt compounds shows that,
while the choice of U may determine the exact value of
energetic differences, it does not lead to inversions in the
relative stability of the accessible states.” This is in fact also the
case for the present system, as it will be discussed later in this
section. Then, unless indicated explicitly, and on the basis of
our previous simulations,”” all calculations presented in this
study were performed with U = 4.5.

In related compounds containing both octahedral and
tetrahedral cobalt, the experimental analysis typically indicates
that the coupling is ferromagnetic between the sites of the same
kind and antiferromagnetic between sites of a different nature,
with the spin moment lying in-plane (see e.g. ref 5). In recent
experimental work on -Co(OH),, we found that the magnetic
refinement of the f phase was in principle consistent with a
spin orientation parallel to the layers.”” Such a configuration
actually reproduced the main features of the magnetic
diffraction pattern. However, the agreement between the
diffraction pattern and the Rietveld refinement could be further
increased by introducing an out-of-plane component of the
magnetic moment, subtending an angle € of 57.9° with respect
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to the z-axis® (where a value of @ = 90° corresponds to the
spins parallel to the sheet lying on the wxy-plane). This slightly
out-of-plane alignment was coincident with the angle predicted
from DET+U calculations,” and it seems to be also present in
the a phase, as shown in Figure 2, which explores the effect of
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Figure 2. Relative stability of the ground state of an isolated layer

(where Co® and Co™ are antiferromagnetically coupled), in meV/

Co, as a function of the magnetization angle, 6. Values of § = 0 and

90° correspond to the spins oriented orthogonal (z-polarized) and

parallel to the layer, respectively.

the magnetization angle 6 on the energy of the antiferromag-
netic state. The curve exhibits a global minimum at 6 = 60°,
almost the same angle as that found for #-Co(OH),, which is in
turn coincident with the direction of the Co—O bonds.”” The
spin—orbit contribution does not have a significant effect on the
shape of the curve, with no incidence in the value of the 6
angle. This result is consistent with the invariance of the
product between the magnetic susceptibility and the temper-
ature (y,,T) with respect to the spin—orbit parameter reported
for cobalt(IT) complexes at low T.*° Figure 2 reflects a magnetic
anisotropy characteristic of cobalt compounds.z’3 Thus, unless
indicated explicitly, all calculations presented henceforth have
been performed with 6 = 60°.

Table 1 presents the energy difference between the
antiferromagnetic (AF) and ferromagnetic (FM) states

Table 1. Energy of the FM Configuration Relative to the
Ground (AF) State, in meV/Co, for a Single Hydroxide
Layer with Different Proportions of Tetrahedral Cobalt Sites

magnetic state ~ AE/Co (n=3) AE/Co (n=8) AE/Co (n=15)
M 23 11 6

corresponding to the arrangements displayed in Figure 3 for
the n = 3 cell (the configurations for n = 8 and 15 are presented

FM
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Figure 3. Schematic representation of AF and FM states of Co(II) for
a supercell with n = 3. The two kinds of coordination environments,
tetrahedral and octahedral, are represented in different colors as in
Figure 1.

in the SI). According to DFT+U, in the ground state the
magnetic moments of the Co”" sites are anti-aligned with
respect to those of Co™ the magnitude of the total
magnetization of one layer depends on the n value, being 3,
18, and 39 B, for n = 3, 8, and 15, respectively.31

This kind of interaction can be understood in terms of a
superexchange mechanism between cobalt ions, where the O
atoms of the OH bridges play the role of the non-magnetic
ligand, and the bond adopts a geometry consistent with the
Goodenough—Kanamori rules.”” These rules predict a strong
antiferromagnetic coupling when the angle formed by the
magnetic centers with the ligand in between is close to 180°,
with a partially filled d shell. A weak ferromagnetism is
expected, on the other hand, for angles close to 90°. In the
present case the Co’"—OH—Co”" angle is 119.89° ,while the
value of the Co”"—OH—Co" angle is 97.58°. In a similar way,
the nature of magnetic interactions can be interpreted from the
Kahn’s model:* The orthogonality of the magnetic orbitals
between octahedral Co(II), with angles close to 90°, favors the
ferromagnetic interactions. On the other hand, the Co™—OH-
Co%" angle, being bigger than 90°, leads to a non-orthogonal
geometry and the consequent antiferromagnetic coupling (see
SI). The optimized structural parameters corresponding to the
three isolated supercells are shown in Table 2. The lattice
distance d;;;, which represents the intralayer metal—metal
distance and the interatomic lengths, are in good agreement
with the experimental results obtained by Neilson et al. by
means of Rietveld refinement.””

The magnitudes of the magnetic couplings constants
between octahedral sites (o), and between Co®" and Co™
(Jr), were estimated from the parametrization of a isotropic
Heisenberg Hamiltonian with nearest-neighbor interactions.
The details can be found in the Supporting Information. The
results, summarized in Table 3, show that the magnitudes of
both kinds of magnetic couplings increase together with the
molar fraction of tetrahedral cobalt. The comprehensive
analysis of Kurmoo of several related phases concluded that
there is a linear relationship between the critical temperature T,
and the Co™ molar fraction for highly hydroxilated layered
cobalt compounds.’ Underlying this behavior, a direct
proportionality between the magnitude of the magnetic
interaction and the critical temperature was identified. Notice-
ably, this experimental observation is in line with the trend
revealed by our simulations. The reason behind this increase in
] is not evident at all. In principle it could be attributed to the
geometry, since the Co”"—~OH—Co”" angle tends to decrease
with the concentration of tetrahedral sites, while the Co—OH
bond lengths are smaller for n = 3 (see Table 2). However, at
the same time the Co®"—OH—Co’? angle experiences a small
increase.

Figures 4 and S depict, respectively, the band structure and
the density of states for n = 3. A direct band gap of
approximately 2.2 eV at I' point is observed. An inspection
around the Fermi level shows that the dominant contributions
to the valence band arise from p orbitals of oxygen and chlorine
atoms. The conduction band reflects a strong presence of the d
orbitals of Co® and Co™. Moreover, the d orbitals show a
double degeneration splitting: d,./d,, and d;_p/d,; this
degeneration is characteristic of trigonal pyramid geometries.
In the present case a distortion results from the inherently
larger Co™—Cl distance with respect to the Co™—OH length,
allowing for an independent electronic behavior of the d
orbital, compared to the remnant d counterpart. An analogous
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Table 2. Optimized Lattice Parameters, in A, for a Single Hydroxide Layer with Different Molar Fractions of Tetrahedral

Cobalt”
n o Co®"—OH Co™—OH Co™-cl 7 y)
3 3.134 2.062 1.857 227 97.6 119.9
8 3.142 2.108 1.862 2.326 97.9 120.4
15 3.138 2,071 1.861 225 98.0 1212
exp (n ~ 8) 3.14048 2.124 1.898 2.32 - -

“The experimental values were obtained from Rietveld refinements’ and correspond to n ~ 8. y and 4 represent the Co”"—OH—Co% and Co%—

OH-Co™ angles (in degrees), respectively.

Table 3. Magnetic Coupling Constants, in meV, for Different
Molar Fractions of Tetrahedral Cobalt Ions”

n Jr Jo
3 —-0.85 2.56
8 —0.40 0.19

15 -0.22 0.04

%Iy and Jo, represent Co”—Co’™ and Co%-—Co% interactions,
respectively.

Figure 4. Band structure calculated for a single layer of
[Co%",Co™,(OH)4Cl,] along the I' — K — M — ['directions.

behavior is observed in the other supercells. The band gap
values (E,,,) obtained for the different supercells simulated
herein are summarized in Figure 6. These values are
represented as a function of the relative abundance of
octahedral sites, expressed as the Co% molar fraction, Xop-
Curiously, E,,, does not follow a monotonic behavior with the
concentration of octahedral cobalt. It drops from around 2.2 eV
for n = 3 to almost 1.4 eV for n = 15, but it goes back to 2 eV
when the fraction of Co%" reaches 1. The projected and total
density of states for n = 8 and n = 15 supercells in Figure 7
show that with the increment of Co™ sites, the p states of Cl

3 T T ; T
2.5 -
S 0 __ 1
o 2 Tl o
L‘%“D ‘§~~o\
L5 \O -
. | ‘ \ ‘ 1 .
2)6 0.7 0.8 0.9 1
Xon
Figure 6. E ,, calculated by DFT+U as a function of Co% cobalt

molar fraction, Xy, for a single layer of the a-hydroxide. Green circles
correspond to the a phase with n = 3, 8, and 15, whereas green rhombi
refer the values obtained for the different arrays with n = 14. The pink
square depicts the band gap value reported for the # phase.

atoms and the d orbitals of tetrahedral cobalt cations have a
larger contribution to both the valence and conduction bands.
On the other hand, the increase in the concentration of
octahedral sites gives rise to a greater contribution of the p
orbitals of O atoms in the vicinity of the Fermi level. The
combination of these two ingredients results in this particular
behavior where the minimum gap is seen for an intermediate
content of tetrahedral sites.

The intrinsic disorder in the position of Co’ inside the sheet
does not seem to affect the magnetic ordering. Relative energies
for different distributions of the tetrahedral ion in supercells
with n = 14 were computed (see SI) to find that the most stable
state corresponds to a given array of Co™ in which the distance
between tetrahedral sites is approximately 5.4 A. This
arrangement minimizes the electronic repulsion between the
chlorides. These data are included in Figure 6. Beyond this, in
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Figure S. Total and projected density of states for a single layer of [Co%,Co™,(OH)4CL,].
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Figure 7. Total and projected density of states for a single layer of the a-hydroxide with n = 8 (left panel) and n = 1S (right panel).

all supercells examined in our calculations, the magnetic
coupling between the two types of cobalt ions was always
found to be antiferromagnetic, so that the relative distribution
of Co™ does not seem to affect the magnetic ordering.

Once the key features of the isolated layers were established,
we focused on the description of a more realistic 3D scenario.
First, the magnetic coupling between the planes was examined
for a supercell model containing stacked infinite layers with m =
2 and variable y. The interlayer distance dy remains practically
invariant as a function of the Co™ concentration, as shown in
Table 4.

Table 4. Optimized Lattice Parameters, in A, for the a-
Hydroxide Crystal with m = 2 and y = 0 and Different
Tetrahedral Cobalt Fractions”

n dool
3 7.92
8 7.95
15 7.93
exp (n =~ 8) 8.0016

“The experimental values correspond to Rietveld refinements’.

For all n examined in this work, the ground state turned out
to be antiferromagnetic. The relative energies of the FM states
are compiled in Table S (see SI for alternative magnetic

Table 5. Energy of the FM Configuration Relative to the
Ground (AF) State, in meV/Co, for the 3D Crystal with
Different Proportions of Tetrahedric Cobalt Sites

magnetic state  AE/Co (n=3) AE/Co (n=8) AE/Co (n=15)
FM 2 S 8

configurations). Independent of the concentration of tetrahe-
dral sites, the different layers are antiferromagnetically coupled,
where the magnetic moments of Co®" ions belonging to a layer
are anti-aligned with respect to the Co®" ions belonging to the
adjacent one. The same kind of coupling is found for the
magnetic moment of Co™ sites. Figure 8 schematically depicts
the magnetic ground state of these systems.

These calculations are consistent with the low-temperature
neutron diffraction experiments reported by Neilson et al. for
disordered a phases.” Based on a mean field theory analysis of
magnetic susceptibility measurements, they concluded that the
two types of cobalt ions in the lagfers present AF coupling.
Neutron diffraction measurements™ on deuterated samples

L.

AF Interlam]nar::; v&

@ AF Intralaminar

Figure 8. Schematic view of the intra and interlaminar magnetic
coupling, illustrated for a model of the [Co%4Co™,(OH),4Cl, ], solid.

with a tetrahedral cobalt concentration of 0.4 confirm this
magnetic behavior from the occurrence of a characteristic
diffraction peak at a distance of 16.31 A employing a wave
vector k = (0,0,1/2). This distance is equal to twice the value of
the dy, parameter, implying that the magnetic cell has two
layers, in contrast to the atomic unit cell obtained by Sasaki and
co-workers’ by means of Rietveld refinement, indexed with
three layers.

The electronic structure is not significantly affected by the
interlayer interactions. In the stacked solid with n = 3 at the
equilibrium distance, the band gap is 2.3 eV (Figure 9). The
DOS profile in the proximity of the Fermi level receives a larger
contribution from the oxygen atoms in the valence states,
although the previously noticed degeneration of the d orbitals
remains.

The interlayer space may accommodate a variable number of
water molecules, depending on the ambient humidity or
exposure to an aqueous phase. In principle, the hydration
degree should strongly determine the interlayer distance. To
investigate this dependence, we optimized the dy, parameter
for different water contents. The results are presented in Figure
10. On the left panel, it is seen that the expansion D caused by
the insertion of interlayer solvent, defined as the increase in
separation with respect to the dehydrated structure, is more
pronounced the higher the content of tetrahedral centers. It
must be recalled that these sites lie out of the plane, occupying
part of the interlayer volume. Thus, the space available for guest
molecules strongly varies in the present family of
[Co% Co™,(OH),, +2CL]y (Hy0),., supercells. If the water
content is normalized with respect to the empty interlayer
space, for example, as the amount of H,O per Co”" site, then
the expansion D displays the same trend in all systems (Figure
10, right panel). This structural response to hydration, both in
interlayer expansion and water configuration, is similar to that
observed in related families of layered materials.”***
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Figure 9. Band structure (top) and projected density of states
(bottom) for the a-hydroxide (n = 3) with (left) and without (right)

interlayer water molecules.

Interestingly, the presence of interstitial water seems to have
a major effect on the electronic structure of the solid. Some
representative optimized structures are depicted in Figure 11.
Upon interaction of the H,0O molecules with the highly
exposed chlorides, a marked distortion of the Co’™ environ-
ment results in the rupture of the d degeneracy, evinced in
Figure 12. The overall effect of hydration over the electronic
structure of the solid can be observed in Figure 9, being the
main feature the diminished gap value for the hydrated array,
which drops to 1.1 eV when n = 3. An inspection of the atomic

Figure 11. Optimized structures of the supercells withn =3 and n =8
containing, respectively, four and six water molecules.

E i s B e e R B d T
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PDOS (states/eV)
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L
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Figure 12. Projected density of states for Co d-orbitals in the a-
hydroxide (n = 3), with (left) and without (right) interlayer water
molecules.

charges (Table 6) reveals a depletion of electron density on
chloride atoms, polarized by their interactions with H,O, which
drives a charge transfer to Co™ and, to a lesser extent, to Co%%.
This charge density redistribution arising from chlorine

by filling

polarization by water has a significant impact on E,,

the d levels around the Fermi energy.
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Figure 10. Interlayer expansion, D, as a function of the content of water molecules, for different concentrations of tetrahedral cobalt sites. The right
panel depicts the same data, but the water content is normalized per Co® site.
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Table 6. Electronic Populations Based on Léwdin Analysis
for Cl, Co™, and Co®" Atoms in the n = 3 Supercell, with
and without Interlayer Water Molecules

cl Co™ Co®"
dried 7.57 7.82 7.80
hydrated 6.92 8.05 7.81
0f : . ‘ T ‘
® n=3
® n=8
sl n=15 i
. $
>
g
% -10(- b -
o
g
3 [ ]
[ )
-15+ -
[ )
| 1 ? 1
20, 2 4 6 8 10

Number of waters

Figure 13. Hydration energy for the different supercells, as a function
of the number of water molecules. Note that this number corresponds
to a supercell of two layers.

Figure 13 presents the hydration energy of the solid as a
function of the number of water molecules in the interlayer

space. This energy corresponds to the process:
[Co™ COsz(OH)2n+2C12]2

+ s(H,0) - [Co™,Co™,(OH),,,,Cl,],-(H,0),

n

The Figure reflects a strong stabilization associated with the
incorporation of water. The energy values should be regarded
as merely indicative, since they come from optimized structures
which are only local minima in the complex potential energy
surface corresponding to the hydrated crystal. However, the
magnitude of the energetic decrease as a function of water
content is eloquent enough to attest a large thermodynamic
stabilization resulting from the adsorption of H,O. The
optimized structures show that the hydrogen-bond network
arising from the water molecules significantly contributes to the
interlayer forces.

B CONCLUSIONS

We have presented here, to the best of our knowledge, the first
theoretical study of the magnetic order, and of the electronic
and atomic structure, of cobalt @ hydroxides on the basis of
DFT+U calculations. The intra and interlayer magnetic
couplings resulting from the simulations are consistent with
neutron diffraction experiments and susceptibility measure-
ments. Furthermore, our results show that, in comparison to
the f-phase, the o hydroxides exhibit a reduced band gap for an
intermediate fraction of Co™, corresponding to the formula
[Co%" sCo™,(OH)4,Cl,], arising from the contribution of the
tetrahedral cobalt density to the Fermi level. In this case E,,,
drops to around 1.4 eV, significantly below the value of 2 eV
corresponding to the B-hydroxide. This band gap decrease is
exacerbated by the presence of interstitial water molecules,
thanks to the polarization of the chloride ligands. The overall
effect of the intralayer H,O molecules is a charge transfer to the
tetrahedral cobalt sites which provokes a further closure of the

band gap. On the other hand, the hydration degree has an
impact on the interlayer distance dyy and at the same time
significantly contributes to the stability of the solid thanks to a
hydrogen-bond network which keeps the layers together. This
peculiar sensitivity to the presence of water both in terms of
structural and electrical properties can be regarded as a very
interesting asset with possible applications in sensor or
responsive materials. As already mentioned, this investigation
constitutes the first approach to the electronic and structural
properties of a-Co(OH), from a theoretical viewpoint,
emphasizing the power of DFT+U to provide insights and to
complement the experimental characterization of this family of
layered cobalt compounds.
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