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Stoichiometric oxygen content in Na,CoO,
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The crystal structure and oxygen stoichiometry in two-layer Naj 74C00, and Naj;3C00, at room tempera-
ture are analyzed by powder neutron diffraction. Two sets of diffraction data for each sample, taken at different
incident neutron wavelengths, A=1.1968 A and A=1.5403 A, are analyzed simultaneously by the Rietveld
method, allowing for the independent refinement of all structural parameters. The fractional oxygen site
occupancies are found to be 1.01(1) for Nag74C00, and 0.99(2) for Nag 33C00,, respectively. These results
indicate that the oxygen content of these phases is stoichiometric to a precision of 1 to 2%, and therefore the
formal cobalt oxidation state is determined solely by the sodium content. The analysis also reveals that both
types of sodium ions in the structure are in off-center distorted trigonal prismatic geometry.
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I. INTRODUCTION

The structural variety and diversity of properties in the
Na,CoO, layered sodium cobalt oxides have made them the
subject of continuing research for both chemists and physi-
cists. Their magnetic and electronic properties are nominally
tuned by changing the number of charge carriers in the CoO,
layers through sodium intercalation or deintercalation.'=> The
recent discovery of superconductivity in Naj;CoO, interca-
lated with water has further suggested that unconventional
superconductivity and novel quantum states arising from
strong electron correlations may occur in this family.* The
origin of superconductivity in this material is not yet fully
understood.

The electronically active structural components of
Na,CoO, are sheets of edge sharing CoOg4 octahedra. The Co
layers have a triangular lattice, and close packed triangular
layers of oxygen are found both above and below the Co
plane. Each oxygen in the close packed oxygen layer is
bonded to three Co in the neighboring Co layer and 1-3 Na
in the interleaving Na plane, depending on the Na stoichiom-
etry. The Na,CoO, electronic phase diagram shows that a
paramagnetic metal is found for 0.5<x<0.75, an insulator
is found for x=0.5, and a normal metal is found for x<0.5.
Critical to any interpretation of the properties of the system
is knowledge of the formal charge in the CoO, layers. This
has generally been taken to be determined by measurement
of the Na concentration and the requirement of charge neu-
trality to yield formal Co oxidation states given by
Na,Co**¥0,. In the range of interesting properties,
0.3<x< 1.0, the oxidation state of Co is then between +3.7
and +3.0. Early in the studies of the superconducting oxyhy-
drate, however, and also in studies of the simpler nonhy-
drated Na,CoO, phases, the use of the Na content as a mea-
sure of the Co oxidation state was called into question. These
questions have been raised primarily based on the interpre-
tation of chemical titration data, which, in the ideal case,
measures the oxidizing power of solid particles suspended in
a liquid containing an indicating reagent. Precision applica-
tion of this method requires excellent technique, rigorously
single-phase powder samples with fine particle size, and un-
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ambiguous knowledge of the chemistry of the reactions.
Such methods have yielded lower Co oxidation states in
these materials than are expected from the nominal compo-
sitions. Thus, titration-based analyzes have suggested that for
the superconducting phase, Na,CoO, X 1.3H,0, the oxida-
tion state of cobalt is between +3.3 and +3.5, which is sub-
stantially lower than what is expected from the sodium
content.®” Time dependent neutron diffraction analysis of the
superconducting sample indicated that the Co oxidation state
changes in time, and the maximum 7c¢ occurs when Co is in
~+3.5 oxidation state.® These discrepancies have been at-
tributed to the presence of H;O* or H*, whose presence has
not been detected directly, or to oxygen vacancies. Titration
analyzes have been performed on unhydrated Na,CoO,, with
the conclusion that no further oxidation of Co is possible
beyond Co +3.5.° In the simple ternary compound, then, this
means that oxygen would have to be removed from the
close-packed layer under oxidizing conditions, i.e., that for
x<0.5 the formula of the compound is Na,Co**°0 75,./
and the Co oxidation state is constant at +3.5. In one in-
stance, thermogravimetric analysis of a high x, Naj;5Co0O,
sample, was interpreted to indicate an oxygen deficiency of
~0.08, or a Co oxidation state of +3.09 when one of +3.25 is
expected from the Na content.!”

Here we present the results of careful neutron diffraction
measurements on Na,CoO, in both the high x and low x
regions, designed specifically to be sensitive to the presence
or absence of oxygen vacancies. The quality of the data and
the model fits are excellent. No oxygen vacancies are found.
Combined with the results of recent high resolution neutron
diffraction measurements on NaysC00,,!! it can be con-
cluded that the Na content is a good measure of the formal
oxidation state in Na,CoO, and, therefore, a measure of the
charge in the CoO, layer in the range of interesting compo-
sitions.

II. EXPERIMENTAL

Naj74Co0, was prepared by solid-state reaction. Sto-
ichiometric quantities of Co;0, (Alfa, 99.99%) and Na,CO;
(Alfa, 99.9985%) were ground together and annealed at
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TABLE 1. Structure parameters of Naj74C00, and Na 33C00,.

Compound Atom Site X y Z U;o X 100 Occ
*Nag 74C00, Co 2a 0 0 0.5 0.54(5) 1
Na(1) 6h 0.051(8) 0.025(4) 0.25 1.5(1) 0.071(2)
Na(2) 6h 0.559(2) 0.2796(8) 0.25 1.5(1) 0.177(2)
(0] 4f 1/3 2/3 0.09047(7) 0.76(1) 1.01(1)
"Nay 35C00, Co 2a 0 0 0.5 0.72(5) 1
Na(1) 6h 0.104(6) 0.052(3) 0.25 1.5(2) 0.038(2)
Na(2) 6h 0.571(3) 0.285(1) 0.25 1.5(2) 0.090(2)
(0] 4f 1/3 2/3 0.08585(5) 0.69(2) 0.99(2)

a)(2=1.51; for N=1.5403 A: wRp=7.59%; Rp=6.34%; Re=5.02%; for N=1.1968 A: wRp=6.46%;

Rp=5.28%, Re=4.28%

by2=138; for N=1.5403 A: wRp=5.95%; Rp=4.99%; Re=4.31%; for A=1.1968 A: wRp=5.52%:;

Rp=4.51%; Re=4%;

800 °C for 16 h under flowing O,. 5% excess of Na,CO;
was added to balance the Na lost due to volatilization.
Nay 33C00, was prepared by stirring 1 g of Naj74,C00, with
40X Br, dissolved in acetonitrile. After five days of stirring
at room temperature, the product was washed with acetoni-
trile and stored under dry conditions to prevent water inter-
calation.

Two sets of neutron powder diffraction intensity data for
each Na,CoO, sample were collected using the BT-1 high-
resolution powder diffractometer at the NIST Center for
Neutron Research. For one data set, a Cu (311) monochro-
mator was used to produce a neutron beam of wavelength
1.5403(1) A. A Ge(733) monochromator, producing neutrons
with wavelength 1.1968(1) A was used to collect data in a
higher 26 range to reduce correlations between temperature
factors and occupancy parameters. Collimators with horizon-
tal divergences of 15, 20’, and 7’ of arc were used before
and after the monochromator, and after the sample, respec-
tively. The data were collected in two separate banks in steps
of 0.05° in the 26 range 3°-168°. Rietveld refinements of the
structures were performed on the two sets of data simulta-
neously with the GSAS suite of programs.'? The peak shape
was described with a pseudo-Voigt function. The background
was fitted with 12 terms in a linear interpolation function.
The neutron scattering amplitudes used in the refinements
were 0.363, 0.253, and 0.581 (X107'2 cm) for Na, Co, and
O, respectively.

III. RESULTS

Structural models for both Naj74,Co0, and Nag33C00,
have been previously reported.>!> The structures both have
crystal symmetry P6;/mmm, differing primarily in the frac-
tional sodium site occupancies. There are two sodium sites,
both in trigonal prismatic coordination with oxygen. One
prism [Na(2)] shares edges with the neighboring CoOg octa-
hedra, while the other prism [Na(1)] shares faces with the
neighboring CoOg octahedra. The Na(2) atom is found to be
displaced from the center of the trigonal prism in a (2x, x, )
site. Previously proposed models have Na(1) on the (0, 0, ;)
site,” centered in the trigonal prism, but large thermal param-

eters for this atom suggested that it might also be displaced
from its position.

The structures found here are basically the same as those
reported previously but are defined to better precision.
The refined hexagonal lattice parameters are found to be
a=2.8375(1) A and ¢=10.8781(1) A for Na,,,Co0O, and
a=2.8120(1) A and ¢=11.2289(1) A for Nay;3C00,, re-
spectively (note: the refined cell parameter standard devia-
tions do not include the uncertainty in the neutron wave-
length). The displacements of the Na(2) atoms from the
centers of the trigonal prisms are similar to what has been
previously found.>!* However the quality of the present data
allowed consideration of whether the Na(1) position is simi-
larly displaced. The displacements of the Na(1) atoms from
the ideal positions in the center of the prism to (2x, x, 411)
positions was found to be significant in both compounds and
yielded conventional magnitude thermal parameters. The dis-
placement is more significant for Naj 33C0O, with fractional
displacements of 17 standard deviations from the ideal site.
For Nag 74C00,, the Na(1) displacements are smaller but are
also significant, at 8 standard deviations. The sodium com-
positions for the two compounds can also be defined to high
precision in the refinements, yielding x=0.744(2) and
0.384(2), consistent with expectations based on the known
chemistry of these materials. Finally, the quantity and quality
of the data allow for simultaneous free refinement of the
occupancies and thermal parameters for the oxygen atoms in
the close packed layers. The fractional oxygen site occupan-
cies are found to be 1.01(1) and 0.99(2) for Na, 74C00, and
Nag 33C00,, respectively. Thus, within the experiment preci-
sion, the oxygen sites are found to be filled.

The models presented in Table I for the two compositions
give excellent fits to the diffraction data for both wave-
lengths. This can be seen directly in the observed, calculated,
and difference plots for the refinements, presented in Figs. 1
and 2. It can also be seen in the statistical agreement indices
presented in Table I, which are x*=1.51 and x*=1.38 for all
diffraction data for x=0.74 and x=0.38, respectively. Se-
lected bond distances and angles are shown in Table II: the
values are in close agreement with the earlier reported data.’

The present work finds both sodium sites, Na(l) and
Na(2), to have a distorted trigonal prismatic configuration.
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TABLE II. Selected bond distances and angles for Na74C00,
and Nao':;gCOOz.
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FIG. 1. Observed (crosses) and calculated (solid line) neutron
diffraction intensities for Na74,C00,. Vertical bars show the Bragg
peak positions. The data for A=1.5403 A are shown in the inset.

Figure 3 presents, as an example, the crystal structure of
Nag 74C00,. The off-center positions result in two types of
Na-O bond lengths within the prisms. The displacements of
Na(1) and Na(2) in Naj33C00, results in virtually identical
bonding environments (left side of Fig. 3). The figure also
shows the coordination environments in Naj74,C00,, where
the Na(2) site is quite similar in geometry to what is found in
x=0.38, but the Na(1) coordination is much less distorted.
The fact that the Na(1) site is less displaced in the compound
with a higher sodium filling in the plane suggests that ion
repulsion within the layer forces it to become on center: the
implication is that the naturally occurring positions within
the prism, without the influence of in-plane Na-Na repulsion,
are off center. The fractional occupancies of the oxygen sites
indicate that there is no oxygen deficiency at an uncertainty
of 1 to 2%. This result demonstrates that the sodium content
is an accurate measure of the formal oxidation state of Co in
Na,CoO,. That is +3.26 and +3.62 for Naj;4,CoO, and
Nag 33C00,, respectively. As a result, the level of electron
doping is well defined by the sodium content. The possibility
of oxygen loss during the Na deintercalation process is ex-
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FIG. 2. Observed (crosses) and calculated (solid line) neutron
diffraction intensities for Nag 33C00,. Vertical bars show the Bragg
peak positions. The data for A=1.5403 A are shown in the inset.

cluded by the present results on Naj33C00,. The only pros-
pect for oxygen deficiency in the superconducting phase
would, therefore, have to be oxygen vacancies forming dur-
ing the hydration process. This, in fact, has been previously
reported.’

IV. CONCLUSIONS

High precision powder diffraction analysis of the struc-
tures of Naj 75C00, and Na 33C00, indicates that there is no
oxygen nonstoichiometry either in the thermodynamically
obtained composition Naj-;5Co0O, or in the deintercalated
product Naj33C00,. A previous high resolution diffraction
study of Nay;Co0O, also found no oxygen deficiency. It can
therefore be concluded that in the range of compositions that
displaying the interesting electronic and magnetic properties
in the Na,CoO, system the formal charge on Co is given
only by the sodium content. Conclusions about the presence
or absence of H*, H;0%, or oxygen vacancies in the super-
conducting superhydrate cannot be drawn from the current
work. However, if oxygen vacancies are indeed present in
the superconducting material the fact that they are not
present in the Nag3;3C00, host material implies they would

Nag 33C00,

Co
0O¢

FIG. 3. The crystal structure of Naj;4C00,. Edge-shared CoOgq
octahedra are separated by layers of sodium ions. The two sodium
sites in this structure are distorted triangular pyramids, represented
on the right.
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have to be formed during the hydration process.? The refine-
ments of the two structures also revealed that the two sodium
sites have distorted trigonal prismatic configurations. The
finding that off-center positions of the Na are preferred in
this system for both types of Na sites, those that share edges
with the CoOg4 octahedra and those that share faces, suggests
that these are energetically preferred positions for Na within

PHYSICAL REVIEW B 73, 212107 (2006)

the layer. Why this is the case is an interesting crystal-
chemical question that remains to be answered.
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