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Various P2 and P03-NaxCoO2 phases, with x ranging approximately from 0.6 to 0.75, have been studied by
variable-temperature 23Na magic angle spinning (MAS) NMR. Signal modification versus temperature plots
clearly show that Na+ ions are not totally mobile at room temperature on the NMR time scale. As the temperature
increases, the line shape change of the 23Na MAS NMR signal differs for the P2 and P03 stackings and is interpreted
by the differences of Na+ ion sites and of sodium diffusion pathways in the two structures.

I. Introduction

In the 1980s, NaxCoO2 had been widely investigated as a
potential electrode material for sodium batteries in our
laboratory.1-3 At that time, an unusually large thermoelec-
tric power of 80 μV/K was measured for a polycrystalline
metallic-like Na0.7CoO2 phase at 300 K.3 More recently, the
NaxCoO2 system has gained renewed interest because of its
direct relevance to several condensed matter topics of great
current interest for different x values: superconductivity
when hydrated for x ∼ 0.3,4 complex S = 1/2 magnetic
orderings on a triangular matrix for x∼ 0.7,5 and promising
thermoelectric properties.6,7 The P03-NaxCoO2 (x ∼ 0.6)
phase is also interesting as a conductive additive for Ni-
MH electrodes.8 The NaxCoO2 system has been widely
investigated in the low-temperature region; little is, however,
known about the high-temperature behavior of this oxide
family.
Depending on their synthesis conditions and sodium con-

tent, the NaxCoO2 phases can exhibit different alternate
stackings of edge-sharing CoO6 octahedra slabs and of

partially vacant alkali layers. The packing sequences of
the oxygen layers lead to different oxygen environments
for the Na+ ions (octahedral or prismatic) and to different
numbers of CoO2 sheets within the pseudohexagonal
unit cell. These phases will be named in the following using
the nomenclature previously proposed by Delmas et al.
for the layered oxides:9 the P or O letter describing the alkali
ion site (prismatic or octahedral, respectively) is followedby a
number (1, 2, 3, etc.) indicating the number of CoO2 slabs
within the hexagonal cell. Sometimes, the letter can be
followed by a “prime” (like in P03), which indicates a mono-
clinic distortion of the unit cell. In the present paper, we focus
on the P2 and P03-NaxCoO2 phases. Figure 1 shows the
structures of these phases, highlighting the differences in
the oxygen closed-packing sequences (ABBA... for P2 and
ABBCCA... for P3) and in the resulting alkali prismatic
environments.
P2-NaxCoO2 (Figure 1a) crystallizes in the hexagonal

P63/mmc space group and was previously reported for
0.64 < x < 0.74,10 and higher sodium concentrations were
obtained by electrochemical intercalation.1 More recently,
the upper limit was reinvestigated by Huang et al.,
who reported that sodium content rates up to x ≈ 0.8 could
be obtained by direct powder synthesis but higher sodium
concentrations could only be obtained by chemical intercala-
tion.11 In this structure, the Na+ ions are distributed in
two distinct prismatic sites labeled Na(1) and Na(2) in the
literature: Na(1) shares only faces whereas Na(2) shares
only edges with surrounding CoO6 octahedra (Figure 1a).
Recently, several groups reported sodium/vacancy-ordered
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structures in the P2-NaxCoO2 systems12-17 and phase transi-
tion associated with an ordering/disordering of the Na+

cations in the CoO2 interslab.
18,19

The room temperature monoclinic structure of P03-
NaxCoO2 (x ∼ 0.6) has been precisely determined by X-ray
diffraction (XRD):20,21 the unit cell contains a single CoO2

layer, and the space group is C2/m. Its stability domain was
previously reported for 0.55e xe 0.68.10We recently showed
that the P03-Na0.62CoO2 phase undergoes a phase transition
just above room temperature that is associated with an
ordering/disordering of theNa+ cations in the CoO2 interslab
space, which leads to a high-temperature rhombohedral P3-
NaxCoO2 unit cell (space group R3m).22 In P3-NaxCoO2

(Figure 1b), all of theNa+ ions occupy a single type of prisma-
tic site sharing a face with a CoO6 octahedron on one side and
edges with surrounding CoO6 octahedra on the opposite side.
Few 23Na and 59Co magic angle spinning (MAS) NMR

studies of sodium cobaltites have been reported so far: some
of us studied the diamagnetic O3-NaCoO2 phase,23 and a
full 23NaMAS NMR study of the P03-Na0.6CoO2 phase was
also reported in our P03/P3 phase transition paper.22 Several
research groups investigated some P2-NaxCoO2 phases using
broad-line NMR-type spectrometers on either powders,24-27

oriented powders,28,29 or single crystals.30 For example, low-
temperature 23Na NMR has shown that sodium ordering
occurs for a specific phase x ∼ 0.7, together with possible
charge ordering28 on cobalt ions. Actually, as the tempera-
ture increases, the magnetic susceptibility of the NaxCoO2

phases decreases, the NMR paramagnetic shifts decrease,
and so does their difference for the various sites. The para-
magnetic shift of the 23Na NMR signal is mainly due to the
Fermi contact interaction due to the electron spin transfer
from cobalt ions to the sodium nucleus (see section IIb).
Therefore, the resulting shift of the 23Na NMR signal is
weaker that the signal paramagnetic shift of cobalt nuclei
themselves. High-resolution 23Na NMR is then required in
order to study the system around room temperature and
above. In a recent 23Na NMR study of a P2-Na0.75CoO2

phase, Julien et al. could get enough resolution at room
temperature on single-crystal samples to observe two signals
that they assigned to sodiummotional averaging of ions with
different mobilities within the interslab space.30 For powder
samples, MAS NMR is the most suitable technique for a
study of the sodium cobaltites around room temperature and
higher. With our experimental conditions, a resolution of a
few parts per million could be obtained. In a similar way, 7Li
MAS NMR has already been used to study lithium para-
magnetic layeredoxides,31-33 and 23NaMASNMRwasused
to studymobility in some diamagnetic samples like zeolites,34

perovskites,35 orNasicon.36 In this paper, we report variable-
temperature (VT) 23Na MAS NMR experiments in order to
gain new insights into the sodium mobility in the interslab
space of the P2 and P03-NaxCoO2 phases.

II. Experimental Section

Sample Syntheses. Polycrystalline samples of P2-NaxCoO2,
with nominalNa/Co ratios (x0) of 0.55, 0.66, 0.77, and 0.88 have
been prepared by direct powder synthesis in order to isolate
phases in the thermodynamic 0.64 < x < 0.8 range. The x0 =
0.55 and 0.88 compositions are intentionally out of the existence
domain (0.64 < x< 0.74) reported by Fouassier et al. in order
to ensure that the limiting compositions are obtained.10 Powders
of Na2CO3 and Co3O4 were thoroughly ground in a mortar and
fired at 873 K for 12 h. The sample was subsequently reground
and sintered at 1173 K in a dry oxygen flow for 24 h.

Likewise, the synthesis of polycrystalline powders of P03-
NaxCoO2 (x ∼ 0.62) was performed using a conventional
solid-state route starting from powders of Na2O and Co3O4

intimately mixed under argon in a glovebox and heated for 12 h
at 823 K under a dry oxygen flow.

The final products were slowly cooled at 1 K/min and
immediately stored in an argon-filled glovebox to prevent

Figure 1. P2- and P3-type stackings of lamellar NaxCoO2 phases (0.6<
x < 0.74). Na+ ions are not displayed for clarity.
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moisture contamination. Sample preparation for XRD and
NMR experiments has also been performed in the glovebox.

XRD.XRDpatterns were recordedwith a Philips X’Pert Pro
powder diffractometer in the Bragg-Brentano geometry, using
Co KR radiation. The data collection was made in the 10-120�
2θ range with a 0.0167� step, using an X’Celerator detector
(linear particle size distribution covering 2.122mmequivalent to
a typical counting time of 200 s/step). The powderwas kept in an
airtight holder under dry argon to prevent any reaction with air
moisture. The diffraction data were processed by means of the
Fullprof program. 37

23Na NMR. Single-pulse 23Na MAS NMR spectra were
recorded on a Bruker 300 Avance spectrometer at 79.403 MHz.
VTNMR experiments were carried out in the 268-475 K range
using a Bruker 4 mm WVT MAS probe. A spinning speed of
13 Hz was used. Polycrystalline samples were mixed with dry
silica (typically in a 1:1 weight ratio), in order to facilitate the
spinning and improve the field homogeneity, because the sam-
ples may exhibit metallic or paramagnetic-like properties. The
mixture was placed in zirconia rotors in a drybox. No change in
the NMR signal was observed even for rotors kept several days
out of the drybox, indicating satisfactory airtightness of the cell.
Because 23Na is a quadrupolar nucleuswith I=3/2, a short pulse
length of 1 μs corresponding to a selectiveπ/12 pulse determined
using an aqueous 0.1 mol/L NaCl solution was employed. In
these conditions, we ensure that the main signal observed is due
to the-1/2f+1/2 central transition. The spectral width was set
to 1 MHz, and the recycle time D0 = 0.5 s is long enough to
avoid T1 relaxation time saturation effects with 1600 scans per
spectrum. The baseline distortions resulting from the spectro-
meter dead time (5-10 μs) were computationally removed using
a polynomial baseline correction routine. The external reference
was a 0.1 mol/L NaCl aqueous solution.

III. Results and Discussion

1. Structural Properties and Composition of the
NaxCoO2 Phases. a. P2-NaxCoO2 Phases. Figure 2a
shows the XRD patterns of the various P2-NaxCoO2

samples. As expected, samples of which the starting
compositions x0 were out of the range of stability of the
P2 phase published by Fouassier et al. contain impurities
such as sodium diamagnetic compounds evidenced by
23NaNMR andCo3O4 seen by XRD.Note that the latter
does not affect the 23Na MAS NMR signals. Another
implication is that bulk composition determinations, e.g.,
by means of inductively coupled plasma (ICP) measure-
ments, are not reliable for these samples.
An increasing number of reports correlate the room

temperature c-axis parameter value to the sodium content
x.11,17,38,39 The increase of the c-axis lattice parameter
with decreasing sodium content indeed results from an
increasing Coulombic repulsion between CoO2 layers.
Knowing the evolution of x as a function of c therefore
provides a dependable and convenient way to determine
the sodium content from an XRD data set. The refined
c-axis lattice parameters of the various P2 samples are
summarized in Table 1.
Two previous series of data were used: experimental

data reported by Shu et al. for single crystals17 and
theoretical values obtained from the first-principles geo-
metry optimization of ordered sodium/vacancy phases.39

Both results give a linear relationship between c and x.
For the x = 0.55 sample, the calculated Na/Co value is
higher than the nominal one, in agreement with the
observation of Co3O4 by XRD (Figure 2a). It is also close
to the lower bound of the stability range of 0.64 reported

Figure 2. (a) XRD patterns of the P2-NaxCoO2 phases for various
nominal Na/Co ratios (x0). Peaks marked with asterisks correspond to
Co3O4. The broad peak indicated by the arrow for the x0=0.77 sample is
due to silica mixed with the sample in order to improve the NMR rotor
spinning. (b) Expansion of the (002) diffraction line for the P2 samples.
(c) Expansion of the (102) and (103) diffraction lines for the P2 phase
prepared with x0 = 0.77 showing the presence of two phases in the
material. The vertical lines correspond to the positions of the diffraction
lines due to Co KR1 and KR2 radiation for both phases.
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by Fouassier et al. The Na/Co ratios of the other samples
are close to or smaller than the initial one. For x0 = 0.88,
the Na/Co value is much smaller than the nominal one, in
agreement with the stability domain given in the litera-
ture.40However, for this sample, no impurities thatwould
contain the extra sodium were seen by XRD. Taking into
account the difficulty in determining accurately the
sodium rate in our samples, we will keep the designation
of the samples by their nominal Na/Co ratio x0 noted in
brackets in the formula Na“x0”CoO2. Because the main
aspect of our study is a comparison of the Na+ ion
mobility in P2 and P’3 samples, the exact sodium content
is not a critical parameter, and different P2-NaxCoO2

samples exhibit similar behavior, as shown later.
Among the selected samples, a single P2 phase is

obtained for x0 = 0.55 and 0.66 nominal compositions,
whereas a mixture of two P2 phases is obtained for x0 =
0.77 and 0.88. For x0 = 0.77, the 23Na MAS NMR
spectra (shown later) clearly indicated two phases, which
is confirmed by a careful look at the shape of the (102) and
(103) XRD peaks (Figure 2c) that are better fitted with
two P2 components. The two phases should exhibit a
small difference in the sodium composition that is accom-
panied by a subtle change in the unit cell parameters
(Table 1). In contrast, XRD analysis of the Na“0.88”CoO2

sample clearly shows two P2 phases whose c parameter
values significantly differ, as indicated by the splitting of
the (002) diffraction line (Figure 2b). From the measured
cell parameter values and from the sodium amount
estimated around 0.75, these two phases should corre-
spond to the so-called H1 + H2 phases reported by
Huang et al. that exhibit a P2 stacking with different cell
parameters and slightly different sodium positions in the
interslab space.40

b. P03 and P3-NaxCoO2 Phases. XRD analysis of
the P03 phase and the high-temperature phase transition
have been detailed elsewhere.22 A nominal Na/Co ratio
of 0.66 was used. Because no impurities were seen
by XRD and only traces of diamagnetic sodium com-
pounds was observed byNMR, we performed ICP-atom-
ic emission spectroscopy (AES) analysis of the product,
which leads to the raw formula Na0.62CoO2. Because
byproduced sodium oxides are highly volatile, it is
not surprising to obtain a final lowerNa/Co ratio. Table 2
summarizes the corresponding cell parameters at room
temperature and 393 K. As the temperature increases,

the phase undergoes a structural transition to an
undistorted P3 phase that is driven by the disordering of
Na+ ions.
2. 23Na MAS NMR Study. a. NMR Line Shape.

Figure 3 shows the MAS NMR spectra of the P2-
Na“x0”CoO2 samples (x0 = 0.55, 0.66, 0.77, and 0.88)
and of the P03-Na0.62CoO2 one. The MAS NMR techni-
que allows (for infinite spinning speed) averaging of both
of first-order quadrupolar and nuclear dipolar interac-
tions, mainly responsible for the broadening of the NMR
lines experienced in solid-state NMR experiments. How-
ever, for nuclei with a strong quadrupolar constant
like 23Na, located on a site with noncubic symmetry,
a broad signal remains because of the second-order
quadrupolar interaction that is affected, but not sup-
pressed, by MAS. At room temperature, the NaxCoO2

phases exhibit such a 23Na MAS NMR signal located
around 350 ppm. A set of spinning side bands are
also observed on both sides of this signal. Another signal
located around 0 ppm, with a slightly longer T1 spin-
lattice relaxation time, is also observed and assigned to
diamagnetic sodium impurities that are not seen byXRD.
This feature could be attributed to sodium carbonates
because the impurity amount increases with x0. For x0 =
0.88, the presence of larger amounts of the sodium-
containing diamagnetic impurity is consistent with a
nominal sodium content that exceeds the upper limit of
the P2 phase domain.
At room temperature, the P2-Na“0.55”CoO2, P2-

Na”0.66”CoO2, and P03-Na0.62CoO2 single phases exhibit
signals with clear second-order quadrupolar line shape
and with a broadening due to a distribution of sodium
environments. Indeed, the spectra cannot be fitted satis-
factorily with a single line, even with strong dipolar
broadening, as could be expected for paramagnetic sam-
ples. The origin of this distribution is not clear: it can be
due to complex sodium/vacancy ordering (possibly with a
modulation), which can be associated with a possible
displacement of the alkaline ion from the center of the

Table 1. Cell Parameter Values Obtained for the P2-NaxCoO2 Samples as a Function of the Nominal Na/Co Ratio (x0)
a

nominal
sodium
content x0 a (Å) c (Å)

x sodium
content based on c axis value

calculations 39

x sodium
content based on the c axis value from

single crystal analysis17

0.88 two phases 2.835(1) 10.862(1) 0.712 0.77
2.838(1) 10.808(1) 0.749 0.812

0.77 two phases 2.835(1) 10.895(1) 0.689 0.742
2.831(1) 10.887(1) 0.694 0.749

0.66 one phase 2.829(1) 10.917(1) 0.673 0.722

0.55 one phase 2.827(1) 10.947(1) 0.652 0.693
aThe sodium content x has been determined from the linear x dependence of the c parameter taken either from ab initio calculations39 or from

experimental studies.17

Table 2. Cell Parameters of the Monoclinic P03-Na0.62CoO2 at Room Tempera-
ture and of the Rhombohedral P3-Na0.62CoO2 at 393 K

P03-Na0.62CoO2 at RT P3-Na0.62CoO2 at 393 K

space group C2/m (Z = 2) R3m (Z = 3)
cryst syst monoclinic rhombohedral
a (Å) 4.8995(6) 2.8276(2)
b (Å) 2.8263(2) 2.8276(2)
c (Å) 5.7155(5) 16.518(3)
β (deg) 106.069(6)

(40) Huang, Q.; Khaykovich, B.; Chou, F. C.; Cho, J. H.; Lynn, J. W.;
Lee, Y. S. Phys. Rev. B 2004, 70 (13).
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prismatic sites, as was already observed for the P2 and
P03-NaxCoO2 phases22,41,42 and for the P2-K0.57CoO2

phase.43 This sodium ordering could also be associated
with a charge ordering in the cobalt layers. Therefore,
many different sodium environments can exist with no
real chemical exchange between them on the NMR time
scale, at least at room temperature.

b. Line Shifts versus x. Figure 3 shows that the MAS
NMR signal position depends on the sodium content.
The smaller the Na+ content, the more cobalt ions are
formally oxidized to paramagnetic Co4+ and the more
this signal is shifted to larger values. The shift dependence
versus temperature, as detailed in the next paragraph,
is typical of paramagnetic samples with a Fermi con-
tact shift, in agreement with the Curie-Weiss magnetic
properties of NaxCoO2 phases.5 Because the shifts of
P03-Na0.62CoO2 and P2-Na“0.66”CoO2 are very similar,
the spin concentration should be close in both sam-
ples and the spin-transfer mechanism from the paramag-
netic transition-metal ion to the sodium nucleus should
occur through similar mechanisms. The NaxCoO2

phases exhibit both a metallic electrical conductivity and
Curie-Weiss paramagnetism, whose origin is still un-
clear. Therefore, a (real)Knight shift-type contribution to
the NMR shift is also expected, but there is no evidence
for this.

c. Variable-Temperature Measurements: Na+

Motion. Comparison between P2 and P03-NaxCoO2

(x∼ 0.6). Figure 4 shows that the MAS NMR signal
changes versus temperature for the three single phases
prepared in this study, i.e, P2-Na”0.55”CoO2, P2-Na”0.66”-
CoO2, and P03-Na0.62CoO2. As the temperature in-
creases, the isotropic shift decreases, like the
susceptibility, denoting a Fermi contact mechanism.
However, the heating effects on the shape of the signal
for the P2 and P03 phases are completely different.
For the P2 phases (Figure 4a,b), a temperature

increase results in a sharpening of the signal that
finally exhibits at 475 K a well-defined second-order
line shape and would exhibit a 23Na nucleus in a
unique site with axial symmetry of the electric field
gradient (EFG). This signal modification can be inter-
preted by the Na+ ion motion in the interslab space
that is not fully achieved at room temperature com-
pared to the NMR time scale and increases as the
temperature increases, leading to an averaged single
23Na NMR signal. For the signals recorded at 475 K, a
fit of the line could be done and the results are reported
in Table 3.
For the P03-Na0.62CoO2 phase (Figure 4c), a tempera-

ture increase results in a gradual collapse of the second-
order quadrupolar line shape and in the emergence of a
narrower central resonance without second-order quad-
rupolar shape, as is expected for a 23Na+ ion in a highly
symmetric environment with weak or no EFG. These
observations are also interpreted by the motion of the
Na+ cations in the interslab space on the time scale of
NMR spectroscopy.
For all of the phases, upon cooling, the exact opposite

effects are observed and the spectra recorded at room
temperature at the end of the experiment are similar to
those recorded before heating, indicating a good reversi-
bility of the phenomenon.
In the following, we discuss the origin of the different

effects of the Na+ ion mobility as the temperature
increases in the P2 and P3 stacking in relation to the
Na+ sites and the motion pathway in the interslab space
for the two stackings, depicted in Figure 5.
In the P2 structure, Na+ ions can be located on two

different prismatic sites, Na(1) and Na(2), as was pre-
viously described. Each site has its own EFG values, with
the main contribution to the principal axis system (Vzz)
oriented along the c axis,28 and is symmetric versus the
middle of the interslab space. While moving, Na+ ions
migrate through the faces of the prisms and have to go
from one type of Na site to the other one because eachNa
site is surrounded by three sites of the other type. In the
structure, both Na(1) and Na(2) sites have a 3-fold axial
symmetry with the same axis direction and therefore with
the same direction of the main contribution to the princi-
pal axis system. A complete sodium chemical exchange
leads to an averaged sodium signal that keeps a second-
order line shapewith axial symmetry, butwith anaveraged

Figure 3. (a) Room temperature 23Na MAS NMR spectra of the P2-
NaxCoO2 samples for various nominal Na/Co ratios (x0). (b)

23NaMAS
NMR spectra recorded for P2 and P03-NaxCoO2 samples with close
sodium contents (x ∼ 0.6). The dashed line indicates the contribution of
diamagnetic impurities. Spinning side bands are indicated by asterisks.

(41) Huang, Q.; Lynn, J. W.; Toby, B. H.; Foo, M. L.; Cava, R. J. J.
Phys.: Condens. Matter 2005, 17 (12), 1831–1840.

(42) Viciu, L.; Huang, Q.; Cava, R. J. Phys. Rev. B 2006, 73 (21), 212107.
(43) Blangero, M.; Decourt, R.; Carlier, D.; Ceder, G.; Pollet, M.;

Doumerc, J. P.; Darriet, J.; Delmas, C. Inorg. Chem. 2005, 44 (25),
9299–9304.
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value of the main contributionVzz between those of Na(1)
and Na(2) sites.

In the P03 (or P3) structure, adjacent prismatic Na sites
are equivalent in the ab plane but antisymmetric in the
c direction (Figure 5b), which is the direction of the main
contribution to the EFG tensor. Therefore, we expect for
these two sites similar Vzz magnitudes but with opposite
directions along z. Themobility of theNa+ cations in this
phase thus result, by a chemical exchange phenomenon,
in a cancelation of theVzz contribution and therefore in a
signal narrowing and suppression of the second-order line
shape. Because theNa+ ionmobility implies sites with axial
symmetry and the fact that the trace of the quadrupolar
interaction tensor is equal to zero, necessarily the averaged
Vxx and Vyy contributions should be equal to zero and the
final exchanged signal should be purely Lorentzian. How-
ever, we could not increase further the temperaturewith our
experimental setup and stopped therefore at 475 K, where
complete exchange is not reached.
The P03-P3 phase transition that occurs near 350 K22

does not correspond to an abrupt change in the 23Na
signal but to a progressive modification from a second-
order line shape into a symmetric site line shape. This
progressive evolution is also observed for the P03 phase;
therefore, the Na+ ion mobility increase expected when
the temperature increases leads to a progressive cancela-
tion of the Vzz main EFG term.
Theoretical treatment of the evolution of the second-

order quadrupolar line shape as a function of the EFG
parameters of the sites and the pathways involved in the

Figure 4. 23Na MAS NMR spectra recorded as a function of tempera-
ture for the single phases: (a) P2-Na”0.55”CoO2; (b) P2-Na”0.66”CoO2; (c)
P03-Na0.62CoO2.

Table 3. NMR Parameters for P2-NaxCoO2 Samples Determined from Fitting
Spectra Recorded at 475 K for x0 = 0.55, 0.66, and 0.88 and at 450 K for
x0 = 0.77a

nominal x0 0.55 0.66 0.77 0.88

δiso (ppm) 304(1) 286(1) 293(1) 282(1) 272(1)
νQ (MHz) 1.93(1) 1.99(1) 1.98(1) 2.01(1) 2.03(1)

a η ∼ 0 for all fits. Uncertainties on the fitted parameters are also
given.

Figure 5. Drawing describing the Na+ ion motion path in the interslab
space for both P2 and P3 stacking involving different sodium prismatic
sites. The direction of Vzz is not known but is schematically represented
here in order to show that the twoVzz values for adjacent Na sites (i) have
to be opposite in direction along z with the same magnitude for the P3
stacking and (ii) are not necessarily opposite but have different
magnitudes for the P2 stacking.
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ionic motion is in progress, in order to ensure our inter-
pretation. Such numerical simulations were recently done
on several diamagnetic inorganic samples by a few
groups.35,44-47

Two-Phase Samples P2-NaxCoO2 (x0= 0.77 and 0.88).
For two nominal sodium compositions, we obtained
two-phase samples: for x0 = 0.88, the XRD data are
refined with two phases corresponding to H1 + H2 that
Huang et al. reported,41 and for x0 = 0.77, the XRD
pattern is better fitted with two P2 phases with really close
cell parameters.
Figure 6 shows the evolution of the NMR line versus

temperature. As for the other P2 phases, a temperature
increase results in a sharpening of the signal that finally
exhibits at 475 K a well-defined second-order line shape
of an exchanged sodium between the Na(1) and Na(2)
sites. At room temperature, one would have expected to
observe the two contributions due to each P2 phase
for both the x0 = 0.77 and 0.88 samples. However,
the second-order line shape signals are broadened by
the sodium nucleus environment distribution so that the

two components are not clearly seen. In contrast, for
higher temperature, as the Na+ ion mobility increases,
the signals become sharper and the two contributions can
be seen. In their study, Huang et al. reported that
the H1 + H2 system undergoes a phase transition at
340 K to an H1 phase.41 Following their work, the
complex shape of the spectra of the P2-Na“0.88’CoO2

sample recorded at 268 K should be due to the presence
of both H1 and H2 phases; as the temperature increases,
this sample should undergo this structural transition and
a unique well-defined averaged signal is recorded in
our study. In contrast to the P2-Na“0.77”CoO2 sample,
the two components are clearly observed at 450 K,
evidencing that this sample remains biphased in
our temperature range and therefore does not corr-
espond to the H1 + H2 phase previously described.
The spectra recorded at 450 K can be satisfactorily fitted
with two components with a second-order quadrupolar
interaction line shape (Figure 7). The fit parameters are
discussed in the next section together with the ones of
other P2 phases.

d. Discussion on the Quadrupolar Constant Values.
In Table 3 are listed the quadrupolar constants
(νQ) determined from curve fittings48 for the various
P2-NaxCoO2 samples at 475 K for x0 = 0.55, 0.66, and
0.88 and at 450 K for x0 = 0.77. For the fits, a line shape
typical of a second-order quadrupolar interaction with
possible Gaussian broadening of the central-1/2 f+1/2
transition in the fast MAS limit was used. Vxx, Vyy,
and Vzz are the eigenvalues of the quadrupolar inter-
action tensor in the principal axis system. All of the fits
lead to an anisotropy η = (Vyy - Vxx)/Vzz value very
close to zero, i.e., a site with nearly axial symmetry.
The isotropic position and the quadrupolar constant
value were also obtained from these fits. The quadrupolar
constant value νQ = eQVzz/h is proportional to
the principal axis value Vzz of the EFG tensor around
the sodium nucleus (Q is the nuclear quadrupolar
moment). As x decreases, the average νQ value decre-
ases as the cell parameter a decreases and c increases

Figure 6. 23Na MAS NMR spectra recorded as a function of the
temperature for the nonpure samples: (a) P2-Na”0.88”CoO2; (b) P2-
Na“0.77”CoO2.

Figure 7. Decomposition of the central line of the 23Na MAS NMR
spectra ofP2-Na“0.77”CoO2 recorded at 450K including two second-order
quadrupolar components (green and blue lines). Black line: experimental
data. Red line: sum of the two fitted contributions. The fit parameters are
given in Table 3.

(44) Chu, P. J.; Gerstein, C. J. Chem. Phys. 1989, 90 (7), 3713–3727.
(45) Kristensen, J. H.; Farnan, I. J. Magn. Reson. 2002, 158, 99–125.
(46) Kristensen, J. H.; Farnan, I. J. Chem. Phys. 2001, 114 (21),

9608–9624.
(47) Schurko, R.W.;Wi, S.; Frydman, L. J. Phys. Chem. A 2002, 106 (1),

51–62.

(48) Massiot, D.; Fayon, F.; M., C.; King, I.; Le Calv�e, S.; Alonso, B.;
Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, G. Magn. Reson. Chem. 2002,
40, 70–76.
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(Table 1). The average νQ values obtained at 475K for our
P2 samples are similar to the values reported
by Julien et al. for the six 23Na signals recorded at 59 K
on a Na0.75CoO2 single crystal (νQ ∼ 1.9 MHz)30 but
slightly higher than those reported for the three Na sites
recorded at 100 K on a Na0.66CoO2 single crystal by
Mukhamedshin et al. (νQ between 1.645 and 1.86MHz)28

or for aNa0.7CoO2 powder at room temperature reported
by Gavilano et al. (νQ∼ 1.65MHz).26 The comparison of
the quadrupolar coupling constants obtained on our
P2-NaxCoO2 samples with the literature is not straight-
forward because the sample compositions and the tem-
peratures of the experiments differ. In our study, the
evolution of the line shape with the temperature for pure
P2 phases shows that νQ increases upon heating: at first
sight, this is rather surprising because the sodium mobi-
lity is thermally activated and should lead to a narrowing
of the signal if the cell parameters do not change. How-
ever, thermal expansion (both c and a are increasing) can
largely modify the averaged EFG parameters around the
sodium nucleus.

IV. Conclusions

With VT 23Na MAS NMR measurements on various
P2-NaxCoO2, with x ranging approximately from 0.6 to
0.75, and P03-NaxCoO2 (x = 0.62), we showed that Na+

ions are not totallymobile at room temperature on theNMR
time scale. As the temperature increases, the change of the
NMR line shape is significantly different for the two types of
stackings. This result is interpreted by the difference in the
geometry of the Na+ sites in the two stackings (P2 and P3)
and in the diffusion path in the interslab space of these
structures. Some of the samples exhibit two P2 phases with
very close sodium contents and cell parameters that were
evidenced byMASNMRonly at high temperature, when the
ionic mobility sharpens enough the second-order quadrupo-
lar line shape.
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