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a b s t r a c t

Among the thermoelectric misfit-layered cobalt oxides, [MmA2Omþ2]qCoO2, the parent m¼0 phases
exhibit divergent chemical features but are less understood than the more common m40 members of
the series. Here we synthesize Sr-for-Ca substituted [(Ca1�xSrx)z(O,OH)2]qCoO2 zero phases up to x¼0.2
through low-temperature hydrothermal conversion of precursor powders of the m¼1 misfit system,
[Co(Ca1�xSrx)2O3]qCoO2. In the zero-phase [(Ca1�xSrx)z(O,OH)2]qCoO2 system, as the Sr content x
increases the lattice expands anisotropically along the c axis such that the ab-plane dimension and
the misfit parameter q remain essentially constant. X-ray absorption spectroscopy data suggest the
presence of peroxide-type oxygen species in the (Ca1�xSrx)z(O,OH)2 rock-salt block and together with
infrared spectroscopy, thermogravimetric and low-temperature resistivity and thermopower measure-
ments evidence that the isovalent Sr-for-Ca substitution controls the balance between the peroxide and
hydroxide species in the (Ca1�xSrx)z(O,OH)2 block but leaves the valence of Co essentially intact in the
CoO2 block. The higher electrical conductivity of the Sr-substituted phases is explained as a consequence
of increased carrier mobility.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Various exciting physical properties such as high thermopower
[1], giant magnetoresistance [2], superconductivity [3], and non-
correlated metallic state [4,5] have been discovered since late
1990s for layered cobalt-oxide compounds based on the hexagonal
CdI2-type CoO2 layer. In particular, the so-called misfit-layered
cobalt oxides with a general formula of [MmA2Omþ2]qCoO2 (A¼e.g.
Ca, Sr, Ba; M¼e.g. Co, Bi, Pb, Tl; m¼0, 1 or 2) [6,7] are highly
interesting from both scientific and technological points of view.
The interest arises from the fact that they have been found to
exhibit exceptionally high values of the thermoelectric figure-of-
merit, Z (� S2/ρκ) [8]. The high Z value requires the material to be
simultaneously a good electrical conductor (with low resistivity, ρ)
and a poor thermal conductor (with low thermal conductivity, κ),
and to possess a large Seebeck coefficient (S).

It is their unique crystal structures that make it possible for the
misfit-layered cobalt oxides to possess the required combination
of properties being contradictory in conventional materials. The

crystal structures consist of two types of layer-block: hexagonal
CoO2 and rock-salt-structured MmA2Omþ2, stacked incoherently to
each other; the “misfit parameter” q (� bH/bRS with bH and bRS
being the b lattice parameters of the two types of block along
which the layers are by definition misfitting and to which the
layer-stacking direction is perpendicular) is a measure of the
mismatch between the two layer-blocks, a commensurate struc-
ture appearing only at q¼0.50. Another important factor is the
mixed-valence Co3þ/Co4þ state that provides pathways for carrier
hopping and high thermopower as a result of the collective spin
and orbital degeneracies [9]. Various chemical substitutions have
been employed to control the magnitude of q and the valence state
of cobalt. Basically, aliovalent substitutions that decrease the low-
spin Co4þ content in the hexagonal CoO2 layer would enhance the
thermopower. This is not straightforward though, as factors like
oxygen nonstoichiometry [10,11], carrier concentration and carrier
mobility should be considered as well. Also, in a way parallel to
artificial superlattices [12,13] the uniaxially-modulated misfit-
layered structure as such presents weak correlation between the
different layer-blocks, thus acting as a phonon scattering center to
depress the thermal conductivity and increase the Z value.

The parent or “zero” (m¼0) misfit-layered cobalt-oxide phases
differ from the higher members of the [MmA2Omþ2]qCoO2 homo-
logous series as they require synthesis conditions other than
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ambient air to form [14–20]. The m¼0 structure was first realized
for A¼Sr samples synthesized in a sealed quartz ampoule using
SrO2 and SrCl2 �6H2O as sources of excess oxygen and H2O vapour,
respectively [14,15], yielding samples with q¼0.50, and later also
through ultra-high-pressure synthesis [21] to obtain samples with
qE0.53 [16,17]. Partial substitution of Sr by Ca was achieved up
to y¼0.2 in the [(Sr1�yCay)2(O,OH)2]qCoO2 system, the samples
being synthesized by the aforementioned closed-ampoule techni-
que [15]. On the other hand, the non-doped zero phase with A¼Ca
was first obtained through ultra-high-pressure synthesis from
CaO, CaO2, Ca(OH)2 and Co3O4 precursors. Actually, two poly-
morphs were reported: (1) monoclinic [Ca1.7(OH)2]0.58CoO2 being
metallic with thermoelectric properties (e.g. S300 KE100 μV/K)
typical for misfit-layered cobalt oxides, and (2) orthorhombic
[Ca2(OH)2]0.57CoO2 being semiconducting with an extraordinarily
high S300 KE330 μV/K [18,19,22,23]. Later, Pei et al. [20] synthe-
sized the monoclinic phase using a low-temperature hydrothermal
technique where Ca2Co2O5 was employed as a precursor. Here in
this work we use – instead of Ca2Co2O5 – the m¼1 misfit-layered
phase, [CoCa2O3]0.62CoO2, as a precursor. This allows us to extend
the hydrothermal technique to the synthesis of Sr-for-Ca substi-
tuted [(Ca1�xSrx)z(O,OH)2]qCoO2 samples up to x¼0.2, and hence
stabilize an important portion of the missing compositions in the
[(Ca,Sr)2(O,OH)2]qCoO2 system, and in general shed light on the
complex crystal structure-chemical state-physical property rela-
tions in the misfit-layered cobalt-oxide materials.

2. Experimental details

The [Co(Ca1�xSrx)2O3]qCoO2 (x¼0, 0.1, 0.2, 0.3 and 0.5) precur-
sors were synthesized by a citrate-based sol–gel process. Stoichio-
metric amounts of CaCO3, SrCO3, Co(NO3)2 �6H2O and anhydrous
citric acid were dissolved in distilled water with stirring followed by
mild heating at 100 1C until the gel formed. After drying at 200 1C
overnight, the ash was ground and calcined at 600 1C to remove the
organic residues. Finally, the powders were pressed into pellets and
sintered at 900 1C for 24 h to reach decent crystallinity.

In the hydrothermal process, appropriate amounts of the
[Co(Ca1�xSrx)2O3]qCoO2 precursor (50 mg) and the mineralizing
agent NaOH(aq) solution (30 ml) were mixed and sealed in a
Teflon-line vessel (Parr 4744) such that the filling rate was 66.7%.
The hydrothermal synthesis was carried out at 220 1C for 48 h, after
which the vessel was cooled down to room temperature, the
product was washed with distilled water repeatedly, and finally
filtered and dried in an oven at 100 1C overnight. The actual Sr-to-Ca
ratio in the samples was confirmed by inductively coupled plasma
atomic emission spectrometry (ICP-AES, Perkin Elmer 7100 DV). For
the ICP-AES analyses the sample powders were digested by aqua
regia in closed teflon vessels in a microwave oven (Milestone,
ETHOS 1200) at 200 1C for 50 min.

All the hydrothermal synthesis products were first checked for
the phase purity by our in-house X-ray powder diffractometer (XRD;
PanAnalytical X'Pert PRO with Cu-Kα1 source). The crystal structures
were analyzed for the essentially single-phase samples using syn-
chrotron X-ray powder diffraction (E¼16 keV, λ¼0.7749 Å) data
collected at room temperature at the BL 01C2 end station in National
Synchrotron Radiation Research Center (NSRRC), Taiwan. Lattice
parameters were obtained from Le Bail fittings using the FullProf
package and space group C2/m both for the hexagonal and rock-salt
sub-blocks.

Thermal properties of the samples were investigated with
thermogravimetric (TG; PerkinElmer Pyris 1) measurements car-
ried out in both 80% N2–20% O2 and 5% H2–95% Ar gas flows with a
heating rate of 5 1C /min up to 900 1C . A constant sample mass of
�20 mg was used for each measurement.

The electronic states of cobalt and oxygen were investigated
through room-temperature X-ray absorption spectroscopy (XAS)
measurements carried out for the x¼0 and 0.2 samples (plus
LaCoO3 and [CoCa2O3]0.62CoO2 as references) at O–K and Co-L2,3
edges at the end station BL 20A in NSRRC (under ultra-high
vacuum in electron-yield mode) and at Co-K edge at the BL 01C1
end station (in transmission mode). For comparison we normal-
ized the post-edge region of all calibrated spectra to unity.

Fourier transform infrared (FTIR, Nicolet Magna 750) spectro-
metry was used to investigate the hydroxide and peroxide groups
in the x¼0, 0.1 and 0.2 samples and also in the two misfit cobalt
oxides, [CoCa2O3]0.62CoO2 and [Sr2(O,OH)2]0.52CoO2, for compar-
ison. All the samples were first left in an oven at 120 1C overnight
to remove adsorbed humidity then thoroughly mixed with KBr
and pressed into dense pellets. Throughout the measurement the
chamber was purged with dried air.

Temperature dependences of electrical resistivity (ρ) and See-
beck coefficient (S) were examined individually by using the four-
probe technique and steady-state method, respectively, from room
temperature down to 5 K in a liquid-He tank. For these measure-
ments the samples were pressed into thin rectangular plates and
heated at 275 1C for 72 h.

3. Results and discussion

In their hydrothermal synthesis of monoclinic [Ca1.7(OH)2]0.58-
CoO2, Pei et al. [20] used “Ca2Co2O5” as a precursor. Previous
works regarding the Ca2Co2O5 phase (consisting of rows of oxygen
and oxygen vacancies alternating along c axis) are however
somewhat controversial [20,24,25]. In the present work despite
of our best efforts, there was always CaO residue in the product
when we aimed at stoichiometric Ca2Co2O5, and the rest part
of the XRD pattern highly resembled that of the misfit-layered
[CoCa2O3]0.62CoO2 compound. We therefore decided to utilize
[CoCa2O3]0.62CoO2 and its Sr-substituted derivatives as precursors
in the present work. The phase diagram of the quaternary Ca–Sr–
Co–O system has been systematically studied by several groups.
In misfit-layered [Co(Ca1�xSrx)2O3]qCoO2, the solubility limit of Sr
at the Ca site is around x¼0.2. Beyond this, Sr6Co5O15 that consists
of one-dimensional chains of face-shared CoO6 octahedra appears
as a second phase [26–28].

Then, when optimizing the hydrothermal synthesis process, we
noticed that for the non-doped [Caz(OH)2]qCoO2, 4 M NaOH(aq)

solution as the mineralizing agent worked well, while higher
concentrations of NaOH(aq) up to 9 M were needed for the Sr-for-
Ca substituted samples. Single-phase misfit-layered [(Ca1�xSrx)z
(O,OH)2]qCoO2 products of the zero (m¼0) structure were
obtained up to x¼0.2, i.e. as long as the [Co(Ca1�xSrx)2O3]qCoO2

precursor was of single phase. Once impurities appeared in the
precursor (for x40.2), even a highly concentrated NaOH(aq) solu-
tion did not help to remove them from the final synthesis product.
Fig. 1 displays the synchrotron powder XRD patterns for all our
hydrothermally-synthesized [(Ca1�xSrx)z(O,OH)2]qCoO2 samples.
From ICP-AES analysis we could confirm that the actual Sr-to-Ca
ratios in the single-phase Sr-substituted samples were very close
to the aimed values: 10.4 mol-% for x¼0.1 and 20.9 mol-% for
x¼0.2.

Lattice parameters a, bH, bRS, c and β, and the misfit parameter
q, determined from the synchrotron X-ray diffraction data for the
[(Ca1�xSrx)z(O,OH)2]qCoO2 samples with x¼0, 0.1, 0.2 and 0.3, are
given in Table 1. Despite the presence of small amounts of
impurities in the x¼0.3 sample, the [(Ca1�xSrx)z(O,OH)2]qCoO2

lattice expands with x up to �0.3. From Table 1, it is noteworthy
that the lattice expansion in the ab plane, compared to that along
the c axis, is less evident. Also, the misfit parameter remains nearly
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constant at q¼0.58. For the x¼0 sample, the parameters obtained
here are essentially identical to those previously reported for
monoclinic [Ca1.7(OH)2]0.58CoO2 [29]. Hence we assume that at
least for our x¼0 sample, zE1.7.

Thermal stability of the [(Ca1�xSrx)z(O,OH)2]0.58CoO2 (x¼0,
0.1 and 0.2) phases was investigated by TG measurements in a
synthetic air flow (Fig. 2). For the non-doped (x¼0) sample, XRD
data indicated that the product beyond 600 1C would be a mixture
of [CoCa2O3]0.62CoO2 and a trace amount of CaO, implying that
there is a complicated reconstruction process transforming the
Caz(O,OH)2 double-interlayers of the zero phase into CaO–CoO–CaO

triple-layers (m¼1) above a certain critical temperature. In-situ
high-temperature XRD measurements would be needed to elucidate
the entire story of this. On the other hand, for the Sr-substituted
samples with x¼0.1 and 0.2 the phase-decomposition occurs in air
in two clearly separated steps, being completed only around 900 1C
with a mixture of [Co(Ca,Sr)2O3]qCoO2 and (Sr,Ca)CoO2.5þδ according
to ex-situ XRD analysis.

Earlier we reported that not only for the purely Ca-based [Caz
(O,OH)2]qCoO2 zero misfit phase, but also for the Sr-rich phases
[(Sr1�yCay)z(O,OH)2]qCoO2 (0ryr0.2) at least part of the oxide ions
are replaced by OH� groups in the rock–salt block [15,17]. To confirm
this quantitatively for the present hydrothermally-synthesized
Ca-rich phases [(Ca1�xSrx)z(O,OH)2]0.58CoO2 we carried out TG mea-
surements in a reductive H2–Ar atmosphere. From the curves
presented for the x¼0, 0.1 and 0.2 samples in Fig. 3a, it is seen that
the weight losses are essentially larger than those measured in the
N2–O2 gas flow; moreover the weight losses start at a lower
temperature in H2–Ar than in N2–O2. X-ray powder diffraction
patterns for the products after the TG runs reveal that this is also
the temperature range where the misfit-layered structure starts to
collapse. In line with Ref. 30, we assign the low-temperature two-
step weight losses in the temperature range of 270–420 1C to the
hydroxide species extracted from the [(Ca1�xSrx)0.58(O,OH)2]qCoO2

structure. Note that this temperature range is considerably higher
than the temperatures where water molecules typically leave oxide
networks. From 420 1C onwards the weight losses can be ascribed to
the loss of oxygen. As shown in Fig. 3b, the contents of hydroxide and
oxygen species go in an opposite trend with increasing Sr content x.
Apparently Sr substitution in the (Ca1�xSrx)z(O,OH)2 rock-salt block
leads to a reduced hydroxide-ion content and an increased oxygen
content.

Next we turn our attention to the Co-K XAS data which could
tell us the chemical state and local environment surrounding the
Co atom in the hexagonal CoO2 layer. Normalized spectra for our
x¼0 and 0.2 samples of [(Ca1�xSrx)z(O,OH)2]0.58CoO2 are pre-
sented in Fig. 4 together with spectra for the Co3þ compound
LaCoO3 and the misfit-layered [CoCa2O3]0.62CoO2 phase for com-
parison. The pre-edge peaks, denoted as A in Fig. 4, result from the
Co 1s to 3d transition which turns allowed owing to the hybridiza-
tion with O 2p states. In perovskite LaCoO3, the CoO6 octahedra are
corner-shared and the observed doublet peaks can be assigned to
the t2g (7710.0 eV) and eg (7712.3 eV) states [17,31]. In the spectra
of misfit-layered cobalt oxides we only see a single peak in the
pre-edge region A due to the modification of ligand field in the
hexagonal CoO2 layer of edge-shared CoO6 octahedra. The intense
white line marked as B in Fig. 4 originates from excitations from
1s to unoccupied 4p states and variations in this region reveal
information of the valence state of cobalt, as well as bond
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Fig. 1. Synchrotron X-ray powder diffraction patterns recorded for the hydrother-
mally-synthesized [(Ca1�xSrx)z(O,OH)2]qCoO2 samples (x¼0, 0.1, 0.2, 0.3 and 0.5)
using monochromatic source (E¼16 keV, λ¼ 0.7749 Å). The sample are essentially
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Table 1
Lattice parameters from Le Bail fitting for the Sr-substituted [(Ca1�xSrx)z
(O,OH)2]qCoO2 samples. The space group used for the fittings is C2/m.

x a bH bRS c β q

0.0 4.89(4) 2.81(8) 4.87(2) 8.80(9) 95.7(2) 0.578
0.1 4.84(4) 2.82(6) 4.88(2) 8.89(8) 96.4(2) 0.579
0.2 4.85(5) 2.83(4) 4.88(6) 8.94(8) 96.4(3) 0.579
0.3 4.93(1) 2.82(4) 4.87(5) 9.00(7) 96.7(2) 0.579
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Fig. 2. TG curves for the x¼0, 0.1 and 0.2 samples of [(Ca1�xSrx)z(O,OH)2]0.58CoO2

recorded upon heating in 80% N2–20% O2 gas flow at a heating rate of 5 1C/min�1.
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distances and the degree of ionic character between cobalt and its
neighboring atoms [32]. Contrary to the trivalent-cobalt com-
pound LaCoO3, all the three misfit-layered phases show mixing
components in the second derivatives of the spectra in region B.
For [CoCa2O3]0.62CoO2 the broad second derivative of the white
line in between 7720 and 7735 eV, which also reflects to the
multiple scattering resonances in region C, can be explained by
cobalt atoms distributed in two different sub-blocks. For our two
[(Ca1�xSrx)z(O,OH)2]0.58CoO2 samples, the spectra clearly present
contributions from both trivalent and tetravalent cobalt around
7725 and 7730 eV, respectively. Somewhat surprisingly, no dis-
cernible spectral modifications are seen for the x¼0.2 sample
compared to the x¼0 case. There are no obvious spectral mod-
ifications at the Co-L2,3 absorption edge either due to the Sr-for-Ca
substitution, see Fig. 5a. For the three [(Ca1�xSrx)z(O,OH)2]qCoO2

phases, x¼0, 0.2 and 1.0 (¼ [Sr2(O,OH)2]0.52CoO2
17), the normal-

ized spectra (Fig. 5a) superimpose on top of each other perfectly.
The value of 0.67 obtained here for the so-called branching ratio
[33] means that all the present phases have a low-spin state
for cobalt. Looking back to the TG data, it thus seems that the
decreasing OH- content and increasing oxygen content in the
(Ca1�xSrx)z(O,OH)2 rock–salt block with increasing Sr content x
have no major effects on the state of cobalt in the CoO2 layer.
A plausible explanation for this may be revealed from the O–K
edge XAS data, as described in the following.

At the O–K edge, the features existing in the 525–535 eV
energy range originate from hybridizations between the Co 3d
and O 2p orbitals, while the broad bumps centered at 538 and
542 eV are from alkaline-earth d and Co 4sp states, respectively
(Fig. 5b). Compared to the triplet 3d states (α: Co4þ with a1g

symmetry; β: Co4þ with eg symmetry; γ: Co3þ with eg symmetry)
in [CoCa2O3]0.62CoO2, the α and β components in the present two
[(Ca1�xSrx)z(O,OH)2]0.58CoO2 (x¼0 and 0.2) samples are broader
and not well split. Secondly, when we fit the pre-edge peaks with
three Gaussian components, it is found that the 20% Sr substitu-
tion in [(Ca1�xSrx)z(O,OH)2]0.58CoO2 results in only �2% spectral
weight transfer from α and β to γ, which is in accordance with the
negligible modifications seen at the Co-L2,3 edge. Interestingly, at
the higher energy around 533.8 eV the present [(Ca1�xSrx)z
(O,OH)2]0.58CoO2 samples possess an extra peak, which has been
interpreted as an indication of anionic dioxygen species in differ-
ent solid systems [34–38]. We moreover confirmed that the peak
was seen also in spectra recorded in the bulk-sensitive total
fluorescence yield mode (not shown here). Echoing to the results
from our TG and Co-K- and –L2,3 edge XAS analyses, it seems
that the anionic peroxide-like species might play the role of
counterbalancing the effects of decreasing OH- content in the
(Ca1�xSrx)z(O,OH)2 block with increasing Sr content x such that the
valence state of cobalt may remain essentially the same in the
CoO2 layer. In other words, the isovalent Sr-for-Ca substitution
apparently controls the balance between hydroxide and peroxide
species in the (Ca1�xSrx)z(O,OH)2 block leaving the CoO2 layer
essentially intact (regarding the valence state, spin state and
coordination sphere of cobalt).

To acquire further evidence of the presence of peroxide
species in our [(Ca1�xSrx)z(O,OH)2]0.58CoO2 samples FTIR spectro-
scopy was applied to investigate the vibration modes in the
samples. Spectra for two other misfit-layered cobalt oxides, i.e.
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[CoCa2O3]0.62CoO2 and [Sr2(O,OH)2]0.52CoO2, were recorded for
comparison, see Fig. 6 and Table 2. First of all, the region below
1000 cm�1 is generally related to the vibrations of ions in the
lattice [39]. The bands at around 600 and 700 cm�1 are respec-
tively coming from the Co–O and (Ca,Sr)–(O,OH) vibrations.
At higher wavenumbers, the peaks at around 850 cm�1, although
not that evident in the x¼0 sample, can be assigned as the
stretching mode of the dioxygen O–O group. The peaks at around
1480 cm�1 can be attributed to the asymmetrical bending mode of
the O–H group. Compared to the regular value �1600 cm�1 for
H–O–H bending mode in H2O(l), the red-shift could be most likely
due to the strong interaction between the alkaline earths and the
hydroxyl group. Finally, the features nearby 3500 cm�1 are widely
known as the stretching modes of O–H group; note that since
there is no peak seen around 1600 cm�1 we may conclude that the
features related to O–H group here do not originate from adsorbed
humidity.

Finally we investigated the electronic transport properties of
the [(Ca1�xSrx)z(O,OH)2]0.58CoO2 samples at low temperatures.
As displayed in Fig. 7, the temperature dependences of both S
and ρ for the non-doped x¼0 phase are highly consistent with
previous literature data [19,22,23]. The upturn in ρ below 10 K is
commonly seen in misfit-layered cobalt oxides; yet the origin is
unclear. With increasing Sr-for-Ca substitution level, resistivity
goes decreasing more steeply as temperature reduces, meaning
that the phase turns more metallic. Meanwhile, the low-
temperature upturn diminishes. Instead of changes in carrier
concentration (n), the marked change in the temperature

dependence of this system would predominantly originate from
changes in the carrier mobility (μ), which strongly depends on the
defect content and the extent of order/disorder. Regarding their
Seebeck coefficients, just like all known misfit-layered cobalt
oxides the present [(Ca1�xSrx)z(O,OH)2]0.58CoO2 phases have posi-
tive S values, meaning that holes are the predominant carriers. At
300 K the non-doped x¼0 phase exhibits a decent value of S300K
�115 μV/K like most high-performance thermoelectric misfit-
layered cobalt oxides and drops abruptly nearby 150 K. For the
Sr-substituted phases S300 K drops to �80 μV/K for x¼0.1 and
�70 μV/K for x¼0.2. Overall the temperature dependencies of
transport properties for the present [(Ca1�xSrx)z(O,OH)2]0.58CoO2

samples are quite similar. For the x¼0 phase we find that the ρ–T
curve in the temperature range 6.5–100 K can be fitted to the
Efros-Shklovskii variable range hopping (ES-VRH) formula [40]
(Fig. 8a):

ρ¼ ρ0expðT0=ÞT1=2

where ρ0 and T0 are constants. The value of T0¼12.2 K as
calculated from the linear region and the activation energy for
conduction Es¼1.03 meV suggests that the non-doped phase is
nearly metallic. The activation energy for carrier generation ES, on
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Table 2
Positions (cm�1) of FTIR spectral features (related to O–O stretching, O–H bending
and O–H stretching) seen for the Sr-substituted [(Ca1�xSrx)z(O,OH)2]qCoO2 samples
and also for two other misfit-layered cobalt oxide phases for comparison.

Compounds O–O stretching O–H bending O–H stretching

x¼0.0 863.6 1414.6 3475.2 3575.4
x¼0.1 856.3 1419.5 3487.7 3575.4
x¼0.2 855.3 1461.8 3479.9 3575.4
[Sr2(O,OH)2]0.52CoO2 856.3 1479.2 3448.2
[CoCa2O3]0.62CoO2 No peak No peak No peak No peak
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the other hand, can be obtained by fitting the linear region after
re-plotting the curves according to the formula [41] (Fig. 8b):

ST ¼ BUT ln TþC:

where B and C are constants. The value of ES calculated from the
interception C is 0.72 meV. The difference between Es and ES
implies that the carrier mobility is thermally activated. Finally,
given that the power factor can be obtained by multiplying
electrical conductivity s and square of Seebeck coefficient S2, we
expect the maximal values of these specimens to exist above room
temperature.

In Fig. 9 we plot the lattice parameters, misfit factors and S300 K

values for selected zero misfit-layered cobalt-oxide phases for
comparison. Disregarding the missing members, we find feeble
continuity within the entire [(Ca1�xSrx)z(O,OH)2]qCoO2 system.
While Sr gradually substitutes Ca, we find �2% and �3.3% expan-
sion along a and c axes, respectively, as x increases from 0 to 1; a
rather large �12.5% lattice modification takes place along the b
axis. But as mentioned earlier, among the Ca-rich phases the change
along the c axis is more prominent. Concerning the misfit para-
meter q, overall the Ca-rich phases display higher values. Seebeck
coefficients of these compounds obviously are poorly dependent on
the Ca/Sr content. According to the discussion above, S is strongly
related to the effective mass (mn) and carrier character. For further
detailed discussions, in addition to measurements of carrier con-
centration and mobility we also have to refine the structures and

precisely determine the chemical compositions, particularly the
concentrations of Ca/Sr vacancies, in these phases.

4. Conclusion

The present work aimed at deeper understanding of the parent
or so-called zero misfit-layered cobalt oxide phases that are
promising candidates for future thermoelectric applications. The
zero phases are structurally simpler yet chemically more complex
than the higher members of the [MmA2Omþ2]qCoO2 misfit oxide
family. In this work we were successful in realizing Sr-for-Ca
substituted phases up to x¼0.2 in the [(Ca1�xSrx)z(O,OH)2]qCoO2

zero system through a hydrothermal synthesis process employing
single-phase [Co(Ca1�xSrx)2O3]qCoO2 powders of the m¼1 misfit
structure as precursors. The obtained zero-phase structure is
thermally of somewhat limited stability, transforming back to
the m¼1 structure upon heating in air beyond �500 1C .

Through structural, chemical and physical property character-
ization of the newly realized [(Ca1�xSrx)z(O,OH)2]qCoO2 phases, we
could learn that when the content of Sr increases, lattice expands
mainly along the c axis, while the ab-plane dimension and the
misfit parameter q remain essentially constant. From O–K edge
X-ray absorption spectroscopy data an indication of the presence
of peroxide-type oxygen species in the (Ca1�xSrx)z(O,OH)2 rock-
salt block was found for the first time; the presence of hydroxide
species in the same block was revealed from thermogravimetric
measurements. X-ray absorption spectra at Co-K and -L edges
together with thermogravimetric and low-temperature transport-
property measurements evidenced that the isovalent Sr-for-Ca
substitution may affect the balance between the peroxide and
hydroxide species in the (Ca1�xSrx)z(O,OH)2 block but leaves the
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valence of Co essentially intact in the CoO2 block. The higher
electrical conductivity of the Sr-for-Ca substituted samples was
attributed to the increased carrier mobility instead of the carrier
concentration.
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