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Abstract— Emission Mossbauer and X-ray absorption XANES/EXAFS spectroscopic techniques are applied
to elucidate the structural features of green cobalt(I11) hydroxide. A comparative analysis of structurally char-
acterized cobalt(II) and cobalt(IIT) oxo-compounds shows that the parameters of the local environment of
cobalt atoms in green cobalt(111) hydroxide differ substantially from those of its analogues.
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According to several reports [1, 2], the low-tem-
perature reaction of cobalt(Il) chloride with hydrogen
peroxide in alcoholic media in the presence of sodium
hydroxide affords dark green cobalt(Il) peroxide.
Although this synthesis protocol is broadly recited (in
particular, it is described in all editions of the classical
manual on inorganic synthesis by N.G. Klyuchnikov
starting from 1965 [3—7]), the formation of such a
simple cobalt(Il) peroxide compound seems hardly
possible. Indeed, although there are many compounds
with a cobalt atom coordinated to a dioxygen moiety
[8—10], this always occurs in mixed-ligand coordina-
tion compounds. A dioxygen ligand can be coordi-
nated to either one [11] or two cobalt atoms thus act-
ing as a bridging group in a binuclear compound [12].
In all cases, depending on the specific pattern of the
electron density redistribution between the anti-bond-
ing orbitals of the dioxygen ligand and the cobalt
morbitals, these compounds are classified as
cobalt(I1I) and cobalt(1I1, III) or cobalt(I1I, IV) per-
0x0- or superoxo complexes in the cases of mono- and
binuclear compounds, respectively [8]. The binding of
a peroxo group to a cobalt(I) atom with the d7 elec-
tronic configuration is energetically unfavorable (for
instance, see [13]) and, thus, is hardly possible, taking
into account the pronounced polarizability and donor
properties of the electron pair residing in the anti-
bonding orbital of the peroxide group [14]. This sug-
gestion is indirectly supported by our earlier results on
similar heavy transition metal dioxygen complexes
[15, 16].

We tried to reproduce the described protocol for
the synthesis of dark green cobalt(1l) peroxide [1—7]
and found it to be incorrect [17]. A detailed study
using emission Maossbauer spectroscopy [17] unam-
biguously demonstrated that the reaction product
contained cobalt in the oxidation state +3 with no

! The article was translated by the authors.
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apparent coordination to a peroxo group. We sug-
gested [17] that this compound was actually a new
green modification of cobalt(III) hydroxide. There-
fore, the present paper is aimed at the further struc-
tural characterization of this compound and in partic-
ular at a comparative analysis of structural parameters
of the closest coordination environment of the cobalt
atoms in structurally characterized cobalt(I) and
cobalt(IIT) hydroxo compounds.

EXPERIMENTAL

The “blue” and “pink” modifications of cobalt(II)
hydroxide were synthesized according to standard
protocols [7, 18]. These compounds are stable as
aqueous slurries under an inert atmosphere but
quickly degrade upon drying or in contact with air. In
particular, “blue” cobalt(Il) hydroxide, if contacted
with air, first turns green and then grayish-brown.
“Pink” cobalt(IT) hydroxide is more stable but also
turns grayish-brown upon a prolonged storage. In
order to prevent the uncontrolled decomposition, the
time delay between the synthesis and characterization
with instrumental techniques in the present study was
kept as short as possible and carefully sealed wet slurry
samples were used. In addition to freshly prepared
compounds, aged compounds with colors altered by
either prolonged storage or contact with air were also
studied.

Cobalt(I1I) hydroxide was synthesized by the stan-
dard method [7, 18] as well as by our own ad hoc
approach specifically developed to introduce the ¥’Co
isotope label into the resultant compound and avoid-
ing the use of bromine. For this, 165 mg of
[Co(INH;)6]Cl; was dissolved in 1 mL of water upon
heating. Then, 0.5 mL of 30% hydrogen peroxide, the
required amount of >’CoCl, to achieve an activity of
0.75 mCi; 1 mL of 25% aqueous ammonia; and
2.5 mL of 16 M NaOH were subsequently added to the
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Fig. 1. Deconvolution of emission Mdssbauer spectra for
green cobalt(111) hydroxide at 78 K and 298 K according to
model 1.

solution upon intense stirring. The resultant solution
was diluted with water to 5 mL, ozonated for 3 h, and
then heated to 100°C for 15 min. The black precipitate
formed was centrifuged from the pale mother liquor,
and washed first with water to pH 13 and then with
acetone. After drying in a vacuum desiccator over
CaCl,, stable brownish-black powder was afforded.

As it has been established by us earlier [17], the syn-
thesis protocol of dark green cobalt product reported
in [1, 2] is incorrect since it implies the presence of
trace amounts of carbon dioxide in atmosphere. If all
required steps are performed in strictly CO,-free
atmosphere, brownish-black cobalt(I1I) hydroxide is
always formed [18]. The target dark green compound,
i.e., “green cobalt hydroxide,” can be reliably synthe-
sized according to an alternative procedure described
in [17]. For this, 10 mL of 30% hydrogen peroxide was
added to 20 mL of 4% solution of CoCl, (containing
the required amount of ’Co corresponding to an
activity of 1 mCi) in 96% ethanol precooled to a tem-
perature between —30 and —35°C. The resultant pink
solution was cooled back, and 6 mL of 15% aqueous
sodium carbonate Na,CO; was dropwise added to it
upon intense stirring. The dark green slurry precipitate
formed was slowly heated to room temperature avoid-
ing temperature jumps due to the decomposition of
excessive hydrogen peroxide. The precipitate was cen-
trifuged from mother liquor and washed subsequently
with ethanol and acetone. Finally, the dark green pow-
der was dried in a vacuum desiccator over crystalline
potassium hydroxide.

The compound synthesized in this way is stable for
at least one month at liquid nitrogen temperature.
Meanwhile, at room temperature, its color changes to
dark brown within 3—7 days after synthesis.

All reactants used in the synthesis were at least of
analytical grade. Cobalt(II) chloride aqueous solution
in 0.1 M HCI was used as the >’Co source.
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Cooling of the reactants during the syntheses was
achieved using a thermostat with aqueous ethylene
glycol as a coolant.

Emission Mossbauer spectra were measured using
MS1101-E and MS1104EM spectrometers (MOSTEK,
Rostov-on-Don, Russia). The measurements were
performed both at room temperature and at liquid
nitrogen temperature. In both cases, the absorber
(potassium hexacyanoferrate(Il) characterized by a
linewidth of 0.32 mm/s and 29% line intensity for the
standard >’Co/Rh source) was kept at room tempera-
ture. The experimental spectra were analyzed by the
least-squares method using the appropriate software
(Univem MS 9.08, Research Institute of Physics,
Southern Federal University, Rostov-on-Don, Rus-
sia). All isomer shifts given in the paper are referenced
to o-Fe.

The X-ray absorption EXAFS/XANES spectra
were measured at the “Structural Materials Science”
beamline [19] of the Kurchatov synchrotron radiation
source. The measurements were performed in the
transmission mode using two gas-tight ionization
chambers filled with nitrogen and a 50 : 50 N, : Ar mix-
ture for I, and I, respectively. The samples during
measurements were kept in a helium flow at 150 K in
order to suppress or decelerate the chemical and struc-
tural modification upon contact with atmosphere. The
standard data reduction and analysis were performed
using the Ifeffit 1.2.11c software suite [20]. The energy
scale calibration was achieved by assigning an energy
of 7709 eV to the position of the 1s — 3d pre-edge peak
in the experimental spectra.

RESULTS AND DISCUSSION

There are four modifications of cobalt hydroxide,
viz., two cobalt(Il) hydroxides that are pink and blue
and two cobalt(III) hydroxides that are brownish-
black and green, the latter being the specific subject of
the present paper.

Emission Mossbauer spectroscopy is applied to
characterize freshly synthesized green and brownish-
black cobalt(I1) hydroxides as well as products of
their spontaneous decomposition. Some preliminary
results on green cobalt hydroxide and its time evolu-

tion have been published earlier [17]2. In the present
paper, more accurate deconvolution parameters for
the experimental spectra are reported.

At measured temperatures, the experimental emis-
sion Mossbauer spectra of freshly synthesized green
cobalt(I1I) hydroxide feature a well-resolved apparent
doublet (Fig. 1), which can be adequately described
with a superposition of two nested doublets corre-
sponding to similar isomer shifts (Table 1, model 1).
The refined values of isomer shifts for these two partial

2 The authors of [17] admitted a numerical error that gave rise to a
systematic discrepancy in reported values of the isomer shifts,
which however did not affect their basic conclusions.
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Table 1. Best-fit parameters of emission Mdssbauer spectra for green cobalt(I1I) hydroxide

Model | 7 K Spectral Isomer shift 3, andrupole Linewidth ', Relative area X2
’ component no. mm/s splitting A, mm/s mm/s S5/80, £5%
1 78 1 0.57 £ 0.01 0.75 £ 0.01 0.42 £ 0.09 19 1.3
2 0.54 £ 0.01 1.13 £0.07 0.87 £0.13 81
298 1 0.44 +0.01 0.68 +£0.02 0.44 +£0.04 26 1.1
2 0.44 £ 0.01 1.04 £ 0.02 0.74 £ 0.03 74
2 78 1 0.46 = 0.01 2.52 £ 0.05 38 2.9
2 0.56 £ 0.01 1.00 £ 0.01 0.69 +£0.01 62
298 1 0.44 £ 0.02 2.251£0.07 36 1.5
2 0.44 +0.01 0.90 £ 0.01 0.61 £ 0.01 64

Table 2. Best-fit parameters of emission Mdssbauer spectra for brownish-black cobalt(I11) hydroxide

Model T K Spectral  |Isomer shift 3, Qqadrupole Linewidth ', | Relative area X2
’ component no. mmy/s splitting A, mm/s mmy/s S5/80, £5%
1 78 1 0.51 £0.01 0.75 1 0.01 0.43+0.03 27 1.1
2 0.44 £ 0.01 1.03 £ 0.04 1.18 £ 0.04 73
298 1 0.39 £ 0.01 0.75+0.01 0.60 = 0.01 62 1.8
2 0.44 +0.01 1.54 + 0.06 1.80 = 0.08 38
2 78 1 0.44 £ 0.01 2.10+£0.03 68 1.7
2 0.51 £0.01 0.84 £ 0.01 0.50 £ 0.02 32
298 1 0.37 £ 0.01 2.42 +0.04 59 2.0
2 0.40 £ 0.01 0.79 £ 0.01 0.53 £ 0.01 41

doublets correspond to iron atoms (and, respectively,
to mother cobalt atoms) in the charge state +3 and in
the octahedral coordination by oxygen atoms [21].
Nevertheless, these two doublets differ from each
other in the quadrupole splitting and linewidths.
Therefore, we assume that these partial components
are due to chemically identical configurations of
mother cobalt atoms, which occur in differently
ordered environments. More specifically, the doublet
with a smaller quadrupole splitting and smaller line-
widths should correspond to atoms within a well long-
range ordered crystalline lattice. Meanwhile, the dou-
blet with a larger quadrupole splitting and broader lin-
ewidths corresponds to atoms either in amorphous
parts of the sample or in surface regions of crystalline
grains. Taking into account non-equilibrium synthesis
conditions, the resultant compound is expected to be
highly defective, which is in agreement with X-ray dif-
fraction data (X-ray diffraction patterns of the com-
pound always feature only weak and broad peaks).

In the case of brownish-black cobalt(I1l) hydrox-
ide synthesized via the ozonation of alkaline solutions
of hexaaminocobalt(III) chloride, the experimental
emission Mossbauer spectra feature a well resolved
slightly asymmetric doublet, which can be described as
a superposition of two doublets (Table 2, model 1). A
few differences as compared to the aforementioned

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol. 58 No. 1

green cobalt(I1I) hydroxide are worth noting. First of
all, the fraction of well-ordered iron (or mother
cobalt) atoms (that are characterized by smaller qua-
drupole splitting and linewidths) is larger than the
fraction of disordered ones (that are characterized by
larger quadrupole splitting and linewidths). Further-
more, the isomer shift of the ordered component
determined from the room-temperature spectrum dif-
fers by 0.05 mm/s from the respective values for the
disordered component and both doublets of green
hydroxide, and this difference exceeds the nominal
accuracy of this experimental parameter. When we try
to deconvolve liquid-nitrogen spectra within the same
model as a superposition of two doublets, the ratio of
areas of spectral components corresponding to the
ordered and disordered phases changes. Furthermore,
parameters of the disordered phase demonstrate an
atypical temperature dependence: the isomer shift
does not change, whereas the quadrupole splitting
decreases (see Table 2, model 1). These experimental
observations imply that either the compound under
study experiences a phase transition between room
temperature and liquid nitrogen temperature, or the
spectral deconvolution model used is inadequate.

In order to reconcile the above discrepancies
within the spectral deconvolution model 1, we propose
another model assuming a superposition of the dou-
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Fig. 2. Deconvolution of emission Mossbauer spectra for
brownish-black cobalt(IIl) hydroxide at 78 K and 298 K
according to model 1.
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Fig. 4. Deconvolution of emission Mossbauer spectra for
green cobalt(I11) hydroxide at 78 K and 298 K according to
model 2.

blet of the ordered phase and a broad singlet that can
be of the relaxation origin (Table 2, model 2; Fig. 3).

The use of such a model (a singlet plus a doublet)
for the deconvolution of the emission Mossbauer
spectra for green cobalt(I1I) hydroxide (Table 1,
model 2; Fig. 5) affords a statistically less reliable
description as compared to model 1 (see Table 1), but
the self-consistency of the spectral deconvolution
enables a direct comparison of the best-fit Mossbauer
parameters for the two cobalt compounds (cf. Table 1,
model 2 and Table 2, model 2). It becomes evident that
both the isomer shift and quadrupole splitting are
larger for green cobalt(I1I) hydroxide than for brown-
ish-black cobalt(III) hydroxide at all temperatures
studied, which implies that there are systematic differ-
ences in the local environment of iron (and, respec-
tively, mother cobalt) atoms in these two compounds.
More specifically, a larger isomer shift value means an
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Fig. 3. Deconvolution of emission Mdssbauer spectra for
brownish-black cobalt(III) hydroxide at 78 K and 298 K
according to model 2.
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Fig. 5. Co K-edge XANES spectra for the series of cobalt
hydroxides: (a) green Co(OH)s3; (b) brownish-black
Co(OH)3; (¢) pink Co(OH),; (d) blue Co(OH),.

increased electron density on the metal atom. Mean-
while, a larger quadrupole shift indicates a lower sym-
metry of the coordination environment. Such a com-
bination of factors can indicate shortened cobalt-oxy-
gen bonds in green cobalt hydroxide(I1I) as compared
to brownish-black one, which is further supported by
EXAFS data (see below).

X-ray absorption spectroscopy was used to com-
pare systematically the local environment of cobalt
atoms in green cobalt hydroxide and a set of closely
related compounds, including brownish-black
cobalt(IIl) hydroxide along with pink and blue
cobalt(II) hydroxides.

X-ray absorption near-edge (or XANES) spectra
for the samples studied are shown in Fig. 5. The spec-
trum for green cobalt(Ill) hydroxide differs signifi-
cantly from the spectra of reference samples. Indeed,
the spectrum is characterized by a more smeared fine
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Fig. 6. Co K-edge EXAFS oscillations (left panel) and their Fourier transforms (right panel) for the series of cobalt hydroxides:
(a) green Co(OH)3, (b) brownish-black Co(OH)3, (c) pink Co(OH),, and (d) blue Co(OH), (For clarity, positions of the Co—O
and Co--Co coordination spheres are marked, the Fourier transform for green cobalt(I111) hydroxide is multiplied by 2.).

structure as compared to all references used, which
indicates a lower symmetry and heavier disorder in the
local environment of Co atoms therein. At that, the
exact position of the absorption edge (which correlates
with the oxidation state of the atom being probed)
takes an intermediate place between Co(II) and
Co(III) reference compounds. The spectra of all sam-
ples are characteristic of the electronic transitions and
geometric parameters of the atom being excited. The
XANES spectrum for brownish-black cobalt(11I)
hydroxide features a distinct spectral feature “A” at
around 7740 eV (Fig. 5), which is absent in the spectra
of other reference compounds. In the XANES spec-
trum for green cobalt(I1I) hydroxide, such a feature is
visible but strongly smeared, which makes it dissimilar
to all other reference spectra under consideration. The
energy positions of spectral features “B” (Fig. 5) are
common for both (green and brownish-black)
cobalt(I1I) hydroxides.

The oscillatory parts of Co K-edge EXAFS spectra
and their derived Fourier transforms are shown in Fig. 6.
Peaks observed in the EXAFS Fourier transform can
be associated with specific coordination spheres
around the Co atoms in a sample studied. As it
becomes apparent already from visual comparison of
the Fourier transforms, peak positions in the FT for
green cobalt(11I) hydroxide are rather similar to those
for brownish-black cobalt(III) hydroxide and dis-
tinctly different from both modifications of cobalt(II)
hydroxides. Shorter cobalt—oxygen distances in the
first coordination sphere are evidently due to the
smaller ionic radius of Co** with respect to Co**.
However, the difference between green and brownish-
black cobalt(III) hydroxides is of particular note. FT
peaks in the case of the green modification are charac-
terized by significantly lower intensities (Fig. 6). Fur-
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thermore, the relative intensity of the second-coordi-
nation-sphere peak is additionally attenuated,
whereas peaks of longer-distance coordination
spheres are nearly completely suppressed. This clearly
indicates a pronounced local-structure disorder
therein, which is in accord with the above conclusion
from XANES spectroscopy.

A full quantitative analysis of the EXAFS spectra
includes a non-linear fit of a theoretical model spec-
trum to the experimental one. As a raw structural
model to be refined, we used available crystallographic
data for brownish-black cobalt(IIl) hydroxide [22]
and pink cobalt(IT) hydroxide [23]. Structural param-
eters of first two coordination spheres were refined in
the non-linear fitting procedure. The first coordina-
tion sphere in all cobalt hydroxides is constituted of six
oxygen atoms, whereas the second coordination
sphere includes six Co atoms within the Co—O—Co
atomic chains; the respective photoelectron scattering
paths dominate in the experimental EXAFS spectra.
Due to the aforementioned difference in ionic radii,
the interatomic distances corresponding to these
coordination shells are substantially different for
cobalt(II) and cobalt(111) hydroxides.

Interatomic distances for the first two coordination
spheres along with Debye—Waller factors (that
encompassed both atomic thermal motion amplitudes
and structurally imposed static scatter in interatomic
distances within a coordination sphere) were used as
variable parameters in the fitting procedure. Addition-
ally, the Fermi energy shift and the amplitude reduc-
tion factor (that takes into account a non-zero proba-
bility of multielectron excitations) were refined under
assumption that they were equal for all scattering paths
for one sample. The best-fit values for variable struc-
tural parameters are listed in Table 3. For reference
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Table 3. Best-fit local structure parameters according to EXAFS spectroscopy

Amp litute Scattering | Coordina- Interatomic Debye;Walle_r}
Sample Rf » % reduction _factor, path |tion number| distance R, A factor, o 3 X107,
energy shift, eV A
Cobalt(I1I) hydroxide— 1.5 S, =0.56(6), Co-0 6 1.893(7) 52+0.9
green e=-3.7(1.6) | Cco_Co, 3.9(6) 2.806(8) 8 +2
Co—Co, 2.1(6) 3.087(8) 6+2
Cobalt(III) hydroxide— 0.55 S,=0.70(4), Co-0 6 1.901(4) 29+0.3
brownish-black ey=—1.1(8) Co—Co 6 2.854(3) 25404
Cobalt(IT) hydroxide—pink 1.9 S, =0.94(8), Co-0 6 2.105(7) 5.5+£0.9
eo=2(1) Co—Co 6 3.176(6) 47405
Cobalt(II) hydroxide—blue 3.9 S§,=10.93(13), Co-0 6 2.082(13) 10 £2
eo=1.6(1.5) Co—Co 6 3.135(10) 8+ 1

compounds with known structures (i.e., brownish-
black cobalt(III) hydroxide and two modifications of
cobalt(II) hydroxides), the EXAFS local-structure
parameters are in a good agreement with the literature
crystallographic data. It is important that no signifi-
cant change is detected for aged cobalt(II) hydroxides
that underwent color alternation upon a prolonged
storage or contact with air apart from a slight increase
in the ordering degree as manifested in smaller
Debye—Waller factors.

In order to get an adequate fit of the EXAFS spec-
trum for green cobalt(1Il) hydroxide, we had to use a
more sophisticated model of the local environment of
Co atoms. The second coordination sphere has to be
split into two components with coordination numbers
of four and two and noticeably different Co—Co dis-
tances. The best-fit values for the Co—Co distances
differ significantly from all other cobalt reference
hydroxides, and thus they can be regarded as specific
structural characteristics of green cobalt(II1) hydrox-
ide. The cobalt—oxygen interatomic distance for the
sample is equal to the respective distance in brownish-
black cobalt(IIT) hydroxide within the error bar, which
is fully consistent with the oxidation state +3, since
cobalt(IIl) reference compounds are characterized by
much longer Co—O distances. The Debye—Waller fac-
tors in the case of green cobalt(Ill) hydroxide are
larger than for brownish-black cobalt(III) hydroxide,
which is consistent with a strong local-structure disor-
der and the lack of long-range crystalline order.

In order to rationalize the observed local-structure
disorder, we considered some models implying the
introduction of carbonate anions into the coordina-
tion environment of Co atoms. Basic cobalt(II) car-
bonate CoCO;(Co(OH),(H,0), and cobalt(II) car-
bonate CoCOj; [24] were used as structural prototypes.
In this case, in addition to Co—O' and Co---Co single-
scattering paths, Co--C, Co--O", and multiple Co—
O'—C—0" scattering paths were included into the
structural model to be refined. Despite the more
sophisticated character of the model and difficulties in
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differentiating light elements within the second coor-
dination sphere, the “carbonate” model was decisively
ruled out.

Therefore, EXAFS spectroscopy data indicate that
cobalt atoms in green cobalt hydroxide are character-
ized by the oxidation state +3 and strongly disordered
local structure, which is manifested in a smeared
XANES fine structure and large EXAFS Debye—
Waller factors. Furthermore, there is a strong experi-
mental evidence that the Co—Co second coordination
sphere is split into two components composed of four
and two Co atoms at distances of 2.81 A and 3.09 A,
respectively. This is not typical of other structurally
characterized cobalt hydroxides.

CONCLUSIONS

In summary, a consistent comparative analysis of
emission Mossbauer and EXAFS/XANES spectros-
copy data for all known cobalt(Il) and cobalt(III)
hydroxo compounds show a substantial difference
between the structural parameters of the closest coor-
dination spheres of Co atoms in green cobalt(III)
hydroxide from those of its analogues. The distinctive
structural features of this compound include: short-
ened Co—O interatomic distances within the first
coordination sphere; a larger electric field gradient
and higher electron density on Co atoms with respect
to brownish-black Co(OH);; the splitting of the Co—
Co second coordination sphere into two components.
In overall, green cobalt(1Il) hydroxide is less ordered
than brownish-black cobalt(I1I) hydroxide.
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