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Colossal Thermoelectric Power Factor in K;;3RhO,

Yasir Saeed, Nirpendra Singh, and Udo Schwingenschlogl*

The thermoelectric properties of the layered oxides K,RhO, (x =1/2 and 7/8)
are investigated by means of the electronic structure, as determined by ab
inito calculations and Boltzmann transport theory. In general, the electronic
structure of K,RhO, is similar to Na,CoO,, but with strongly enhanced trans-
port. K;/3sRhO, exceeds the ultrahigh power factor of Na, g3CoO, reported
previously by more than 50%. The roles of the cation concentration and the
lattice parameters in the transport properties in this class of compounds are

explained.

1. Introduction

Thermoelectric materials, which convert heat into electric
power, are of growing interest for energy conversion. A number
of promising classes of materials have been identified: bis-
muth tellurids,' III-nitrides (AllnN and InGaN),’~! SiGe
alloys, 1% and oxides.'” Due to their stability against oxida-
tion, oxides are most suitable for power generation from waste
heat at high temperature (in air). Layered cobalt oxides have
received special attention.['>-1% By varying the Na concentration
in Na,CoO, the system changes its behavior from metallic to
insulating and becomes superconducting around x = 0.3.0415] A
strong enhancement of the thermopower in Na,CoO, has been
observed for high Na doping.'®l A peak value of the Seebeck
coefficient of 250 pV K1 at 125 K is among the highest values
for hole-type materials. Recently, the room temperature Seebeck
coefficient of Na,CoO, was reported to fall in the range from 30
to 100 uV K7 and to increase with increasing Na concentra-
tion. Although the values are smaller than claimed in Lee et
al.,l'® the materials are still very interesting for application in
thermoelectrics. This fact has promoted huge interest in the
isostructural and isovalent families A,CoO,, A = K, RD, or Cs.
Angle-resolved photoemission spectroscopy points to similar
electronic and optical properties of K;,,Co0, and Na;;Co0,,
which has been confirmed by band structure calculations.[8-21]
The electronic structure of Na,CoO, is discussed by Johannes
and Singh.?2

Analogous compounds with Rh in place of Co are found
to be good thermoelectric materials, but with reduced correla-
tion effects.[*!23-26] Shibasaki et al.””) have shown that the sub-
stitution of Rh ions in LaygSry,Co ;_,Rh,O;_s diminishes the
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magnetic moment of Co, where the ther-
mopower is enhanced by a factor of 10 at
x = 1/2 as compared to x = 0 and x = 1.
The optical and thermoelectric properties
of Ky4RhO, have been investigated by
Okazaki et al.?8% who report on quali-
tative similarities of the optical conduc-
tivity spectra as compared to Na,CoO,.
An experimental Seebeck coefficient of
40 uV K! (at 300 K) is found.”?®! The tem-
perature dependence of the transport is
different from Na,CoO,, which also sug-
gests that correlations are weaker in the
Rh oxides than in the Co oxides. An enhancement of the trans-
port for an increasing concentration of alkali cations is known
from other layered oxides.?% Despite various studies, the elec-
tronic structure of the 4d systems is not well understood.?!3?!
Still, Rh and Co are similar from a chemical point of view so
that layered Rh oxides can be synthesized with properties
largely resembling those of the Co oxides.?*-]

We propose a new class of materials with enhanced ther-
moelectric power factor employing first principles calculations
for K,RhO, with x = 1/2 and 7/8. A comparison to Na,CoO,
is given in terms of the chemical nature of the Co 3d and Rh
4d states. The optical transitions are explained by the band
structure (BS) and density of states (DOS), and the influence
of the cation concentration as well as the lattice parameters
on the power factor, which is key for thermoelectric devices, is
discussed.

2. Computational Details

Our calculations are based on density functional theory using
the full-potential linearized augmented plane wave approach as
implemented in the WIEN2k package.*! This method has been
applied successfully in many cases for describing the electronic
structure of oxides,[”38] including the optical spectrum.3% The
transport is calculated by semiclassical Boltzmann theory in the
constant scattering approximation, implemented in the Boltz-
TraP code.***l Different exchange-correlation functionals (local
density approximation (LDA), generalized gradient approxima-
tion (GGA), GGA-sol, and GGA-PBE() are employed in the
optimization of the c/a ratio. Since the differences are small, we
will discuss in the following only the GGA-sol results.

In our calculations the unit cell is divided into non-overlap-
ping atomic spheres, centered at the atomic sites, and the inter-
stitial region. The parameter R, K., (Where K., is the plane-
wave cut-off and R, is the smallest muffin-tin radius) controls
the size of the basis. It is set to a high value of 7 together with
Gax = 24. We use 66 k-points in the irreducible wedge of the
Brillouin zone for calculating the electronic structure and
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Figure 1. Volume optimization of K;,RhO, for different exchange cor-
relation functionals.

a dense mesh of 480 k-points in the optical calculations. For
the transport calculations we apply 4592 k-points. Self-consist-
ency is assumed to be achieved for a total energy convergence
of 107 Ry.

3. Results and Discussion

K,RhO, crystallizes in the y-Na,CoO, structure with space group
P6;/mmc and experimental lattice constants of a = 3.0647 A and ¢
=13.6 A.* The CdI,-type RhO, layer and the K layer are stacked
alternately along the c-axis. The experimental lattice constants
of K;,RhO, are used as starting point for the structure optimi-
zation, yielding the volume and c/a ratio presented in Figure
1. Our LDA calculation yields an approximately 14% reduction
of the c¢/a ratio from 4.44 (experimental) to 3.84 (optimized),
which is similar to other layered Co/Rh oxides (c¢/a = 3.8). The
Rh-O bond length is reduced from 2.13 to 2.04 A. To confirm
the result, we have optimized the structure with more involved
exchange correlation functionals (GGA, GGA-sol, and PBEO),
but obtain almost the same in each case. In addition, the opti-
mized lattice parameters lead to a good agreement of the optical
and transport properties with the experiment (details below).

The optimized ¢ value is also similar to other isostructural
compounds such as Sr,RhO,,**1 Na,Co0,," Li NbO,,*!
and La,Co0,.* Interestingly, the layered materials LiRhO,,
NaRhO,, and KRhO, can form hydrate (i.e., water intercalated)
phasesi®!l with increased c lattice parameter.[*’! Takada et al.'¥
have shown that Na,CoO, can be readily hydrated to form
Na,CoO,-yH,0. The c¢ lattice parameter again is considerably
expanded to accomodate the intercalated water. We therefore
conjecture that the experimental structure of K,RhO, refers
to the hydrated phase while the optimized lattice constants
a=3.06 and ¢ = 11.56 A represent the ideal structure. We first
focus on the optimized lattice constants.

In Figure 2a,b the calculated electronic BSs of K;,,RhO, and
K;,sRhO, are presented. They are similar to isostructural and iso-
valent Na,CoO,, except for a slightly larger pseudogap between
the Rh t,, and e, bands. The less dispersive bands in K,RhO, as
compared to Na,CoO, promote an enhanced thermoelectricity.
The DOS in Figure 3 reflects the crystal field splitting into e,
and t,, states experienced by the Rh*" ions, similar to Na,CoO,
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Figure 2. Energy band structures of: a) K;,RhO; and b) K;/sRhO,.

but with larger bandwidths.??! The increased bandwidths reflect
a reduction of the electronic correlations. In addition, a weak
hybridization between the Rh 4d and O 2p states is seen in the
DOS at or below the Fermi energy, and the O 2p states lie deeper
in the valence band (below —2 eV) than in Na,CoO,.

The optical reflectivity and conductivity of K,.RhO, are
shown in Figure 4a,b, where the experimental values are taken
from Okazaki et al.?% The calculated reflectivities are similar
to each other, with a maximum value of approximately 90% at
zero photon energy. A Drude-like edge is found at around 1 eV
(experiment: 1.2 eV) in the reflectivity spectrum of K;,,RhO,,
while for K;5RhO, this edge appears at around 0.5 eV. At
zero photon energy, the calculated optical conductivity of ¢ =
2500 Q' cm™ for K;,RhO; is in excellent agreement with the
experiment, see the blue and black dots in Figure 4b. Three
well-defined peaks are observed: i) near 1 eV due to the Rh
tyg—tyg intra-band transition, ii) at around 3 eV due to the Rh
thg—ey inter-band transition, and iii) around 5.5 eV due to the
inter-band transition from O 2p to Rh 4d e,. The peaks are also
present in the experiment,*! as well as for Na;,Co0, (0.5 eV,
1.6 eV, and 3 eV),!'8 which again reflects the similarity of these
isostructural and isovalent compounds.

In the following, we will address the experimental (hydrated)
as well as optimized structures of K,RhO,. We have calculated
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Figure 3. DOS obtained for K; ,RhO; and K;/sRhO,.
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Figure 4. Optical reflectivity and conductivity of K; ,RhO; and K;,3RhO,
along with experimental spectra.?l Blue and black dots highlight the cal-
culated and experimental values at zero photon energy.

the Seebeck coefficient (S), thermal conductivity (x), and power
factor (Z). The data are shown in Figure 5 as a function of the
temperature from 0 to 700 K. According to Figure 5 a, at 300 K
the Seebeck coefficients of optimized K;,RhO, and K;,sRhO,
amount to 50 and 55 uV K, respectively, in good agreement
with the experiment.”®! For hydrated K;,RhO, and K;/sRhO,,
on the other hand, the values are strongly enhanced to 100 and
140 uV K, respectively.

The BS of the hydrated phase of K,RhO, is close to that of
optimized K,RhO,, compare Figure 2 and Figure 6, except that
the Rh t,, bands are flatter in a narrow region around the Fermi
energy. This fact causes the resistivity to increase and results in
a higher Seebeck coefficient. The larger S value for K;sRhO, as
compared to K;,,RhO, is due to band filling by the increased
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Figure 5. Calculated thermoelectric properties of pristine (solid line) and
hydrated (dashed line) K,RhO,.
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Figure 6. Energy band structures of hydrated a) K;,RhO, and
b) K;5RhO,.

cation concentration, which (rigidly) shifts flatter regions
of the bands towards the Fermi energy. For comparison, we
have calculated the room temperature Seebeck coefficient of
Na1 12C00, for the lattice parameters: i) a=288A, c=1559
A%l and ii) a = 2.86 A, c = 10.82 A. We obtain 60 and 34 pVv K,
respectively, which is in agreement with the experiment!'”] and
seconds the above picture that a larger ¢ parameter can enhance
S. We finally have to address the question why hydrated K,RhO,
has a higher Seebeck coefficient than hydrated Na,CoO,.
According to the BS given in Figure 7, the larger c lattice param-
eter of Na,CoO, (15.59 A as compared to 13.6 A) causes the Co
e, states to shift down in energy to the Fermi level because the
Co-O overlap is reduced. This, in turn, results in a decrease
of the resistivity and, therefore, the Seebeck coefficient. Note
that the carrier concentrations are 1.0 x 102! cm in hydrated
Na;,C00,; and 1.8 x 10*! cm™ in hydrated K; ,RhO,.
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Figure 7. Energy band structure of Na;;,CoO, with ¢ = 15.59 A
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For optimized K,RhO, the Seebeck coefficient depends not
much on the K concentration up to 300 K, whereas for higher
temperatures it increases stronger for K;,sRhO, to reach a value
of 80 uV K! at 700 K. In contrast to this behavior, S remains
almost constant above 300 K for hydrated K,RhO,. According to
Figure 5 b the thermal conductivity is similar for the hydrated
phases and for optimized K; sRhO,, while it is much enhanced
for optimized K;,RhO,. In Figure 5 c, the power factor is
presented for optimized and hydrated K,RhO,. For hydrated
K;7/sRhO, it reaches a value of 3 x 107 K" at 100 K. This is
much higher than in other hole-type compounds, including
Nag ggCo0, with a maximum of Z = 1.8 x 107> K! (at 80 K). At
room temperature (300 K) the power factor of hydrated K,RhO,
also clearly exceeds that of Nag3C0O,, whereas for optimized
K,RhO, it is only a little higher. The large Z of hydrated K,RhO,
results from a decrease of the thermal conductivity, increase
of the electrical conductivity (as demonstrated for the hydrated
phase of NaRhO, in Figure 2 of Park et al.*’)), and larger See-
beck coefficient as compared to optimized K,RhO,.

4, Conclusion

In conclusion, the electronic, optical, and transport properties
of the layered compounds K,RhO, have been determined and
compared to isostructural and isovalent Na,CoO,. The opti-
mized structure of K;,RhO, exhibits a remarkable deviation
of the c/a ratio from the experimental result as well as from
c/a ratios of related compounds. This indicates that a hydrated
phase of K,RhO, exists and that the experimental structure
determination refers to this hydrated phase. The calculated See-
beck coefficient of pristine K;,RhO, amounts to 50 uV K1 at
300 K, which is close to the experimental value of 40 uvV K.
Importantly, we find huge values for the Seebeck coefficient
and power factor for hydrated K,RhO, in the whole tempera-
ture range from 0 to 700 K. At 100 K, we obtain for hydrated
K;/sRhO, a value of Z =3 x 107 K™!, which is the highest power
factor observed at this temperature. It exceeds the exceptionally
high value of Najg3Co0O, by more than 50%. Our results dem-
onstrate that hydration is an effective approach to modify the
lattice parameters and, as a result, enhance the thermoelectric
performance. The transport properties of K,RhO, are highly
promising for technological applications.
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