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Abstract

Monolayer hydrate (MLH) NaxCoO2 � y0H2O was obtained from superconducting bilayer hydrate (BLH) NaxCoO2 � yH2O by

partial extraction of H2O molecules between the CoO2 layers. Magnetization measurements indicated that electron densities in the

CoO2 layer of the MLH phase remained unchanged after the water extraction. Nevertheless, superconductivity was completely

suppressed in the MLH phase. This strongly suggests that the highly 2D nature in the BLH phase due to its thick insulating layers

consisting of H2O molecules and Naþ ions plays an important role for inducing superconductivity.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Alkali-metal cobalt oxides with layered structure
ðAxCoO2Þ have attracted much interest not only in the
physical aspect of their two-dimensional (2D) nature with
triangular Co sublattice but also in their potential for
practical applications. LixCoO2 has already been used as
a cathode material [1] in commercialized lithium-ion
batteries, and Na0:5CoO2 shows large thermoelectric
power [2]. Electric and magnetic properties have also
been measured intensively in response to this interest, and
a large amount of data has been presented for NaxCoO2

[2–6] and LixCoO2 [7–11]. In spite of such extensive
research, superconductivity has never been reported for
this series of phases. Very recently, we discovered
superconductivity in a layered sodium cobalt oxide,
NaxCoO2 � yH2O ðxE0:35; yE1:3Þ [12].
NaxCoO2 consists of CoO2 layers and charge-

balancing Naþ ions residing in the ‘‘galleries’’ between
them [13]. The superconducting sodium cobalt oxide
was evolved via soft-chemical modification of the
layered structure of the parent oxide, Na0:7CoO2: We
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extracted a portion of Naþ ions and inserted H2O
molecules in the galleries. The inserted H2O molecules
separated the CoO2 layers far apart, resulting in a highly
2D nature in structure. The resultant sodium cobalt
oxide showed superconductivity with a transition
temperature ðTcÞ of ca. 5 K:
At this point, it is of primary importance to clarify the

differences between our superconducting cobalt oxide
and the many other non-superconducting phases with
similar layered structures.
In the present study, we prepared a new hydrated

sodium cobalt oxide with the same x-value, i.e., the same
electron density, but with a different interlayer distance.
We expected that studies on this material would be
valuable for separating the effects of interlayer distance
and electron density on superconductivity. Water
molecules were extracted from the galleries to obtain
such a layered oxide. In many layered host systems,
discrete hydration states involving a monolayer or
bilayer of H2O molecules have been discovered [14].
Through similar topotactic reaction, H2O molecules
were extracted from the galleries, and a new sodium
cobalt oxide, i.e., monolayer hydrate (MLH) NaxCoO2 �
y0H2O; was obtained from the superconducting bilayer
hydrate (BLH) NaxCoO2 � yH2O:
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Fig. 1. XRD patterns of BLH-NaxCoO2 � yH2O under various RHs.
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2. Experimental method

BLH-NaxCoO2 � yH2O was synthesized from the
parent oxide, Na0:7CoO2; as described previously [12].
The MLH-NaxCoO2 � y0H2O sample was obtained by
storing BLH-NaxCoO2 � yH2O under an N2 gas flow for
6 days. Contents of Na and Co in the resulting sample
were determined by inductively coupled plasma atomic-
emission spectrometry (ICP-AES). The water content
was calculated on the basis of the chemical formula,
NaxCoO2 � y0H2O; using the Na and Co contents by
ICP-AES.
Structural changes of BLH-NaxCoO2 � yH2O under

various relative humidities (RHs) were studied using an
X-ray powder diffractometer (RINT 2100S, Rigaku)
equipped with a sample chamber, in which RH is
controlled. CuKa radiation was used for the measure-
ment. When it was necessary, the sample was put in a
sample holder with an Al window to avoid exposure to
ambient atmosphere.
Structure parameters of MLH-NaxCoO2 � y0H2O

were refined by the Rietveld method with the aid of a
maximum-entropy method (MEM) using computer
programs, RIETAN-2000 [15] and PRIMA [16], respec-
tively. In the Rietveld refinement, based on space group
P63=mmc [17], preferred orientation was corrected with
the March–Dollase function on the assumption of a
(001) cleavage plane. In MLH-NaxCoO2 � y0H2O; the
guest Naþ ions and H2O molecules are expected to be
highly disordered, and MEM is quite effective for
detailed analysis of such an intercalation compound.
In MEM analysis, crystal structures are expressed not
by structure parameters such as fractional coordinates
and atomic displacement parameters but by electron
densities in the unit cell. Consequently, MEM allows us
to represent the disordered atomic configuration in a
more appropriate way than in the conventional Rietveld
analysis that adopts a split-atom model.
The magnetizations of the samples were measured by

a superconducting quantum interference device
(SQUID) magnetometer (MPMS 2SP, Quantum
Design). The measurements were carried out under an
external magnetic field of H ¼ 20 Oe in a temperature
range from 2 to 300 K by zero-field cooling (zfc)
process.
3. Results and discussion

Fig. 1 shows the XRD patterns of BLH-NaxCoO2 �
yH2O under various RHs. Decreasing RH to 7%
broadened the diffraction profiles of the original phase
without significant shifts of the peak positions and
produced new reflections at d ¼ 6:9 and 3:4 Å ð2y ¼
12:8� and 25:8�; respectively). When the RH was
increased from 7% to 90%, the intensities of these
reflections decreased, and the reflections corresponding
to the original phase were recovered. After the sample
had been kept at an RH of 90% for 20 h; the additional
reflections almost disappeared. Since only RH was
changed during the procedure, the reaction was limited
to either insertion or extraction of H2O molecules with
the H2O content varying depending on RH. Finally, we
found that the BLH phase disappeared completely after
drying under an N2 gas flow, forming a new phase, i.e.,
the MLH phase.
The strongest reflections of 002 are located at d ¼

5:5; 6:9; and 9:8 Å for the parent anhydrous Na0:7CoO2;
MLH-NaxCoO2 � y0H2O; and BLH-NaxCoO2 � yH2O;
respectively. This series of d values is similar to that
observed in birnessites, MnO2; an analog of the present
system; anhydrous, monolayer hydrate, and bilayer
hydrate birnessites have interlayer distances of 4.7–6,
7, and 10 Å; respectively [18]. The MLH-NaxCoO2 �
y0H2O has an interlayer distance similar to that in the
monolayer hydrate birnessite, and thus its structure was
refined on the basis of a monolayer hydration model.
Table 1 lists final structure parameters, and Fig. 2

shows Rietveld refinement patterns. The structure of
MLH-NaxCoO2 � y0H2O has a layer-stacking sequence
similar to that in the parent phase or in BLH-NaxCoO2 �
yH2O: It was rather difficult to differentiate Naþ ions
from H2O molecules in the refinement because of
pronounced static disorder of the guests. In the present
structural model, Naþ ions were located in 2c sites, and
only fractional coordinates and occupancies of H2O
molecules were refined. The reason for adopting this
arrangement will be discussed later. We also refined the
structure starting from different models on the distribu-
tions of Naþ ions and H2O molecules, for example,
without distinguishing Naþ ions from H2O molecules.
However, MEM analysis afforded similar electron-
density distribution independent of starting models; that
is, high electron densities were always observed around
the 2c sites. Fig. 3 shows representative electron-density
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Table 1

Fractional coordinates, occupancies, g; and isotropic atomic displacement parameters, U ; of MLH-NaxCoO2 � y0H2O

Atom Site x y z g U ðÅ2Þ

Co 2a 0 0 0 1 0.0119(15)

O 4f 1=3 2=3 0.0666(5) 1 0.013(2)

Na 2c 1=3 2=3 1=4 0.358a 0.030(6)

WOb 6h 0.175(4) ¼ 2xðWOÞ 1=4 0.214(4) ¼ UðNaÞ

Space group: P63=mmc; a ¼ 2:8344ð7Þ Å and c ¼ 13:842ð5Þ Å; Rwp ¼ 9:40% ðS ¼ 2:04Þ; Rp ¼ 6:85%; RB ¼ 1:29%; and RF ¼ 2:73%:
aThe total Na content x was fixed at 0.358, which was determined by ICP-AES.
bWO denotes an H2O molecule, whose atomic scattering factor was set equal to the sum of one O and two H atoms.

Fig. 2. Rietveld refinement patterns for MLH-NaxCoO2 � y0H2O: The

observed diffraction intensities are represented by plus ðþÞ marks, and
the calculated pattern by a solid line. The curve at the bottom

represents the weighted difference plots, ðYio 	 YicÞ=s; where Yio; Yic;

and s are the observed and calculated intensities and the statistical

uncertainty of the ith point, respectively. The differences were

multiplied by 20 to make the plots easier to read. The short vertical

bars below the observed and calculated patterns indicate the positions

of allowed Bragg reflections. Only Miller indices for strong reflections

are labeled.
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Fig. 3. Isosurfaces of electron densities determined for MLH-

NaxCoO2 � y0H2O by MEM. Equidensity level: 1:0=Å
3
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Fig. 4. Structural drawings of BLH-NaxCoO2 � yH2O (left) and

MLH-NaxCoO2 � y0H2O (right), where Na and H2O sites are

partially occupied.
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images resulting from two MEM analyses: Fig. 3a was
obtained from the ‘observed’ structure factors, F0;
estimated on the basis of the result of the Rietveld
analysis using the present structural model and Fig. 3b
was obtained using another structural model without
differentiating Naþ ions from H2O molecules. From
these findings, we concluded that the Naþ ions reside
around the 2c sites. To the best of our knowledge, this is
the first case in which atomic positions are refined
satisfactorily for a layered structure with highly
disordered atoms such as in the present system. The
resulting H2O content was 0.64 per formula unit, which
is quite consistent with the composition of Na0:36CoO2 �
0:70H2O determined by ICP-AES. In addition, the final
R factors were low enough to support our structural
model.
Fig. 4 presents structural drawings of BLH-

NaxCoO2 � yH2O and MLH-NaxCoO2 � y0H2O where
the structure parameters of the BLH phase were cited
from the previous report [12]. These structures are very
similar to each other except for the contents and
arrangements of Naþ ions and H2O molecules in the
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Fig. 5. Magnetic susceptibility ðwÞ of BLH-NaxCoO2 � yH2O and

MLH-NaxCoO2 � y0H2O: Closed and open circles indicate w of BLH-

NaxCoO2 � yH2O and MLH-NaxCoO2 � y0H2O; respectively. The inset

figure is an enlarged portion of positive w:
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galleries, which leads to a significant change in lattice
parameter c:
Fig. 5 shows the magnetic susceptibilities ðwÞ of the

samples measured under the zfc condition, where the
vertical axis indicates a molar susceptibility. BLH-
NaxCoO2 � yH2O showed superconductivity with Tc of
5 K: Although MLH-NaxCoO2 � y0H2O also showed a
decrease of w at the same onset temperature, the
decrease was quite small and w did not reach a negative
value even at 2 K: As clearly seen in the figure, only
BLH-NaxCoO2 � yH2O showed bulk superconductivity.
The decrease of w observed for MLH-NaxCoO2 was
considered to come from the residual phase of BLH-
NaxCoO2 � yH2O; because the onset temperature did not
change at all and the superconducting volume fraction
was minimal. Indeed, the decrease of w; i.e., wð5 KÞ-
w(2K), for MLH-NaxCoO2 � y0H2O was 5:7

10	4 emu mol	1; which was 0.14% of 0:41 emu mol	1

for BLH-NaxCoO2 � yH2O: Thus, the decrease of w can
be explained if the MLH-NaxCoO2 � y0H2O sample
contained 0.14% BLH-NaxCoO2 � yH2O; and it is
reasonable that such a small amount of BLH-
NaxCoO2 � yH2O would not be detected in the XRD
pattern in Fig. 2.
The partial extraction of H2O molecules from BLH-

NaxCoO2 � yH2O does not change the formal valence of
cobalt, or the electron density in the CoO2 layers. The
reversible transformation between the BLH and MLH
phases shown in Fig. 1 suggests that only the content of
H2O molecules changed without any other reactions
such as oxidation or reduction during the formation of
MLH-NaxCoO2 � y0H2O:
When the electron density in the CoO2 plane changes,

normal-state magnetic susceptibility should change
significantly according to Kikkawa et al. [3]. They
chemically extracted Naþ ions from NaCoO2 using
iodine and measured their magnetizations. The extrac-
tion of Naþ ions is accompanied by the change in the
electron density of the CoO2 layers, i.e., the extraction
of electrons from the filled t2g band. The measured w
at 20 K for NaxCoO2 with x ¼ 1:0; 0.6, and 0.5 were
8:4
 10	5 emu mol	1; 6:2
 10	4 emu mol	1; and 4:3

10	4 emu mol	1; respectively. On the contrary, the
present samples had quite similar w values above 20 K
as shown in the inset of Fig. 5. These results give further
evidence of the carrier density remaining unchanged.
The above consideration strongly suggests that

adequate separation of the CoO2 layers by the thick
insulating layer of Naþ ions and H2O molecules is
indispensable for superconductivity. As a matter of
course, this does not mean that the electron (carrier)
density is an immaterial parameter. Both factors are
presumably important for superconductivity, but it can
be concluded that the optimum level of carrier doping
alone does not induce superconductivity.
Although the structures of CoO2 layers in the present

two compounds were almost identical, a slight difference
in Co–O bond distance or distortion of CoO6 octahedra
may cause differences in band structure and may explain
the appearance and disappearance of superconductivity.
However, further discussion on such details is beyond
the accuracy of the present structural refinement based
on powder X-ray diffraction. Neutron diffraction is
necessary for further discussion on the detailed structur-
al differences between the CoO2 layers of the phases.
The structure of MLH-NaxCoO2 � y0H2O is worth

further consideration, because it is a newly discovered
phase. Sodium cobalt oxides that have been previously
reported, e.g., Na0:74CoO2 [17] and b-Na0:67CoO2 [6],
have interlayer distances of ca. 5:5 Å: A remarkable
difference between the structures of MLH-NaxCoO2 �
y0H2O and these phases is in the atomic position of
sodium in the galleries. The Naþ ions in Na0:74CoO2 or
b-Na0:67CoO2 reside almost at the centers of the trigonal
prisms formed by the oxygen atoms, whereas in MLH-
NaxCoO2 � y0H2O they reside at the midpoints of the
prism edges, i.e., at the midpoints between facing oxygen
atoms of adjacent CoO2 layers. Such a difference is
considered to come from the different interlayer
distances between the CoO2 layers.
An attractive force would work in NaxCoO2 between

its negatively charged CoO2 layer and positively charged
Na layer to reduce the interlayer distance. The interlayer
distance of ca. 5:5 Å in Na0:74CoO2 or b-Na0:67CoO2

seems to be governed by the ionic radii of O2	 and Naþ

ions. Indeed, the interatomic distance between O and
Na in the prism is equal to the sum of the ionic radii
of O2	 ð1:4 ÅÞ and Naþ ð1:0 ÅÞ [19]. On the contrary,
the interlayer distance is 6:9 Å in the present MLH-
NaxCoO2 � yH2O; because its CoO2 layers are pillared
not by Naþ ions but by larger H2O molecules. In this
situation, the interatomic distance between facing
oxygen atoms of adjacent CoO2 layers is 5:1 Å; which
is more than twice the sum of the ionic radii of Naþ and
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O2	 ions. This large distance causes the Naþ ions to
occupy the different sites from the center of the prism.
Thus, the Naþ ions occupy the 2c sites in MLH-
NaxCoO2 � y0H2O; due to the strong attraction between
the O2	 ion and the Naþ ion. The Naþ ion at the 2c site
is coordinated by two oxygen atoms of the CoO2 layers
and, in addition, several H2O molecules in the gallery,
although the strongly disordered arrangement of the
guests makes it difficult to determine the exact
coordination geometry.
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