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Abstract
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Doping is considered to be the main method for improving the thermoelectric performance
of layered sodium cobaltate (Na;_,CoO;). However, in the vast majority of past reports, the
equilibrium location of the dopant in the Na;_,CoO,’ complex layered lattice has not been
confidently identified. Consequently, a universal strategy for choosing a suitable dopant

for enhancing Na;_,CoO;’s figure of merit is yet to be established. Here, by examining the
formation energy of Gd and Yb dopants in Naj75C00O; and Naj 50CoO,, we demonstrate that
in an oxygen poor environment, Gd and Yb dopants reside in the Na layer while in an oxygen
rich environment these dopants replace a Co in CoO; layer. When at Na layer, Gd and Yb
dopants reduce the carrier concentration via electron—hole recombination, simultaneously
increasing the Seebeck coefficient (S) and reducing electric conductivity (o). Na site doping,
however, improves the thermoelectric power factor (PF), only in Nag 50C0oO,. When replacing
a Co, these dopants reduce S and PF. The results demonstrate how thermoelectric performance
critically depends on the synthesis environment that must be fine-tuned for achieving any

thermoelectric enhancement.
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Introduction

Sodium cobaltate (Na;_,Co0O,) is an interesting compound
that exhibits rich magnetic and structural phase diagrams
[1-3] and possesses a relatively high thermoelectric figure of
merit (Z7) [4] at higher temperatures. As shown in figure 1(a),
the Na;_,CoO; lattice is made of stacked alternating Na layers
and edge-sharing CoO, octahedra. The mixture of Co®" and
Co** ions in the CoO, layer in sodium deficient Na;_,CoO,
generates a Seebeck potential through spin entropy flow [5, 6].
The Seebeck coefficient (S) of polycrystalline Nag75C00,
at 800 k is within the range of ~132 xV K~ and ~143 pV
K~ ! depending on the synthesis method [7-9]. This S value
is comparable with that of other thermoelectric oxides; For
instance, ZnO:Al and CaMo00O5:Gd have S values of ~ —110

1361-648X/20/125502+9$33.00

uV K71 [10] and ~ —225 pV K~! [11] respectively at the
same temperature (for comprehensive reviews see [12, 13]).
In Na,CoO,, phonons, however, are diffusively scattered
by the Na™ ions which are mobile at room temperature [14,
15] reducing the lattice thermal conductivity (x) [16-20] to
~0.01 Wem™ 'K~ !at ~1000K [21]. This &g, value is consider-
ably smaller than that of most oxides in which the dominance
of covalent bonding causes relatively high «; for instance;
7ZnO has a 1, value of ~1.25 W em™! K= ! at ~1000K [22].
Given the phenomenal and promising low « in Na;_,CoO,,
doping has extensively been used to improve the Seebeck coef-
ficient of Na;_,CoO, further with the ambition of bringing
its ZT to values above unity [7, 8, 21, 23-32]. Nonetheless,
dopants have usually been chosen based on the mere nominal
oxidation state, atomic mass considerations and the solubility

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. A side (upper panels) and top (lower panels) preview of the Nag 75C00, and Nag 50CoO; supercells is provided in (a) and (b),
respectively. Co and O ions occupy the Wyckoft 2a and 4f sites of the hexagonal lattice structure respectively. In Naj75CoO, compound,
one-third of the Na ions occupy 2b (Nal) sites which share basal coordinates with Co and two-thirds of Na ions occupy 2¢ (Na2) sites
which share basal coordinates with O. In Nag 50CoO, half of the Na ions occupy Nal site while the other half occupy Na?2 sites. The
halftone circles represent the location of the interstitial dopants that is vacant in the undoped compounds.

limits of the applied synthesis method [33]. An overlooked
issue, nonetheless, is that cationic dopants can be principally
substituted for either Na or Co ions. Identifying the exact loca-
tion of the cationic dopant in Na;_,CoO;’s lattice under a spe-
cific condition requires characterisations sensitive to the local
chemical environments such as x-ray absorption spectroscopy
and neutron diffraction which are most often absent from the
existing reports so far. Consequently, despite the large volume
of research on doped Na;_,CoO,, the experimental advance-
ment in the doped Na;_,CoO, has been mainly guided by the
approximate guesswork rather comprehensive and strategic
insight of how dopants influence the ZT through structure-
property relationship. As a result, not only the initial ambition
of achieving a ZT comfortably greater than one has not been
realised yet but also many theoretically interesting questions
have remained unanswered.

In this work, therefore, we examine the energetics and
the electronic structure of Gd and Yb doped Na;_,CoO, for
x = 0.25 and 0.5. Based on the formation energy calculations,
we demonstrate that the location of Yb and Gd dopants in
Na;_,CoO;, critically depends on the synthesis environment,
i.e. these dopants reside in different lattice sites depending

on the O partial pressure during the synthesis. The insight
obtained here complements our previous work that demon-
strated that the location of dopants such as Cu and Au also
depends on the Na content of Na;_,CoO, [34]. One of the
main conclusions that we draw in this work is that the location
of cationic dopants in Na;_,CoO, needs to be investigated
critically and the simplistic assumption based on matching
ionic radii in determining dopant location can be misleading
at times.

Computational settings

Total energy density functional calculations were performed
using the plane-wave and on-the-fly generated ultra-soft
pseudopotential [35] approach, as implemented in CASTEP
[36-38]. Ceperley and Alder’s local density approximation
was used for the exchange-correlation term in the Hamiltonian
[39]. Energy cut-off was set to 517eV, and the k-point mesh
was set to generate a k point separation of 0.05 A~ for oxides
and 0.01 A~! for metals. The density-mixing scheme was
applied for electronic minimisation during which the spin
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of all atoms was initiated based on formal values and then
allowed to relax. The scalar relativistic treatment based on
Koelling-Harmon approximation of Dirac’s equation was
also applied [40]. LDA+U correction based on a simplified
and rotationally invariant approach was applied to Co 3d and
Gd/Yb 4f electrons [41]. The default U values of 2.5eV for
Co and 6.0€V for rare earth dopants were selected for which a
full justification is provided in figure S1 of the supplementary
information (stacks.iop.org/JPhysCM/23/125502/mmedia). The
lattice parameters of a fully optimised primitive unit cell of
Na;CoO, was found to be 2.87 A for a and 10.90 A for c rea-
sonably matching the experimental values [42]. The difference
was only 0.07% for a and —1.49% for c. Then a2a X 4a x lc
Na;CoO,; supercell was constructed for studying the doped
compounds. Four and then eight out of the sixteen original
Na ions were removed according to the previously established
patterns [43], shown in figure 1, to create a Na;,Co1603; and
NagCo1603; supercells for Naj75C00, and Nag 50CoO, com-
pounds, respectively. Further details regarding the convergence
with respect to the supercell size is provided in table S1 and
figure S2 of the supplementary information. The oxidation
state of the dopants and the Co ions was estimated from the
magnetisation calculated by Mulliken population analysis
and examining the partial density of states. One, however,
should note that due to partial covalency in Co—O bond, Co
ion magnetisation is slightly smaller than what is anticipated
from Hund’s rule [44]. The accuracy of Mulliken population
analysis was cross-examined with Hirshfeld charge analysis
for with the results are provided in table S2. It was found that
Mulliken population analysis provides a robust description of
charge localisation in doped Na;_,CoO, compounds.

Results and discussion

Dopants’ formation energy (E') was calculated for four pos-
sible replacement configurations. In the first configuration, the
dopant M replaced a Co ion creating an Mc, configuration. In
the second instant, M occupied an interstitial site in the Na
layer, creating a My, configuration. Third, dopant M replaced
a Na ion at Nal site, creating an My, configuration. Finally,
M replaced a Na ion at Na?2 site, creating an My,» dopant.
As demonstrated in figure 1, Nal shares the basal coordinates
with Co while Na2 shares the basal coordinates with O. The
formation energy (E') was calculated using the standard pro-
cedure as described by the following equation [45]:

E' = E' (Na;_,Co0; : M) + j1o — E' (Na;_,C00,) — in.

ey
Here, E'(Na;_,C00,:M) is the total energy of the Na;_,CoO,
supercell containing the dopant M, and E'(Na;_,Co00,) is the
total energy of the undoped Na,;_,CoO, supercell. i, and
(1 are the chemical potentials of the removed and added
elements, respectively. The chemical potentials depend on
the synthesis environment [46]. To investigate the thermo-
dynamics of dopant solubility in Na;_,CoO,, we first deter-
mined the accessible chemical potentials for Na, Co, O and
the dopants Gd and Yb. By varying the chemical potentials
(1) by a permissible value of Ay (= p® + Ap), we can

simulate the effect of varying the oxygen partial pressures and
the abundance of constituting elements on the dopants’ forma-
tion energy and their location in the host lattice. We, therefore,
can determine the optimum conditions for Gd and Yb doping
that may enhance the thermoelectric performance. The first
constraint on the chemical potentials is set by the enthalpy of
the Na;_,CoO;:

(1 — X) A,LLNa + AHCO + 2AMO = AHf (Na]_xCOOQ) 2)

in which AH(Na;_,Co0,) is the DFT formation enthalpy of
Na;_,Co00,. Furthermore, to avoid precipitation into solid ele-
mental Co, Na, and the release of gaseous O,, we also require:

Na» HCos o < 0. 3)

The chemical potentials are further constrained by the decom-
position of Na;_,CoO, into competing binary compounds
such as Na,O, CoO, and Co304:

2ApNa + Apo = AH' (Nay,0), Apico + 2Ap0
= AH" (C00,),3Apco + 4Apo = AH' (Co304).

4)

For Gd and Yb, Ay was calculated based on
2Auca + 3Auo = AH" (Gd,03), %)
Apyp + 2A10 = AH" (YDO). (6)

Here a3 Gd,03 and Fm3m YbO are the most stable Yb and
Gd oxides. Finally, the chemical potentials were set equal
to the elemental energy of a given metal (1°) plus the corre-
sponding A .

As shown in figure 2, we found that the major limiting
phases are Na,O in Na rich environment and CoO; and Co30;4
in Co rich environment for both Naj75C00, and Nag 50Co0O,.
CoO was not a limiting phase. Furthermore, the available
range of the chemical potential was relatively limited by the
permissible range of A pin,, resulting in a narrow strip that had
a wider range for A, and App. Due to the narrow strip of
permissible Ay values, we only present two extremes when
discussing the formation energy. These extremes are marked
with A for O poor environment and B for O rich environment
in figure 2 (justification is provided in figure S3 and table S3
of the supplementary information).

Figure 3 presents the formation energy of the dopants.
Under O poor environment, in Nag50CoO; and Naj75C00,,
both Gd and Yb dopants reside in the Na layer. In the case
of Gd doped Naj75C00,, Gdy, with an E" of 5.13eV was
the most stable configuration followed by Gdc, with an Ef
of 5.51eV. In the case of Yd doped Naj75C00,, Ybn, with
an E' of 14.03eV was the most stable configuration followed
by Ybnao with an Ef of 14.42eV. In the case of Gd doped
Nag 50C00,, the most stable configuration was Gdp, with an
Efof 0.95eV followed by Gdng» with an Efof 2.36eV while in
the case of Yb doped Nag 50CoQO,, the most stable configura-
tion was Ybnge with an Ef of 12.03eV followed by Ybp, with
an E' of 12.24eV.

Under O rich environment, the sequence of the stabilisation
was, however, different. In both Naj 50CoO, and Nag75C00,
compounds; Gd and Yb dopants replace a Co ion in the host
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Figure 2. The accessible (Ayu) chemical potential range. The triangle vertices are determined by the formation enthalpy of (a) Nag 75C00,
and (b) Nag 50Co0O,, respectively. Limits are imposed by the formation of competing binary phases and result in the shaded stable region.

Ay values are given for points A and B in eV.

lattice. For Gd doped Naj75C00,, Gdc, with an Ef of 4.95eV
had the lowest energy followed by Gdy,; with an E of 9.79¢eV.
For Yd doped Nag75C00,, Ybc, with an Ef of 13.32eV had
the lowest energy followed by Yby,; with an Ef of 14.91eV. In
the case of Gd doped Nag 50C00,, Gdc, was the most stable
configuration with an Ef of 3.08¢eV followed by Gdy, with an
Ef of 4.31eV while in the case of Yb doped Nag 50Co0O,, the
most stable Ybc, configuration had an Ef of 12.69 eV followed
by Ybya with an Ef of 12.75eV.

Figure 4 presents the partial density of states (PDOS) of
the stable Gd doped configurations in O poor environment, i.e.
Na0‘75C002:Gd1m and Na0,50C002:Gd1m, and O rich environ-
ment, i.e. Nag75C00,:Gdc, and Nags50C00,:Gdc,. In all of
these configurations, Gd’s spin-up channel is completely filled
while the spin-down channel is empty indicating that Gd adapts
an oxidation state of +3 independent from O partial pressure
or Na content. Mulliken population analysis also shows a ~7
h/2 magnetisation for Gd in all of these configurations indi-
cating a [Xe] 4f75d%s° electronic configuration, that is Gd3*.
For Gdy,; which is stable at O poor environment, the three
electrons introduced by the interstitial Gd** reduce three of
the Co** ions in the Nag 75C00,:Gdy, and Nag 50C00:Gdyy to
Co>*. As a result, Nag 75C00,:Gdy, has only one spin bearing
Co with a magnetisation of 0.76 #/2 (undoped Nag 75C0O; has
a total spin of 3.96 #/2 borne on four out of the 16 Co ions in
the supercell commensurate with four low-spin Co** in tetra-
hedral coordination i.e. tggeg), while Nag 50C00,:Gdyy, has five
Co*" ions with a total magnetisation of 4.37 A/2. As marked
with arrows in figures 4(a) and (c), the introduction of Gdyy
has, indeed, reduced the peak height of empty #,, states that
indicating a reduction of Co** concentration. In the case of
Nag 75C00,:Gdc,, the stable configuration at O rich environ-
ment, the total spin borne on Co ions was 3.80 /i/2, very close
to the value of the undoped compound, indicating that Gd**
has replaced a Co*" ion leaving the four Co** ions unaltered.
The same argument holds for NajsC00,:Gdc, as the total

spin borne on Co ions is 7.2 7/2 indicating eight Co** in the
supercell.

The PDOS of Gd doped compounds has some other notice-
able features. For instance, as marked with blue bars in fig-
ures 4(b) and (d), the filled spin-up Gd 4f states of Gdc, spread
over the range of —6eV < Epemi < —4¢eV, while the same
states are sharply localised at ~ — 7eV for Gdyy,, for both Gd
doped Nag 75C00, and Nag 50CoO, compounds. The spread of
the Gdc, 4f states, although not considered full delocalisation,
demonstrate the effect of O coordination and its hybridisation
with 4f states. Furthermore, the Gd 4f and Co** 3d ions have
parallel spins in all considered compounds in figure 4 except
for Nag 50C00,:Gdyy, for which Gd 4f and Co** 3d states are
of antiparallel spins.

Figure 5 presents the PDOS of Yb doped compounds that
are the most stable at O rich and O poor environments, respec-
tively. For compounds that are most stable at O poor environ-
ment, that is Yby, in Nay75C00; and Ybyg, in Nag50Co0O,,
Yb 4f states have a narrow empty peak located just above
the Fermi level, marked with arrows in figures 5(a) and (c),
indicating that Yb dopant had an oxidation state of +3 i.e
[Xe] 4f36s". Considering the remaining spin borne on Co
ions which was 1.96 %/2 in Nay75C00;:Yby, and 5.12 #/2 in
Nag 50C00,: Ybnaa, we conclude that Yo+ dopants replacing
Na'!* introduce two electrons into the compounds reducing
two Co**. Moreover, Co substituting Yb dopants that are
stable in O rich environment also adapted +3 oxidation state
as demonstrated by the empty 4f states marked with arrows
in figures 5(b) and (d) and the spin borne on Yb ions of 0.95
h/2. In these latter cases, the spin borne on Co ions did not
differ much from the values borne in undoped compounds,
indicating a Yb** substituting for a Co’*.

We just demonstrated how the location of both Gd and
Yb dopants which critically depend on the O partial pres-
sure, influence the electronic structure of the host material.
Now let us examine the implication of dopant’s location
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Figure 3. The formation energy of Gd (a, ¢), and Yb (b, d) and Gd dopants in Naj75C0oO, and Nay 50CoO, compounds, respectively. Notions
A and B correspond to the points that are marked similarly in figure 2, corresponding to O poor an O rich environments respectively.

on the thermoelectric performance of Gd and Yb doped
Na;_,Co0, in terms of Seebeck coefficient (S), carrier con-
centration (n), conductivity () and power factor (PF = $%0).
The high-temperature Seebeck coefficient in Na;_,CoO, can
be explained by Koshibae’s equation [47, 48] for strongly cor-
related materials which is a modified form of Heikes formula
[49, 50]:

S(T— ) =

kB |:g (C04+) ”C04+:| ) (7)

_ By
e " g(CO3+) Neos+

Here kg is the Boltzmann constant and e is the electron
charge, g equals to the different possible ways in which elec-
trons can be arranged in the orbitals of Co’* and Co*" ions,
and n is the concentration of a given species of Co. g can be
expressed as the product of spin degeneracy (gs) and orbital
(go) degeneracy: g = g5 - go- &s equals to 2( + 1 where ( is
the ions’ total spin number while g, is the number of valid
permutations for distributing the electrons across its orbitals.
Assuming that Co ions take low spin state in Na;_,CoO,

(¢ =0 for Co®" and ¢ = 1/2 for Co**), we obtain g(Co**) = 6
and g(Co’**) = 1. By substituting these values in the modified
Koshibae’s formula for S of an electron hopping from a Co>*
jon to a Co*t ion, we obtain values of S = 249 uvV K~! for
Nag75C00, and S = 154 ©V K~! for Nag 50Co0,. It should
be noted that Koshibae’s formula was obtained by solving
the transport problem for a strongly correlated oxide using a
Hubbard model at an infinite temperature [51]. The yielded
results are, nonetheless, valid for doped Na;_,Co0O,, as these
compounds are generally intended for waste heat recovery at
temperatures higher than ~700K [12]. For further details see
figure S4 of the supplementary information.

Furthermore, we can approximate the conductivity as a
function of Co** concentration by assuming that the carrier
mobility remains 1.0cm? V~! s~! for doped Na,_,CoO, [52]
for which full details are provided in table S4. This approx-
imation is somehow conservative as dopants in Na layer are
generally expected to improve carrier mobility slightly [34].
This approximation gives a conductivity value of 1.03 x 10°
Q" em™' for Nay75Co0, and 2.06 x 10° Q! em™' for



J. Phys.: Condens. Matter 32 (2020) 125502 M Hussein N Assadi

30F (a) 30} (b) —Co3d
[ Nao‘mCOOQZGdh [ Nao‘ﬁCoOZ:Gch — Gd 4f
20F 20
< 10F < 10 ‘
-~ 0 PSS | - 0 R
o) '1 0 B =) '1 0 [
-20F -20
-30F € -30
30F (c) 30 (d)
[ Naola)COOZZGdh i Nao_mCOOZ:GdCO eg
20F 20F
< 10F = 10k
% L % L
8 o 8 ol f
a -10p S -10fF
-20F -20F
-30F A -30F ;
A A A i A A i A A 1 i 1 A 1 A 1 A 1 A L i 1
6 -4 2 0 2 4 6 6 4 2 0 2 4 6
E'EFermi (eV) E'EFermi (eV)

Figure 4. Partial density of states of the most stable doping configurations in O poor environment (left column) and O rich environment
(right column) for Gd doped Nay75C00O; (top panels) and Nag 50CoO; (bottom panels). Blue, green and red lines represent Gd 4f, Co 3d and
O 2p states, respectively.
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Figure 5. Partial density of states of the most stable doping configurations in O poor environment (left column) and O rich environment
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and O 2p states, respectively.
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Nag 50C0o0,. The power factor, which is a parabolic function
of S and a linear function of o, comes out as 6.392 mW m™!
K2 for Nag75C00; and 4.912 mW m~! K~2 in Nag 50Co0,.
These values are quite similar to measurements in single-
crystal [53, 54] and epitaxial thin film Na;_,CoO; [55]. The
conductivity values, however, are an order of magnitude larger
than those measured in polycrystalline samples indicating the
significant role of carrier scattering at grain boundaries [56].
In O poor environment, Gdy, is the most stable configu-
ration in both Nag75Co0, and Nag 50CoO,. Interstitial Gd>+
introduces three electrons that recombine with three holes
of the host compound, reducing the concentration of Co*t,
As marked with red and blue arrows in figure 6(a), such a
reduction in Co** concentration increases S to 388 uV K~!
in Nag 75C00,:Gdyy, and to 222 iV K~ !in Nag 50C00,:Gdpy.
The reduction in Co*" concentration also decreases carrier
concentration (n) and conductivity (o). As marked with red
and blue arrows in figure 6(b), Gdy, reduces o to 2.58 x 10%
O 'em ! in Nag 75C00,:Gdy and to 1.29 x 10°Q 'em ! in
Nag 50C00,:Gdp,. As shown in figure 6(c), the power factor,
decreases to 3.873 mW m~!' K2 for Nag 75C00,:Gdy,, while
it increases to 6.367 mW m~' K2 in Nag 5¢C00,:Gdy. In O

poor environment, Yb dopants replace an existing Na. In this
case, each Yb dopant introduces two electrons. As a result,
the reduction in Co** concentration and conductivity is less
dramatic than the case of Gd doping. For Nag 75C00;:Ybnai,
S, o and power factor, therefore, were calculated to be 322 ;/V
K1 515%x10°Q "em ! and 5.344 mW m~ ! K2, respec-
tively. For Najs50Co0;:Ybna, on the other hand, S, ¢ and
power factor, were calculated to be 198 uV K1, 1.55 x 10°
Q~!'cm~!and 6.085 mW m~!' K2 respectively.

Gd** and Yb** dopants, when substituting for Co** as in O
rich environment, do not change the carrier (hole) concentra-
tion. However, they change the dynamics of spin entropy flow.
As shown in figures 4(b), (d), 5(b) and (d), the 4f states of Gd
and Yb dopants gravitate towards the bottom of the valence
band hybridising with O 2p and Co’s bonding e; states. The
electric conduction and therfore the spin entropy flow is facili-
tated by the electrons hopping from a full tgg states of a Co**
ion to a singly vacant tgg states of a Co** which all are located
within ~1eV of the Fermi level. Consequently, Gdc, and
Ybco, in practice, reduce the Co’* sites available for conduc-
tion, increasing the overall concentration of Co**. Taking the
reduced number of Co’* sites into account, as marked with
green and pink arrows in figure 6(a), according to Koshibae’s
equation, S is reduced to 241 pV K~! for Nagy75Co0, doped
with Gd¢, and Ydc, and to 142 pV K~! for Nag 50C0o0» doped
with Gd¢, and Ydc,. The carrier concentration, on the other
hand, is not altered by Co side doping as the concentration
of hole bearing Co** does not change by either Gdc, or Ydco
doping. The net result for Co site doping that which is preva-
lent in O rich environment is, therefore, a net decrease in the
power factor.

Earlier experiments have confirmed the possibility of
doping in Naj 50CoO, with Gd and Yb [23, 57]. In the case
of Yb doping in NagsCo0O,, synthesised through solid-state
reaction, 5% Yb doping decreased o by ~25% compared to
the undoped compound over the temperature range of 400
— 1000K (form ~2.94 x 10> Q7! em™! to 2.27 x 10*> Q!
cm 1. Yb doping, on the other hand, slightly increased S from
~185 1V K~ ! to ~205 1V K~! at 800K [23]. As a result, Yb
doping increased the PF to ~1.5 mW m~! K~? from the ~1.2
mW m~! K2 of the undoped sample. The effect of Yb doping
on the thermoelectric Nag 50CoO; is in general agreement with
our theoretical prediction. One, however, should note that, as
shown in figure 6(c), the PF as a function of carrier concentra-
tion has a maximum of 6.416 mW m~' K2 at a Co*" con-
centration of 0.275. The hypothetical compound Nag 7,5C00,
would have the maximum attainable power factor. This com-
position is, however, above the convex hull of the Na;_,CoO,
phase diagram [58, 59]. As a result, altering Co*" concentra-
tion through doping in a stable Na;_,CoO, composition is
the only way to attain the maximum PF value. Consequently,
electron doping, such as the case of Yby, and Gdyy, in the
Na layer in Naj 50CoO, moves the PF towards that maximum
while electron doping in Naj75C00, takes the thermopower
away from this maximum.

Ca3C04094 is another compound with many similarities
to Na;_,CoO, in which the Seebeck effect originates from the
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spin entropy flow from Co** to Co** ions. Similar to our pre-
diction for Gd and Yb doping in Nag50Co0O,, Gd doping at
10% in Ca3C0409. 5 was found to decrease o from ~100 0!
cm~! to ~67 Q7! ecm™! and to increase S from 125 pV K~
to 145 VvV K~! at 400K [60]. Similarly, ~13% Yb doping in
Ca3C040y_s was found to decrease o to ~45 Q! cm~! which
is half of the value of the undoped compound and to raise S to
155 uV K~ ! at 400K [61]. Judging from the combined effect
on conductivity and Seebeck coefficient, these dopants, most
likely, occupy a Ca site in calcium cobaltate.

Conclusions

Through density functional calculations with LDA + U for-
malism, we showed that the formation energy of Gd and Yb
dopants in Naj 75C00, and Nag 50CoO, was critically sensitive
to the synthesis conditions. In an oxygen poor environment,
Gd and Yb dopants preferred to occupy a spot in the Na layer
while in oxygen rich environment these dopants replaced a
Co. Since Gd and Yb have a higher oxidation state than Na,
when at Na layer, these dopants reduce the carrier concentra-
tion and the electric conductivity via electron—hole recombi-
nation and increase the Seebeck coefficient at the same time.
The thermoelectric power factor, however, improves only
for doped Nag 50CoO, for which the increased Seebeck coef-
ficient supersedes the reduction in the electric conductivity.
When replacing a Co, Gd and Yb dopants reduce the Seebeck
coefficient while leaving the electric conductivity unchanged
resulting in a net reduction in the power factor.
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