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Abstract

The magnetic, thermoelectric, and structural properties of Li\Na,CoO,, prepared by intercalation and deintercalation chemistry from
the thermodynamically stable phase Lig41Nag3;CoO», which has an alternating Li/Na sequence along the c-axis, are reported. For the
high Li-Na content phases Lig4;Nag 3;C00, and Lig 49Nag 43C00,, a sudden increase in susceptibility is seen below 50 K, whereas for
Lip»Nag 14C00, an antiferromagnetic-like transition is seen at 10K, in spite of a change from dominantly antiferromagnetic to
dominantly ferromagnetic interactions with decreasing alkali content. The Curie constant decreases linearly with decreasing alkali
content, at the same time the temperature-independent contribution to the susceptibility increases, indicating that as the Co becomes
more oxidized the electronic states become more delocalized. Consistent with this observation, the low alkali containing phases have
metallic-like resistivities. The 300 K thermopowers fall between 30 uV/K (x+y = 0.31) and 150 pV/K (x+y = 0.83).
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1. Introduction

The study of layered 4,Co0O, cobaltates (4 = Li or Na)
is of interest from the viewpoint of both basic science and
industrial applications. Li,CoO; is used in Li-ion batteries
[1] while Na,CoO» shows a wide variety of electronic states
[2], including high thermopower [3,4] and superconductiv-
ity when water is intercalated [5]. The compounds are
based on triangular CoO, layers built from CoOgq
octahedra sharing edges, alternating with layers of alkali
ions. A single thermodynamically stable LiCoO, phase
exists [1,6] while for Na,CoO, three thermodynamically
stable phases can be obtained [7-9]. These phases are
distinguished by the Na content, number of CoO, sheets
per unit cell (1, 2 or 3), and by the coordination of the
alkali ion (trigonal prismatic or octahedral). By changing
the alkali content by chemie douce or electrochemical
methods, the electronic properties of the family can be
tuned.

Na,Co0, is found in both 2- and 3-layer derived series.
Both show similar electronic properties as a function of x
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in spite of differences in the crystal structures due to layer
stacking [8,9]. This suggests that the physical properties are
dominated by charge transport within the CoO, layers,
with the band filling controlled via the Na content. For
Li,CoO,, only a 3-layer derived series exists. There are
clear similarities between the Na and Li series: an insulator
to metal transition is observed on decreasing x, and at
x=0.5 an A" /vacancy ordering is reported [2,10]. One
notable difference is the impossibility (so far) of making a
suitably water intercalated, superconducting Lip3;CoO»:
yH,O phase [11]. Here we report an investigation into a
related layered cobaltate that contains distinct layers of Li
and Na between CoO» planes.

The synthesis and structural characterization of a
thermodynamically stable Li.Na,CoO, phase was first
reported by Balsys and Davis [12]. Their sample had
composition Lig 432)Nag 36(2)C001 966y and was found to
crystallize in_space group P6zmc with a = 2.839(4) and
¢ =20.36(3) A. The oxygen packing in this structure is
ABCAACBA, and there are four CoO, sheets per unit cell.
The Li* and Na' ions are not mixed, but are found in
separate planes between the CoO, sheets: the Li™ ions are
in octahedral coordination with oxygen, while the Na™
ions are in trigonal prisms. The Na " ion has two trigonal
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prismatic sites available, analogous to the 2-layer Na CoO,
phase [8]. More recently, the thermoelectric properties of
this phase at composition Lig43Nag 35C00, were reported
[13]. At room temperature, a thermopower of 180 uV/K
and resistivity of 20mQ cm were observed. The reported
thermal conductivity is 2Wm ™ 'K~' (cf. Bi,Te; has
3Wm~ 'K~ at 300K) [14] leading to a thermoelectric
figure of merit (ZT) of 0.02 at 300 K. Improvement of ZT
will depend on reduction of the resistivity. For example
(keeping everything else constant), a resistivity of 1 mQ cm
would lead to a ZT~0.4 at 300 K. Given the wide variety of
electronic states observed in 4,Co0O, (4 = Li, Na) and the
potential of Lig4gNag35C00, as a thermoelectric, it is of
much interest to study the structures and physical proper-
ties of Li,Na,CoO,, where x and y are varied by
intercalation and deintercalation.
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Fig. 1. Normalized Powder X-ray diffraction patterns for all studied
Li\Na,CoO, samples. The inset contains a close up of the high angle
region for the thermodynamic and most deintercalated phases. The dotted
lines in the main panel are a guide to the eye.

Table 1
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2. Experimental

Polycrystalline Li,Na,CoO, with nominal x = 0.47 and
y = 0.44 was prepared by standard solid state chemistry
methods. Stoichiometric amounts of Na,COs3 (99.995%,
dried at 120 °C), Li,CO3 (99.997%) and Co0304 (99.995%,
dried at 450 °C) were intimately mixed using mortar and
pestle, and pressed into pellets of approximately 2 g each.
These were heated at 900 °C for 12h under a flow of
oxygen in a pre-heated furnace. The samples were
quenched by removing the boat from the tube furnace
and placing the pellets on a thick metal plate. This process
was repeated once, and finally the sample was annealed
under O, flow at 300°C overnight This resulted in an
almost phase pure sample of Li,Na,CoO,. From ICP-AES
analysis (Inductively coupled plasma atomic emission
spectroscopy), the composition of the resulting compound
was found to be Lig4;Nay3;C00,. A trace of a Li-rich
LiNa,CoO, phase was found to be present (labelled with
an arrow in Fig. 1).

Deintercalation of Na and Li was done via a chemical
route. Finely ground powder and small bars of the
thermodynamically stable phase (~1x 1 x 10mm?®) were
deintercalated using solutions of Br, and I, in acetonitrile
(solutions of concentrations 40 x Br, 20 x Br and 10 x I of
the molar excess of the total amount the Na and Li present
were used). In the case of the powders 1g in 20ml
acetonitrile were used, and the solution was stirred
vigorously with a magnetic stirrer. In case of the bars
about 5 bars and 5ml acetonitrile were used without
stirring. An overview of the deintercalation conditions is
given in Table 1. Na intercalation was performed as
follows: Na metal (0.3 g) and dry tetrahydrofuran (40 ml)
were placed in a 25 x 150 mm? pyrex screw-capped tube
and heated by placing the lower 3cm in an oil bath
maintained at 95°C. After 30 min, benzophenone (2.0 g)
was added (to make an Na-benzophenone complex that is

Compositions determined by ICP-AES, Curie constants (C), experimental (uer) and calculated (u2ye = (1—x—y)* p2Co** [S = 1/2]) effective moments,
Weiss temperatures (6,), temperature independent contributions to the susceptibility (o) and lattice constants for Li,Na,CoO,

Li, () Na, () Cemumol  fer  feae 0 (K) %o a-axis (A)  c-axis (A)
CoOeK) (emu/mol Co Oe)
(1s/Co)
As prepared - - 0.41 0.31 0.132(5) 103 093 —852) 0 2.8266(3)  20.265(2)
2xNa Powder 4d 040 0.43 0.178(5) 119 071 =292) 0 2.8264(4)  20.305(4)
Bar 4d  0.40 0.36 - - - - 20.27(1)
10 x I Powder  10d  0.39 0.16 0.088(5) 084 116  —30(2)  0.00023 2.827(6) 20.48(1)
Bar 5d  0.40 0.18 - - - - 20.40(1)
20 x Br Powder  10d  0.19 0.14 0.024(5) 044 142 32(5)  0.00045 2.816(5) 20.77(1)
Bar 5d 0.8 0.16 - - - - 20.58(1)
40 x Br Powder  10d  0.21 0.14 0.018(5) 038 140 48(5)  0.00046 2.819(4) 20.70(1)
Bar s5d 0.25 0.15 - - - - 20.70(1)

The lattice constants were obtained from the positions of the (001) and (10/) reflections. (where standard deviations are not given they are 1 in the last

decimal).
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stable in THF). After the solution turned blue, powdered
LiyNa,Co0O, (1.0g) and 2-3 bars contained in a Pasteur
pipette (with a hole in its side to improve the flow) were
added. The tube was again placed in the oil bath and the
mixture heated for four days under magnetic stirring. After
cooling to room temperature ethanol (20 ml) was added to
quench the benzophenone ketyl radical anion and any
unreacted sodium metal. The ethanol was decanted after
15 min, and the bars and powder was washed three times in
dichloromethane (20ml). Finally, the bars and powder
were dried and stored in a desiccator.

Powder X-ray diffraction (PXRD) patterns were col-
lected using a Bruker D8 Focus diffractometer with Cu K,
radiation fitted with a scintillation counter and a graphite
diffracted beam monochromator. Lattice constants for the
as-prepared sample were obtained from LeBail fits using
the JANA2000 program [15]. The temperature and field
dependence of the magnetic susceptibilities were measured
using a Quantum Design Physical Properties Measure-
ments System (PPMS) fitted with ACMS inset. Thermo-
power data were collected using an MMR technologies
SB100 Seebeck measurement system. Rectangular bars
(app. 1 x 1 x5mm?) were mounted on a sample holder
using silver paint. Electrical resistivities were measured
using the resistance option of the PPMS; sample resistances
were all within the acceptable measurement range. Con-
tacts were made using platinum wire and silver paint in a
standard four-point geometry. The bars were sanded down
before applying the contacts.

3. Results
3.1. Composition and structure

The ICP-AES determined compositions of the studied
materials are given in Table 1. The composition of the
as-prepared sample is Lig 4;Nag 3;CoO, (uncertainty in Na
and Li contents are approximately +0.01). This corre-
sponds to a loss of 0.06 Li and 0.13 Na per formula unit
from the nominal composition during synthesis. Deinter-
calation with 40 x and 20 x Br results in samples with
nearly identical compositions. For the powder samples the
compositions are Lip,9Nag 14C00,. For the bars, the Li
content is slightly higher, at Lip,5Nag5C00;. lodine
selectively deintercalates Na, and gives materials of
composition Lijp39Nag14CoO, for the powders, and
Lig 49Nag 13C00, for the bars. Note that the Na content
is identical to that obtained using bromine. Sodium
intercalation resulted in a powder sample with Lig 49Nag 43
Co00»,, and bars with composition Lig49Nag36C00O,. The
samples are assumed to be oxygen stoichiometric as the
starting material was annealed under an oxygen flow and
chemical intercalation/deintercalation should not affect the
oxygen content (as for the pure Na and Li phases [14]).

The PXRD patterns of all studied samples are shown in
Fig. 1. The pattern of the thermodynamically stable phase
is in good agreement with the literature [12,13]. The refined

lattice constants are a = 2.8266(3)A and ¢ = 20.265(2) A.
Deintercalation strongly affects the PXRD peak shapes
(Fig. 1), making Rietveld fitting of the diffraction data
problematic. For this reason, the lattice constants were
directly obtained from the peak positions of the (00/) and
(10]) reflections. Determination of the g-axis is only given
for compositions where at least three (10/) reflections were
visible in the diffraction pattern (see inset to Fig. 1). From
Table 1 and Fig. 2a, it can be seen that deintercalation
results in a systematic increase in the c-parameter. This
reflects the increased coulomb repulsion between the CoO,
layers upon deintercalation that is also observed for the
A,Co0, (A4 = Li, Na) series [6,8—10]. The Na intercalated
samples have very similar c-parameters, not continuing the
trend that is seen in the deintercalated samples (Fig. 2a).
Furthermore, the Na intercalated powder sample is the
only non-thermodynamically stable sample that has sharp
PXRD reflections. The trend for the a-axis is masked by
the relatively large standard deviations (Table 1). For the
related 4,Co0O, (4 = Li, Na) series, a shortening of the
a-axis with x is observed. The full-width half-maximum
(FWHM) of the (004) reflections of the studied materials
are shown in Fig. 2b. This reveals that the extraction of Na
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Fig. 2. The dependence of (a) the crystallographic c-axis (A), (b) the full-
width at half-maximum (FWHM) of the (004) reflection, the inset shows
the peak width variance for the (00/) reflections for selected LiNa,CoO,
samples. (solid lines are linear fits), (¢) the Curie constants (C in emu/mol
Co Oe K), (d) the Weiss temperatures (6, in K) and (e) yo (3o in emu/mol
Co Oeg) on total alkali ion content (x+y) for Li,Na,CoO,.
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and Li from the parent phase leads to an increasingly
poorer structural coherence. The broadening of the (00/)
reflections can be deconvoluted into contributions due to
particle size and microstrain using a Williamson-Hall plot
(inset to Fig. 2b) [16]. The size and microstrain contribu-
tions to the peak widths are described by:

w1

Q) =57 573+ €0 (1
where ¢” is the variance of the peak width (¢ = FWHM?/
8In2), Q is the wave vector transfer, L is the mean
dimension of the particles and {¢*) is the variance of the
stress distribution. The FWHM were corrected for instru-
mental broadening effects using an Al,O5; standard. The
inset to Fig. 2b shows that the peak variance approaches
zero when Q7 goes to zero, revealing that the effects of
particle size broadening are negligible. The microstrain
contribution to the peak width (the slopes in the inset of
Fig. 2b), on the other hand, increases significantly upon
chemical deintercalation. The broadening of the (00/)
reflections indicates that the crystallinity is reduced during
the chemical deintercalation process. The analysis de-
scribed above shows that this is due to microstrain
broadening (probably related to remnant stresses in layer
stacking) and not due to smaller particle sizes. It is not
clear why strain-induced reduced crystallinity occurs for
deintercalated Li,Na,CoO, but not for 4,CoO, (4 = Na,
Li), in spite of the similar synthesis procedures. Note that
the reduced crystallinity does not imply that Na and Li are
mixing upon deintercalation: in all PXRD patterns the
(002) reflection is present. This reflection can only be
present if the Li and Na layers remain distinct. The fact
that it is visible for all studied samples indicates that the
layered arrangement of Na/Li remains intact throughout
the series. The structure of the ‘“as made” material
Lip41Nag3;Co0O, has been studied previously, and, as
expected from the great size difference between Li™ and
Na ™, these ions are found in distinctly different layers in
the compound [12]. In our deintercalation experiments,
alkali ions are removed from the layers of the “‘as made”
material and there is no driving force for removing an ion
from one layer and reinserting it into a different layer. Thus
the Li and Na layers will not mix on deintercalation. In our
intercalation experiments, only Na* was added to the “as
made” compound. This ion is too big to go into the Li™"
layer so, in the intercalation experiments as well, mixing
within the alkali layers is also highly improbable. These
considerations are in agreement with our observations.

3.2. Magnetic properties

The temperature dependences of the inverse magnetic
susceptibilities, 1/(x(T)—yo), for the powder samples are
given in Fig. 3a, b. yo was obtained by fitting the measured
magnetic susceptibility to the Curie Weiss law y(7) =
C/(T—0y)+ yo from 100 to 250 K. The insets to Fig. 3 show
the measured susceptibilities without the ¥, subtraction.
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Fig. 3. (a, b) The temperature dependences of the inverse magnetic
susceptibilities [1/(x—xo)] for selected Li,Na,CoO, samples. Solid lines are
fits to the Curie Weiss law. The insets show the temperature dependences
of the measured magnetic susceptibilities without the subtraction of y,.
(c) M(H) loops for selected Li,Na,CoO, compositions.

The obtained Curie constants (C), Weiss temperatures (6,,)
and temperature-independent contributions to the suscept-
ibility (o) are given in Table 1 and Fig. 2c—e. The solid
lines in Fig. 3 are linear fits. The downturn of the inverse
susceptibility below 50K in Fig. 3a suggests the onset of a



J.W.G. Bos et al. | Journal of Solid State Chemistry 180 (2007) 3211-3217 3215

magnetic ordering transition, with a ferromagnetic com-
ponent, in spite of the fact that the negative Weiss
temperature indicates the presence of dominantly anti-
ferromagnetic interactions. This type of behaviour is
commonly observed in systems such as canted antiferro-
magnets, where the ordering is basically antiferromagnetic
in character but due to small deviations of the spins from
antiparallel alignment in the ordered state, some ferromag-
netic component is observed. The magnetic transition is
most pronounced for the as-prepared sample Lig4;Nag 3
CoO, but, as revealed by the inset, also occurs for the
Na-intercalated sample Lig49Nag43C00,. The sharp
upturn in the magnetic susceptibility disappears for
the samples treated with iodine and bromine (Fig. 3a, b).
For Lig49Nag16C00,, the inverse susceptibility remains
almost linear down to 5K. A small downturn at low
temperatures remains visible. For the samples treated
with bromine the Weiss temperatures are positive and
within error identical (Table 1 and Fig. 2d). Both show
an antiferromagnetic-like transition at 10K (Fig. 3Db).
This kind of behaviour is frequently observed in layered
systems where in-plane correlations are ferromagnetic in
character and inter-plane interactions are antiferromag-
netic in character. The as-prepared sample Lig41Nag3;
Co0O, has an effective moment of 1.0pg/Co, close to
the spin-only moment expected for the low spin mixture of
0.28 Co*" (S=1/2)+0.72 Co*" (S =0), 0.9 ug/Co, that
would result for this composition, though we have no
data to directly measure the Co spin states. The data
show that the Curie constant increases with increasing x + y
(Fig. 2c and Table 1). This trend suggests that the system is
one in which high spin or intermediate spin Co is
introduced as the formal Co valence approaches Co>*.
This is similar to what is observed in the 3-layer Na,CoO,
series [9]. The bottom three panels of Fig. 2 summarize
the magnetic characteristics of the system. The tempera-
ture-independent contribution (yo) to the susceptibility
changes from ~0 to +4.5 x 10~*emu/mol Co Oe (Table 1
and Fig. 2¢) with decreasing x+y. This indicates the
presence of a significant Pauli paramagnetic contribution
to the susceptibility that increases with increasing formal
oxidation of Co. This observation, and the decreasing
magnitude of the curie constant with increasing Co
oxidation indicate the strong tendency toward charge
delocalization on oxidation of Co. This trend is in
agreement with resistivity measurements (Fig. 4) that show
metallic-like temperature dependence for these composi-
tions (x+y<0.58). The field dependences of the 7= 5K
magnetizations of selected samples are shown in Fig. 3c.
The as-prepared Lig4;Nag3;CoO, and Na-intercalated
Lig 40Nag 43C00, samples show no magnetic hysteresis.
The bromine deintercalated sample Lig,1Nag4C00,
showed a small magnetic hysteresis, consistent with the
positive Weiss temperature discussed above. The small
magnitudes of the magnetizations suggest that no long
range purely ferromagnetic ordering occurs in any of the
samples.
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Fig. 4. Temperature dependences of the electrical resistivities (p)
measured on polycrystalline samples for selected Li,Na,CoO, composi-
tions.

3.3. Electrical resistivity and thermopower

The temperature dependences of the resistivities are
given in Fig. 4. Because the data are taken on polycrystal-
line samples, they can be interpreted only qualitatively.
Thermodynamically stable Lig41Nay3;C0o0O> and interca-
lated Lig40Nag36C00, are both semiconducting, with resis-
tivities of 0.5 and 6 Qcm at 300 K, respectively (Fig. 4a). The
temperature dependence could not be fitted with thermally
activated or variable range hopping behaviour. Deintercala-
tion results in a transition to metallic-like behaviour (Fig. 4b),
though the measured resistivities remain high, 40-270 mQ cm
at 300 K. The resistivity of the iodine deintercalated sample
Lig49Nag 13Co0, shows a transition from a metallic to a
semiconducting temperature dependence around 125K. The
residual resistivity ratios for the bromine deintercalated
samples are approximately 2, combined with the magnitude
of the metallic-like resistivities, this suggests that grain
boundary effects strongly influence the measured resistivity.

The thermopowers of the Li,Na ,CoO, samples are given
in Fig. 5. The thermodynamically stable phase proved
difficult to measure reproducibly, possibly due to chemical
changes during the measurement. The data shown in
Fig. 5a are the average of 3 measurements; the relatively
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Fig. 5. Temperature dependences of the thermopowers (S) for selected
LiNa,CoO, compositions.

large error bars reveal the deviations among the measure-
ments. The measured thermopower increases to a max-
imum value just above 200uV/K. No reproducibility
problems were observed for the other samples; the error
bars are much smaller than the symbols. The thermo-
powers of the non-thermodynamically stable samples all
have linear temperature dependences that are characteristic
of metals or degenerate semiconductors. The room
temperature values vary between 30uV/K (Lig,sNag g
COOz) and 150 H.V/K (Lioi41NaoA36C002). The thermo-
powers of the bromine deintercalated samples (Fig. 5b)
are nearly identical. This suggests that the difference in
resistivities (Fig. 4b) for these two samples are due to grain
boundary or other microstructure effects. This is in
agreement with the fact that the residual resistivity ratios
are identical. The resulting thermoelectric power factors
(PF = §%/p) are low (<0.1 uW/K?cm), largely due to the
high electrical resistivities.

4. Discussion

The layered Li,Na,CoO, materials have been prepared
by solid state reaction and chemical deintercalation/
intercalation reactions. The Na and Li ions are arranged
in alternating layers sandwiched between CoO, sheets. The

alkali ion content (x+ y) was varied between 0.33 and 0.84,
corresponding to formal cobalt valences of +3.76 and
+3.17. The physical properties of the present series and
A,Co0O, (A=Li or Na) show many similarities: for
example, a transition from insulating to metallic behaviour
with decreasing x (x+ y) is observed. In the current case the
transition falls between x+y = 0.72 and x+y = 0.58; the
exact composition has not been determined. The linear
temperature dependence of the thermopower for a wide
range of X was previously observed for Li,CoO, [10]. The
main difference in the Li—Na phase is the loss of structural
coherence: both A4,Co0O, (4 =Li, Na) series can be
chemically intercalated and deintercalated without any loss
in structural integrity. Detailed X-ray and neutron powder
diffraction studies have been reported for the 3-layer Li [6]
and 2- and 3-layer [8,9] Na series. The studies on Na,CoO,
reveal clear correlations between the shapes of the CoOg
octahedra, the Na-ion positions and the electronic phase
diagram. This shows the importance of the coupling of the
structural and electronic degrees of freedom in these
materials. The loss of structural coherence in the Li,Na,
CoO; series is expected to have profound consequences for
the electronic properties. The thermopowers, which are less
sensitive to microstructure effects, are characteristic of
metals or degenerate semiconductors, and fall between
30 and 80uV/K for the deintercalated samples at RT.
For comparison, single crystalline Nag;CoO, is reported
with a thermopower of 90 uV/K and an electrical resistivity
of 0.2mQcm, leading to a thermoelectric power factor
of 50 yW/K?cm [3]. The low thermoelectric power factors
(<0.1pW/K?cm) in the current series can therefore
be attributed mainly to the high electrical resistivities.
The semiconducting samples have higher thermopowers
but this is offset by the much higher resistivitiecs. We were
not able to reproduce the result from Ref. [13]
(PF = 1.6pyW/K*cm). The future development of a
preparation route where the structural integrity remains
intact may lead to materials suitable for thermoelectric
applications.
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