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We report a Rietveld refinement analysis and X-ray absorption study on a green-color Cl~-intercalated a-type
cobalt hydroxide phase. The refinement clearly demonstrated that one-fifth to one-sixth of the Co(ll) at octahedral
sites was replaced by pairs of tetrahedrally coordinated Co(ll) on each side of the hydroxide plane, represented by
a structural formula of [Co°% gygC0"3 348(OH)]%38*Cly 348+ 0.456H,0. X-ray absorption spectroscopy also indicated
that the divalent cobalt were in local neighboring environments of both octahedral and tetrahedral coordination.
Furthermore, UV-vis spectroscopic measurements elucidate the typical green/blue color of an a-type cobalt hydroxide.

Introduction

It is known that cobalt hydroxide can be crystallized into
a hexagonal layered structure with two polymorplsand
B4 B-Co(OH), possesses a brucite-like origia € 3.12
A, c = 4.6 A), where octahedra with divalent cobalt cations
6-fold coordinated by hydroxyl ions share edges to produce
two-dimensional charge-neutral layers stacked one over the
other along thes direction without any intercalated species
(Figure 1a)y* The 8 phase exhibits a characteristic pink
color. On the other hand, tleephases consists of positively
charged layers with anions (GO, NOs~, CI, etc.) and
water molecules residing in the gallery to restore charge
neutrality?>7 This causes a substantial expansion in the
interlayer spacing+8 A), and the color also changes from

pink to green/blue. By analogy with the isostructuxaland Figure 1. Structure models of (g§-Co(OH) and (b) hydrotalcite-like

B-Ni(OH),, a-type cobalt hydroxide displays more interesting a-type cobalt hydroxide. Atoms for Co, OH, and guests (interlayer anion,
interlayer chemistry and may be more promising for high- H:O) are represented by blue, red, gray balls, respectively. In both models,
unit cells are indicated by the green rectangles. Labels A, B, and C in model
b show the stacking sequence of the hydroxyl.

* To whom correspondence should be addressed. E-mail: MA.Renzhi@
nims.go.jp.
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turbostratically crystallized aggregates were routinely ob- from the typical broad “saw-tooth” reflections of the previ-
tained as a direct result of its metastable feafu?et® ously reported turbostratic structures oftype cobalt
The structure ofi-type cobalt hydroxide is still a matter hydroxide. This feature strongly suggests that they are well-
of debate. There are two possible models to explain the crystallized with a regular interlayer registry, suitable for an
positive charge origin of the Co(Okllpyers. At first glance, ~ accurate Rietveld analysis.
the structure might be analogous to hydrotalcite-like In this study, we attempted to reveal the exact crystal
layered double hydroxides (LDH) [M"1—yM3"(OH),]**- model of a-cobalt hydroxide primarily through a Rietveld
[A"ymH,0] (M = metal cation; A= interlayer anion, procedure. In addition, as the X-ray absorption spectroscopy
COs?~, NOs™, CI7, etc.), in which positive charge originates (XAS) is rich in information relating to valence states and
from partial substitution of divalent metal cations (Mg, Co, the immediate neighboring environment of the target atoms,
Ni, etc.) by trivalent cations (Al, etc.) in a brucite-like X-ray adsorption near-edge structure (XANES) regions at
octahedra layeY18In this regardo-type cobalt hydroxide  the cobalt K-edge in the as-synthesized product were also
may be formulated as [C0,_xC (OH)* TA" yn-mH,0] examined. For the first time, a tetrahedral coordination is
with a mixed valence of G6/Co*" in the octahedra layer — Systematically proven in a cobalt hydroxide phase, revealing
(Figure 1b). Nevertheless, this model was cast into doubt the long-due structural puzzle.
by experiments claiming that there was no*Cin the a
form.”1319n fact, the existence of Gowould impart a gray/
black color rather than the green/blue one characteristic of Preparation and Chemical Composition. The synthesis was
the a-type. Instead, on the basis of the same hydrotalcite- performed in a beaker starting from a dilute aqueous solution of
like origin, a partial protonation of the hydroxyl ions into CoCk-6H;O, NaCl, and HMT under an ambient atmosphere as
an assumed [Co(OH),_,(H-0),J** cationic sheet in the described in ref 21. The green precipitgted product was identified
absence of C9 was proposed, even though no solid and aS ano.-type cobalt hydroxide intercalating Clwater, and a trace

direct evidence has been offered to support the hydroxyl amount of carbonate anions. The chemical composition of the as-
deficiency!319 Starting from a hydroxyl vacancy, a guest prepared sample was estimated to be Co(#lo2dCOooz

. . . 0.56H,0. As the carbonate anion was a result of contamination
anion (e.g., N@) may be also incorporated into the 5

) AL . from a slight dissolution of C©from air or possible oxidation of
octahedra layef? Such a direct coordination with the Co HMT, the composition is reasonably simplified to be Co(@¥d}loz

cation resulted in a reduced interlayer spacing (). In 0.56H0 to reflect the typical structural feature in this study.
addition to the above two alternatives, another proposal  X-ray Powder Diffraction and Rietveld Refinement. XRD data
suggesting the existence of additional 2Cccations at were collected using a Rigaku Rint-2000 Ultimédiffractometer
interstitial (tetrahedral) sites was mentioned without detailed with graphite-monochromatized Cwiadiation (1.5405 A) in the
interpretation or verificatiof? Bragg—Brentano reflection geometry. Because of the very thin
Determination of the exact structure oftype cobalt platelet nature of the as-synthesizeaobalt hydroxide (width=

hydroxide becomes more and more essential to understand_S #M: thickness= 15 nm), the samples were carefully side-
and make use of its interlayer chemistry, phase conversion packed into a glass holder to minimize the preferred-orientation

. . ’ ., .. 'effect. The XRD data were measured intarange from 2 to 120
and electrochemical features. Unlike the hydrotalcite-like

. o . in steps of 0.02
LDH structure which has been verified by Rietveld X-ray The structure refinements were carried out by the Rietveld and

diffraction (XRD) refinement3? the structure of-cobalt maximum entropy methods (MEM) in an iterative procedure using
hydroxide has not been clearly determined because the asfree software which includes a multipurpose pattern-fitting program,
prepared samples were always of poor crystallinity, preclud- RIETAN-20002223 and a 3D visualization package, VENYS®

ing the availability of high quality XRD patterns. Recently, (including VICS, PRIMA, VEND). Specifically, the observed
we have successfully synthesized green, uniform, single- structure factor§,(Rietveld), estimated from the Rietveld analysis
crystal hexagonal platelets of Gintercalated a-cobalt results, were analyzed by MEM to yield three-dimensional (3D)
hydroxide by homogeneous precipitation from a dilute cobalt electron de_nsitiech(MEM) was thu.s_ obtained by the Fourier
chloride solution using hexamethylenetetramine (HMT) as ;_ra_nsformatlon of the electron densities. Next, the whole pattern
a hydrolysis ager® The reflections in the XRD patterns itting to the observed pattern was performed where only the

t v sh but al tric. distinctly differi parameters irrelevant to the structure were refined, while the
are not only sharp but also symmetric, distinctly diiering g, ctyre factors were fixed at the valuesgfMEM). The electron

density distribution was then determined again by MEM using the

Experimental Section
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Figure 2. Powder X-ray diffraction pattern for the as-synthesized green
o-type cobalt hydroxide. The inset shows a magnification of the higjh-2
region. Miller indices for relatively strong Bragg reflections are given.
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bias toward the initial structure mod®?>VICS and VEND were
employed in 3D visualization, rendering, and manipulation of the
crystal models and electron-density maps.

X-ray Absorption and UV —vis Spectroscopy XANES for the
Co—K edge were measured at the Photon Factory BL-12C in the
Institute of Materials Science, High Energy Accelerator Research
Organization (KEK-PF), Japan. The samples were pelleted with

Ma et al.

equal to the sums of those of one oxygen and the corre-
sponding number of hydrogen atoms. A virtual chemical
species for the interlayer guests, denoted by M, which has a
scattering amplitude equivalent to the mean of those of ClI
and HO, was employed. Isotropic atomic-displacement
parametersU, with the isotropic DebyeWaller factor
formulated as exp{872U sir? 6/1?), were assigned to all
the sites. The MarchDollase function and split pseudo-
Voigt function were adopted to reflect the possible texture
effect (i.e., preferential orientation and anisotropic broadening
due to the crystallite-size effect). Since the broad profiles of
the reflection in a high 2 region may decrease the accuracy
for the estimation of the intensities, XRD data in the80°
region was mainly used in the initial stages of the refine-
ments.

The previously mentioned hydroxyl-deficiency model with
a cationic octahedra sheet intercalating chloride anions and
water molecules was first adopted to refine the structure.
Specifically, Co cations occupya30, 0, 0) sites while OH
anions occupy 6(1/3,—1/3,z z~ 0.04) sites. A portion of
the water molecules is incorporated into the octahedra layer,

BN powders as the binder. Spectra were recorded in transmissionsharing @ sites with OH anions. The interlayer guest, M,

mode from 7360 to 8808 eV for the Co edge. Y¥s absorption

was constrained near the middle plane 18hX, z, z~ 0.5).

spectra were recorded in a reflectance mode using a Hitachi U-4000]t was compatible with a formula of [Co(Ol)qH20).4°3-

spectrophotometer.

Results and Discussion

The X-ray powder diffraction pattern of as-prepared-Cl
intercalatedx-cobalt hydroxide is shown in Figure 2. Because
of the very high aspect ratio of the plateletlike sample,
preferred-orientation, represented by the very stronly 00
reflections, is still notable. Nevertheless, the crystallinity of

[Clo3(H20)0.2d. This model yielded the followindR factors:

Rup = 15.82% G= 3.51),R, = 10.33%,Rs = 7.38%, and

R- = 6.78%, respectively. The resultant-€0H bond length
was refined as 2.084(4) A (numbers in parentheses are
estimated standard deviations of the last significant digits),
comparable to the bond length of 2.043 A estimated from
the Co oxidation state by bond valence calculations. How-
ever, theR factors appear to be somewhat high. The

this compound was high enough to give sharp and symmetricalternative model, putting chloride anions on the hydroxyl

peaks of thénkl reflections. From the pattern, a rhombohedral
symmetry is first deduced from the systematic extinction of
—h + k + | = 3n. The highly developed hexagonal

plateletlike morphology of the product also indicates a

~

vacant & (1/3, —1/3, z, z 0.04) sites and directly
coordinating the Co cations into [Co(OH)Clo 3] -0.56H0,

did not lead to any improvement. In addition, 3D electron-
density maps determined by MEM always detected electrons

hexagonal (rhombohedral) symmetry. The sample was thuswith a number density 0f0.3 A=3 between the octahedra

refined in R3m (N0.166) which has the highest symmetry

layer and interlayer guest where no actual chemical species

among rhombohedral space groups. With reference toare expected to exist in the hydrotalcite-based structure (see

previous reports on the MO, family,?52” the crystallites
may either adopt a possible oxygen atom (herein, hydroxyl)
packing of ABBCCA or ABCABC. The former provides
trigonal prismatic sites partially occupied by guest anions
(P3-type, P= prism) while the latter gives octahedral
interlayer sites (O3-type; &= octahedron). Both models
belong toR3m. In our Rietveld refinement, both P3 and O3

hydroxyl packing sequences were taken into consideration.

Figure 1b). The interstitial positions where the extra electrons
were found were situated on 6¢ (0,4),z~ 0.07) sites. The
possibilities thus arise that either chloride anions or cobalt
cations may occupy the interstitial positions. The interatomic
distances between the interstitial site and the octahedral
Co(ll) and OH were estimated to be 1.724 and 1.967 A,
respectively. These atomic distances appear to be too short
for an interstitial chloride anion (e.g., an expected value of

As the O3-type stacking did not attain reasonable conver-~3.1 A is needed for Cl and OH). It therefore seems

gence, we will only discuss the P3-type packing in the
following refinement process.

rational to separate a portion of Co cations from the perfect
octahedra layers €3(0, 0, 0)) to produce some tetrahedral

In the Rietveld procedure, the site occupancies have beersites (& (0, 0, z, z~ 0.07).

initiated according to the previously determined nominal
composition of Co(OH);Clo 3r0.56H0. Atomic scattering
factors for the OH ions and J@® molecules were set to be

(26) Butel, M.; Gautier, L.; Delmas, GSolid State lonic4999 122 271.
(27) Takada, K.; Sakurai, H.; Takayama-Muromachi, E.; Izumi, F.; Dilanian,
R. A.; Sasaki, TAdv. Mater. 2004 16, 1901.
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The proposed tetrahedral Co(ll) coordination geometry
circumvents the awkward hydroxyl-deficiency assumption.
The chloride anions, remaining near the middle plane,
directly coordinate with tetrahedral Co(ll), forming one
tetrahedral apex. The composition may be revised into a
corresponding form of GazdOH):Clo3520.66H0. The
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Figure 3. Experimental (red), calculated (solid green line), and difference
(blue line near the bottom) XRD patterns using the hydrozincite-like model
with a portion of the Co cations occupying tetrahedral sites. Short green

Table 1. Structure Parameters for theType Cobalt Hydroxide
Showing Fractional Coordinateg,(y, 2, Occupanciesg) and Isotropic
Atomic Displacement Parameterd)g

atom  site X y z g UA?2
Coca 3a 0 0 0 0.828(4) 0.011(1)
Coera Gc 0 0 0.0699(3) 0.174 = U(Cod
OH 6cC 1/3 -1/3  0.0458(2) 1 0.039(2)
cl 6 0 0 0.1680(9) 0.174 0.024(5)
H,0 18h 0.137(6) = —x(H,0) 0.500(8) 0.076(4) = U(CI)

a Space groupR3m (No. 166),a = 3.1439(5) Ac = 24.058(6) ARy
=7.05% 6= 1.56),R, = 5.45% Rs = 2.00%, ancRr = 2.42%." g(Cde'd
= [(1.176 — g(Co°e)/2. b g(Cl) = g(Coe"d).

nominal composition determined by chemical analysis. All
the interatomic distances are either close to the values

vertical bars below the experimental and calculated patterns indicate the €XPected by bond valence calculation or reasonable (e.g.,

positions of allowed Bragg reflections. The inset shows a magnification of
the high-2 region.

Figure 4. (a) Structural model of [C%'% g24C 0% 34 OH)z]°-348 Clo 348
0.456H0. Species for Co, OH, Cl, and,B are represented by blue, red,
green, and black balls, respectively. A, B, and C indicate the stacking
sequence of the hydroxyl. (b) 3D electron-density distribution in>a 2

x 1 unit cell. Isosurfaces with an electron density of 1. Are displayed.

The color scale on the left side indicates electron density on the cross-
sections.

subsequent refinement appreciably decreasedRtfaztors
to Ryp = 7.05% &= 1.56),R, = 5.45%,Rs = 2.00%, and
Re = 2.42%. In addition to the decreaseRy,, the striking
decrease ifRg andRr evaluated from the observed integrated
intensities and structure factors is particularly remarkable.
The experimental, calculated, and difference diffraction
patterns are shown in Figure 3. A structure model and
electron-density distribution map with isosurfaces for an
equidensity level of 1.0 A2 are shown in Figure 4, verifying
the validity of the assumption for tetrahedral Co(ll) coor-
dination. Even when the pattern-fitting region was extended
to 12C°, comparable results were still obtainedy,
8.08%,R, = 6.13%,Rs = 2.34%, andR- = 2.86%.
Fractional coordinate$) parameters, and occupancies are
listed in Table 1. The refinements gave a final formula of
[CoPCt8) g2dC 0% 34 OH)z] 23487 Clg 34¢0.456H0O (CP? =
octahedral Co, C#" = tetrahedral Co), consistent with the

octahedra bond length (€&8—0H) = 2.124(2) A (expected
= 2.043 A), tetrahedral bond length (€8—OH) = 1.898-
(2) A (expected= 1.893 A), Céta—Cl = 2.32(2) A, CH
OH = 3.43(2) A).

The above refinement results revealed some important
structural features of the Glintercalated cobalt hydroxide.
First, all the Co cations are in a valence state-ed,
confirming the absence of €a Second, one-fifth to one-
sixth of the octahedral Co(ll) sites are vacant. The refinement
showed that the tetrahedral Co(ll) occupancy was exactly
two times that of the octahedral vacancy. This indicates that
a pair of Co(ll) tetrahedral sites are generated both above
and below one octahedral vacancy, sharing three hydroxyl
ions with other neighboring octahedra (see Figure 4a). The
tetrahedral fourth apex pointing into the interlayer space is
occupied by the chloride anion. In Table 1, the isotropic
atomic-displacement parameter for the OH site seems to be
somewhat high. It might be interpreted that the hydroxyl ions
are displaced to some extent from the ideal octahedral
coordinating positions because of this sharing effect. Finally,
the water molecules are distributed in the gallery, statistically
occupying one of six possible 18h sites near the middle plane.
The coexistence of octahedral and tetrahedral sites in metal
hydroxides was documented early in hydrozincitg(@i)s-
Cl*2H,0O where one-fourth of the Zn(ll) at octahedral sites
is replaced by pairs of tetrahedrally coordinated Zn(ll), giving
a structural formula of [Z#% 75Zn' "3 5(OH),]%5" Clg s
0.5H,0.282%1t can be concluded that Giintercalated cobalt
hydroxide adopts a structure similar to the hydrozincite. The
composition also closely matches with that of the early-
reported basic cobalt chloride (hydroxysalt)s@aH)s sCl 5
2.5H,0.3%n this context, thex-cobalt hydroxide may share
the same origin with this hydroxychloride.

In our previous study, it was demonstrated that the- Cl
intercalated cobalt hydroxide showed anion-exchange ability
with inorganic (NQ™) and organic anions (@HsS0,~, DS).
However, the substitution reaction hardly proceeded at room
temperature and heating conditions were neéd&dis fact
indicated that the chloride anions were exchangeable,
although not so easily as counteranions intercalated between

(28) Nowacki, W.; Silverman, J. NZ. Kristallogr. 1961, 115, 21.

(29) Allmann, R.Z. Kristallogr. 1968 126, 417.

(30) Garcia-Martinez, O.; Millan, P.; Rojas, R. M.; Torralvo, 8.Mater.
Sci.1988 23, 1334.
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Figure 5. XAS study. (a) XANES ofx- andf3-Co(OH), with Co,03 (Co-
(1)) as a reference spectrum. (b) The enlarged preedge regiomsanfd

f-Co(OH). The diagnostic preedge peak associated with the~18d Figure 6. UV—uvis diffuse reflectance spectra of (e} and (b)3-Co-

transition is markedy). In both spectra, Alpha represents théype cobalt (OH),. v3(Or) andws(Ty) indicate the absorption bands close to the transition
hydroxide, while Beta stands fg-Co(OH). energies corresponding to Co(ll) in octahedral and tetrahedral coordination,
respectively.

octahedra slabs in the hydrotalcite-like structure. Neverthe-
less, as Cl and HO actually occupy nearly the same
interslab space in the hydrozincite-like model, there is still
some room for discussion concerning the exact sites of Cl
and HO. The possibility cannot be excluded that one oxygen
of a water molecule might sit on the fourth apex while the
chloride anions distribute in the gallery (i.e., swapping the
site assignments for Cland HO). Such a organization of
chemical species has been reported in hydroxynitrate Zn
(OH)s(NO3),-2H,0 where nitrates are intercalated as coun-
teranions’’ A nitrate analogue in cobalt with a nominal
composition of Ce(OH);2(NOs)*xH,O was also reported
although the structure was not determiié@/e suspect the
possibility that replacement of monatomic Ghith NO3~

or other polyatomic anions such as €0might generate a
miscellaneous structure intermediate between hydrozincite
and hydroxynitrate. The refinement by employing interca-
lated counter chloride anions in our sample produced
comparableér factors. However, a water content higher than
the analytical value, implying a higher electron density, was
needed for the tetrahedrab® apex. More definite informa-
tion awaits further studies (such as neutron powder diffrac-
tion). In addition, as pairs of tetrahedral Co(ll) are situated
above and below the empty octahedral sites of the main layer,
the ordering of the tetrahedral cations might lead to super-
cells. Nevertheless, the representative selected-area electro
diffraction patterns taken along the [001] zone axis displayed
perfect hexagonally arranged in-plane diffraction spots with L Aist Sl
an estimated lattice constant af= 3.1 A2! It may be of tetrahedral Co(ll) coordination in the-type cobalt

understood that the tetrahedral sites are statistically disordered'ydroxide. Figure 6 shows the comparison of W\s diffuse
without forming a superstructure. reflectance spectra collected on as-prepareénd S-Co-

Figure 5a shows the normalized Co K-edge XANES of (OH),. In the visible region, broad absorption bands centered

the as-synthesized-type cobalt hydroxide together with &t ~465 and 530 nm were observed for ti@nd/; phases,
B-Co(OH). Also included is the spectrum of @0 as a respectively. In addition, strong peaks-a625 and~665 _
reference for Co(lll). The edge features of téype cobalt ~ NM were observed only for the phase. The spectroscopic

hydroxide, strikingly the same #Co(OH), but distinguish- ~ features for thea-type cobalt hydroxide are in good
ingly different from that of Co(lll), indicate beyond doubt agreement with the literature showing that the tetrahedron-

the divalent state of cobalt. Moreover, the preedge features
of a-type cobalt hydroxide an@-Co(OH), were enlarged
and compared in Figure 5ha-Type cobalt hydroxide
demonstrates a more intense preedge, a few electronvolts
below the K-edge, than that gfCo(OH). This preedge peak
results from the absorption process—2%s3d. The transition
probability (peak intensity) is related to the coordination
symmetry and to the occupancy of the 3d shell of coBFalt.
As the cobalt in both compounds are in a divalent state (i.e.,
a given occupancy), the transition is closely associated with
the inversion symmetry of the first coordination shell. In a
octahedral Q) symmetry, the transition is forbidden by the
center of symmetry, even though a weak preedge is actually
observed resulting from the crystallographic distortion and
constantly vibrating local environments momentarily elimi-
nating the centerosymmetry. This is the casgf@o(OH).

In contrast, the preedge peak becomes more intense with
the noncentrosymmetric environment of tetrahedral cobalt
(Tq). For theo-type cobalt hydroxide, the preedge feature is
composed of a portion of tetrahedral contribution and the
very weak (forbidden) octahedral contribution, the overall
intensity is thus accordingly increased. Therefore, the
enhanced preedge features in Figure 5b fowttgpe cobalt
hydroxide may be interpreted as being more evident for
fetrahedral coordination.

The UV—vis measurement also supported the occurrence

(31) Stahlin, W.; Oswald, H. RActa Crystallogr.197Q B26, 860. (33) Moen, A.; Nicholson, D. G.; Rgnning, M.; Lamble, G. M.; Lee, J-.
(32) Markov, L.; Petrov, K.; Petkov, VThermochim. Actd986 106, 283. F.; Emerich, HJ. Chem. Soc., Faraday Trans997, 93, 4071.
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containing cobalt compound typically exhibits peaks at lower [Co°, gdCd°"%) 34 OH);]%348Cly 34¢0.456H0, was crystal-
energies because of the—d absorption of Co(ll) in lized in such a way that one-fifth to one-sixth of the Co(ll)
tetrahedral coordination geometA#*The transition energies  atoms were located at tetrahedral sites formed by brucite
for the two peaks were calculated tobé.5x 10°and 1.6 hydroxyl and gallery chlorine. The existence of tetrahedral
x 10 em™, consistent with the reported values for tetra- cq (1) coordination was further verified by XAS and BV
hedral coordinationyy(T) = 15 596 and 16 883 cm.*' This s spectroscopic measurements, indicating the divalent state

_adds clear evidence for the. tetrahedral Co(ll) coordmapon and explaining the typical green/blue color. Although specific
in the a-type cobalt hydroxide. For the broad absorption . . . .
models assuming different locations of the gallery anions

th i timated t .1 -1
bands, the energies were estimated to be2.10" cm might have to be applied for a variety of-type cobalt

and 1.9x 10* cm* for o and 3-Co(OH), respectively, ) ) ; I
falling close to the é-d absorption for Co(ll) in octahedral hydroxide samples reported in the literature, it points toward

coordination 5(Oy) = 20 276 cnt.3435The spectral features the possibility that tetrahedral coordination may be a common
in the visible region, two additional much stronger peaks feature for theo-type phase.

for a-type cobalt hydroxide, are deemed to be the origin of
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