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a b s t r a c t

The thermoelectric properties of Na0.8ZnxCo1−xO2/(ZnO)y (x ≤ 0.01, 0 ≤ y ≤ 0.14) have been systematically
investigated. The results suggest that doping divalent Zn ions within solubility limit x* ∼ 0.01 leads to
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simultaneous reduction in resistivity and enhancement of thermopower. Analysis of the results show that
the reduction of resistivity may be attributed to improved mobility of carriers, while the enhancement of
thermopower may originate from the geometric relaxation of distorted CoO6 octahedra caused by partial
Zn substitution, leading to a narrower band width in the strongly correlated environment, consequently
resulting in a remarkable 20% improvement in power factor.
n-doped
hermoelectric properties

. Introduction

The upsurge of interest in p-type sodium cobaltates over the
ecade primarily stems from its superior thermoelectric (TE) prop-
rties and superconductivity [1,2]. Theoretical investigation on the
rigin of anomalously large thermopower using generalized Heikes
ormula has revealed the significance of the ratio, spin and orbital
egrees of freedom of Co3+ and Co4+ ions [3]. This has been verified
xperimentally [4,5]. While the performance of sodium cobaltates
s approaching its intrinsic limit, the introduction of “guest” atoms
nto the crystal (i.e. doping) provides alternative route for further
nhancing the TE properties. Extensive investigation has been car-
ied out on the partial substitution of various elements either into
he Na or Co sites [6–19]. The latter includes tri- and tetravalent ions
16–19], as well as divalent ions such as Zn2+, Ni2+ and Pd2+ [12–14].
owever, since Ni and Pd may exist in several valence states, the

ransport mechanisms are difficult to analyze. The unique valence
tate of Zn2+, on the other hand, provides excellent opportunity
or investigating the influence of divalent substitution for Co on TE
roperties of the cobaltates. An earlier study on Na0.8ZnxCo1−xO2
ound that a large thermopower S (∼300 �V K−1 at 720 K) was
chieved at the maximum solubility of x* ∼ 0.05 while a new phase,
a2Zn2O3, appeared when x > 0.05 [13]. In contrast, a much higher
* of ∼0.15 was observed with a much lower S (∼125 �V K−1 at
00 K) [14]. The high x* reported from the latter group is interesting
onsidering the relatively high standard enthalpy of formation of
nO (i.e. −348 kJ mol−1). However, the influence of Zn-substitution
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on the transport properties in Na0.8ZnxCo1−xO2 is still unclear. In
present work, the mechanism of such an influence is investigated
through a series of experiments in which Co3+ ions were partially
substituted by Zn2+ in Na0.8CoO2 in a controlled fashion. The Zn-
substitution effect on high-temperature TE properties was also
studied systematically, thus revealing the subtle interplay between
the electronic and crystallographic structures on the variations of
TE properties that are associated with the Zn2+ addition.

2. Experimental procedures

Polycrystalline samples with nominal composition Na0.8ZnxCo1−xO2

(0 ≤ x ≤ 0.15) were prepared by solid state reaction. A powder mixture of
stoichiometric amount of Na2CO3, Co3O4 and ZnO was directly introduced into a
preheated furnace at 850 ◦C to minimize Na evaporation and held for 16 h in air. The
resulting powder was then pulverized, pressed into pellets and sintered at 870 ◦C
for 20 h in air. X-ray powder diffraction with Cu K� radiation was used to evaluate
crystal structure of the sintered parts. The diffraction spectra were fitted employing
the “whole powder pattern modelling” (WPPM) approach in which a predefined
crystallographic model is not a prerequisite. The thermopower and resistivity of the
samples were simultaneously measured using ULVAC-ZEM3 system. In addition,
specific heat measurement was carried out employing NETZSCH DSC 404 C system
to investigate possible structural transition accompanied with the addition of Zn2+

and its influence on the TE properties.

3. Results and discussion

Quantitative determination of the solubility limit x* of Zn2+

in Na0.8ZnxCo1−xO2 is essential prior to the analysis of its trans-

port properties. X-ray diffraction patterns for polycrystalline
Na0.8ZnxCo1−xO2 (0 ≤ x ≤ 0.15) are shown in Fig. 1(a). The spec-
tra indicate that the x = 0.00 and 0.01 samples are a single phase
which is indexed with hexagonal cell in the space group P63/mmc,
while samples with x ≥ 0.015 exhibit additional peaks that are
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Fig. 1. (a) X-ray powder diffraction spectra for polycrystalline samples with nominal
composition Na0.8ZnxCo1−xO2 and (b) variation of lattice parameter c as a function
o
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m
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Fig. 2. Temperature dependence of resistivity � for (a) Zn-doped Na0.8ZnxCo1−xO2
f x. The inset shows the schematic drawing of one-electron energy level diagram
or a low-spin (LS) and an intermediate-spin (IS) Co3+ ion as well as the structural

odulation of CoO6 octahedron associated with the ion.

ttributed to the presence of secondary ZnO phase, suggesting
.01 ≤ x* < 0.015. The large discrepancy in x* between an earlier
tudy [14] and the present study may be due to a difference in
tmospheres used (O2 in Ref. [12] and air in present work) dur-
ng the fabrication of samples. Our preliminary experiments reveal
hat both changing the Na content and employing sol–gel tech-
ique for sample synthesis appear to be ineffective in raising x*.
ue to the possibility that the low x* may lie within detection

imit of the instrument, crystallographic information was extracted
rom the diffraction spectra employing the Le Bail refinement (i.e.

PPM approach). Although the increment in lattice parameter a
ith x is negligible (i.e. within the error limit), the variation of

attice parameter c is rather prominent as illustrated in Fig. 1(b).
significant shrinkage along c-axis direction was observed by 1%

n-doping, above which the lattice parameter is hardly dependent
n x. It is difficult to understand why the shrinkage occurred as
n2+ has a larger radius than the substituted Co3+ ions. Similar
henomenon was also observed in Y-substituted ceria electrolyte
20]. For each Co3+ substituted by Zn2+, an electronic hole is cre-
ted (i.e. Co4+ ion), which induces localized strain field that breaks
he cubic symmetry of its six nearest low-spin LS Co3+ (S = 0, t6

2ge0
g)

ons, resulting in a reduced energy gap between the highest t2g
riplet and lower eg doublet. This stabilizes intermediate-spin (IS)
o3+ (S = 1, t5

2ge1
g) ions [see inset of Fig. 1(b)] [21]. It was consid-
red that an increase in the number of occupation of eg orbitals
ith odd number of electrons (i.e. IS Co3+ concentration) induced

y Zn-doping may favor Jahn–Teller distortion that results in subtle
longation of two of the six Co–O bonds along the c-axis direction. In
and (b) ZnO-added Na0.8Zn0.01Co0.99O2/(ZnO)y composites. The inset shows � and
specific heat (Cp) at near ambient temperature range for the Zn-doped samples.
Symbols�and © denote Cp signatures for the x = 0.00 and 0.01 samples, respectively.

addition, the larger ionic radius of Zn2+ also increases the thickness
of CoO2 layers slightly [see inset of Fig. 1(b)]. The crystal struc-
ture of sodium cobaltates consists of edge-sharing CoO6 octahedra
that form CoO2 layers, between which Na ions are intercalated. An
increase in the thickness of CoO2 layers arising from Jahn–Teller
distortion and the substitution of Zn2+ for Co3+ would consequently
lead to a stronger Coulomb attractive force between Na+ and O2−

ions, causing the lattice parameter c to decrease gradually with x,
supporting the notion that the Zn2+ ions have substituted the Co3+

ions in Na0.8CoO2. Although it is also possible that the variation
in lattice parameter c may originate from the formation of oxygen
vacancies, further investigation reveals that the effect of oxygen
vacancies on the lattice parameters is very limited in present case.
In this work, x* is identified to be ∼0.01. Thus, raising x > 0.01 results
in the formation of Na0.8Zn0.01Co0.99O2/(ZnO)y composites. Sam-
ples are labelled according to the x (Zn-doped) and y (ZnO-added)
values. Sample with nominal composition Na0.8Zn0.02Co0.98O2, for
instance, will become Na0.8Zn0.01Co0.99O2/(ZnO)0.01.

The resistivity as a function of temperature �(T) for Zn-doped
Na0.8ZnxCo1−xO2 and ZnO-added Na0.8Zn0.01Co0.99O2/(ZnO)y com-
posites is shown in Fig. 2(a) and (b), respectively. For Zn-doped
samples, � increases with T. Such metallic behavior is a result of
impaired carrier mobility due to enhanced electron-phonon inter-
action as T is raised. The charge deviation of the system from
neutrality caused by the substituted Zn2+ is compensated by either
increasing: (1) Co4+ concentration or (2) oxygen vacancy concen-
tration. The latter, however, is unlikely as oxygen deficiency would
reduce the number of carriers as a consequence of electron–hole
recombination and impair carrier mobility due to the deteriora-

tion of conduction paths within CoO2 layers, subsequently leading
to an increased or a doping-independent �. Provided that the
charge neutrality of the system is stabilized by the former, the
hole concentration n should be raised by 1.25% for the x = 0.01
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ample in comparison with that for the x = 0.00 sample, since
a0.8Co3+

0.8Co4+
0.2O2 has become Na0.8Zn0.01Co3+

0.79Co4+
0.2025O2. Yet the

esult shows a relatively larger reduction in � (∼10%), suggesting
hat the reduction in � mainly results from enhanced mobility of
arriers through Zn2+ substitution. Indeed, similar observation was
lso reported for Cu-substituted NaCo2−xCuxO4 where the carrier
oncentration remains almost unchanged by divalent substitution
or Co3+ ions [22]. An anomaly in � was observed at ∼323 K for
he x = 0.01 sample [(inset of Fig. 2(a)] corresponding to the tem-
erature at which long-range spatial ordering of Na ions takes
lace. Results from specific heat (Cp) measurement, which are also
hown in the inset, register two first-order endothermic peaks for
he x = 0.01 sample (indicated by ©) attributed to Na ordering and
eordering in the temperature range from 310 to 320 K, whereas no
uch peaks were observable for the undoped sample (indicated by
). The absence of the peaks for the undoped sample may be due

o evaporation of Na during sample fabrication, as Na-ordering is
ormally observed in Na-rich compounds (i.e. ≥0.75) [23]. The Cp

f all the composite samples also exhibits identical endothermic
eaks at similar temperatures. The Na-ordering temperature is in
xcellent agreement with that reported in single crystal Na0.75CoO2
23], which was demonstrated to be due to formation of tri-vacancy
uperstructure of Na ions. Interestingly, our experimental results
uggest that an increase in the concentration of Co4+ ions could
tabilize Na-ordering. This contradicts with the reported conclu-
ion that Na-ordering is usually observable in Na-rich compounds
here the concentration of Co4+ ions is small [23]. On the basis

f these experimental observations, it was considered that the
rganizational mechanism for spontaneous Na-ordering is highly
wo-dimensional (i.e. only within Na layers) and not susceptible to
lectrostatic potential from neighboring CoO2 layers.

In contrast to the Zn-doped samples, �(T) for ZnO-added
a0.8Zn0.01Co0.99O2/(ZnO)y composites exhibits a remarkably dif-

erent behavior as shown in Fig. 2(b). The secondary ZnO phase
ainly resides at grain boundaries of the cobaltates. The interfaces

f p-type Na0.8Zn0.01Co0.99O2 and n-type ZnO experience drastic
eduction in the number of carriers due to annihilation of electrons
nd holes, causing � to increase with y. In addition, the gradual
evelopment of two maxima with increasing y reflects the nature
f electron transport in n-type ZnO. It appears that the tempera-
ure at which the lower-temperature maximum takes place (Tm1) is
rrespective of y (∼ at 420 K), while the temperature for the higher-
emperature maximum (Tm2) is dependent on y and reaches 770 K
or y = 0.14 sample. Lattice dynamical investigation on bulk ZnO
eveals that the onset of multi-phonon scattering takes places at
32 and 541 cm−1 [24], corresponding to 477 and 778 K respec-
ively. The rough agreement of Tm1 and Tm2 with the corresponding
emperatures at which the multi-phonon scatterings become active
s reported in open literatures may indicate that the maxima seen
n Fig. 2(b) could be attributed to the enhanced scattering of elec-
rons with anharmonic lattice vibrations that deteriorate electron

obility, giving rise to an increased � at the corresponding tem-
eratures.

The temperature dependences of thermopower S(T) of the Zn-
oped and ZnO-added composite samples are plotted in Fig. 3(a).
he influence of Na-ordering on S is negligible considering that
ajority of carriers and their associated hopping is in the elec-

ronically conductive CoO2 layers. S for Na0.8Zn0.01Co0.99O2/(ZnO)y

omposites augments slightly with y. Although S in intrinsic
nO is negative, the reduction of carrier density related to the
lectron–hole recombination at the Na0.8Zn0.01Co0.99O2/ZnO inter-

aces helps to retain the strong Hubbard potential required for
he spin and orbital degrees of freedom that enhances S [3]. The

ost remarkable feature is the simultaneous enhancement of S and
he reduction of � appeared in the Zn-doped (i.e. x = 0.01) sample,
hich is difficult to interpret within the framework of rigid-band
Fig. 3. Temperature dependence of (a) thermopower S and (b) Peltier conductivity
˛ for Zn-doped Na0.8ZnxCo1−xO2 and ZnO-added Na0.8Zn0.01Co0.99O2/(ZnO)y com-
posites.

model. In order to shed light on such exotic phenomenon, the
transport properties are expressed in terms of Peltier conductiv-
ity ˛(T) = S(T)/�(T) for all samples [Fig. 3(b)]. It is discernible that,
unlike � and S, ˛ is almost temperature independent and that
the substitution of Zn2+ enhances ˛ while the presence of ZnO
seriously deteriorates ˛ over the entire temperature range investi-
gated. Considering the generalized Heikes theory [3], the increase in
configurational degeneracy g associated with spin-state transition
of Co3+ from LS (g = 1) to IS (g = 18) [25] would induce a backflow
of spin entropy that reduces the overall S, providing that the spin
state of LS Co4+ (g = 6) remains intact. Such theoretical prediction
has successfully accounted for the negative S value induced by hole
carriers in p-type CaMn3−xCuxMn4O12 [26]. However, deviation of
our experimental observation from the theory suggests that the
presence of another dominant mechanism may compensate for
the reduction of S resulting from the backflow of spin entropy. The
exact mechanism for the overall enhancement of thermopower is
not clear at this moment. One possibility is as following. Due to
the closed-shell nature of Zn2+ (t6

2ge4
g) as well as restriction of the

conservation of Hubbard energy, it is unlikely that the substituted
Zn2+ will contribute to the transport of carriers and its associated
entropy. The increased thickness of CoO2 layers due to Zn2+ sub-
stitution would relax the c-axis-compressed CoO6 octahedra with
trigonal D3d symmetry towards cubic Oh symmetry, leading to a
smaller Co–O–Co bond angle and thus narrower band width. In
addition, the � measurement [Fig. 2(a)] suggests that the reduction
of � mainly stems from enhanced carrier mobility while the car-
rier concentration is much less affected by Zn2+ substitution. The
nearly doping-independency of carrier concentration is essential
for retaining strong Coloumb interaction [3]. The smaller Co–O–Co

bond angle, narrower band width and nearly unchanged carrier
concentration may lead to a more profound S enhancement [3] that
offsets the backflow of entropy resulting from the increased config-
urational degeneracy of Co3+ ions, as observed in Fig. 3(a) and (b).
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ig. 4. Thermoelectric power factor (PF) as a function of temperature for Zn-doped
a0.8ZnxCo1−xO2 and ZnO-added Na0.8Zn0.01Co0.99O2/(ZnO)y composites.

The power factor (PF = S2/�) for the Zn-doped and ZnO-added
omposite samples as a function of temperature is illustrated in
ig. 4. It can be seen that PF of all samples increases with T. The
ighest PF was realized by the sample with x = 0.01 and reaches
.65 × 10−3 Wm−1 K−2 at ∼820 K. A substantial enhancement of
F ∼ 20% was achieved by doping Zn2+ within x* (i.e. x = 0.01 sam-
le) in comparison with that of its undoped counterpart at 820 K.
he presence of ZnO in the host material, however, seriously lowers
F and the effect becomes progressively intense with y. More than
wo-fold deterioration in PF was realized by the y = 0.14 sample.

. Conclusions

In summary, the thermoelectric properties of
a0.8ZnxCo1−xO2/(ZnO)y (x ≤ 0.01, 0 ≤ y ≤ 0.14) have been sys-

ematically investigated. Experimental results suggest that the
olubility limit of Zn2+ in Na0.8ZnxCo1−xO2 is 0.01. Doping within
he limit leads to simultaneous enhancement of thermopower

nd reduction of resistivity, resulting in a remarkable enhance-
ent of power factor ∼20% in comparison with its undoped

ounterpart. Possible mechanism for such exotic phenomenon is
iscussed. Adding x above the limit gives rise to the formation of
a0.8Zn0.01Co0.99O2/(ZnO)y composites that drastically deteriorate

[

[
[

mpounds 509 (2011) 5183–5186

the thermoelectric performance due to n-type nature of ZnO. The
experimental results suggest that extending the solubility limit
of Zn in sodium cobaltates presumably employing wet chemical
approaches may provide opportunities for further enhancing its
thermoelectric properties.
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