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ABSTRACT: A series of compact La/O-vacant La; _,CoO3_, compounds were prepared by a cold
high-pressure procedure, and their thermoelectric (TE) properties were investigated. Compared
with the ion-substituted hole-type LaCoOj systems (e.g., La; ,Sr,CoO3), the thermal conduction
of La; _,CoOj3_, is noticeably reduced by the La/O vacancies, whereas the electric transport is less
influenced, which results in an efficient ZT enhancement. We demonstrate that the large thermal
conductivity reduction originates from the strong point-defect scattering, and La; _,CoO;_, can be
rationalized as a partially filled solid solution: La;_,[1,CoO;_,[,, where [I denotes a vacancy.
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Such intrinsic thermal conductivity suppression provides an effective pathway for the design of T (K)

better TE materials.

B INTRODUCTION

About two-thirds of the energy we consume is lost during
energy transportation, storage, transformation, and applications,
mainly in the form of waste heat. Thermoelectric (TE) materials
make it possible to generate electric energy from industry waste and
other low-grade heat such as solar energy and geothermal energy.
Some high-performance TE alloys have been used for electric genera-
tion and cooling. Recently, TE oxides have been attracting much
attention because of their particular advantages and more extensive
application potentials than conventional TE alloys."* Nevertheless,
the TE efficiency in oxides is still at a lower level compared with that
in TE alloys. The efficiency of a TE material is usually described by
the figure of merit ZT, defined as S*T/ ok, where S, T, p, and K are
thermopower, absolute temperature, resistivity, and thermal conduc-
tivity, respectively. The relatively large « in oxides is one important
reason for the lower ZT. For instance, s?/ p of the layered cobalt oxide
NaCo,0, is comparable to that of a state-of-the-art TE Bi, Te; alloy,
but its « is much higher than that of Bi,Te;.>* Another examsple is
perovskite-type TE oxides: SrTiO; and LaCoOj; systems.>® In
slightly electron-doped SrTiO; and hole-doped LaCoOs, S*/p is
quite large among oxides, but ZT is still not competitive because of
the high «.>® Therefore, reducing « but keeping S$*/p unchanged is
the key to improving the TE performance of oxides. Moreover, the
strong coupling between S and p causes S and p to usually increase or
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decrease simultaneously, so it is difficult to noticeably increase S*/p.
Thus, suppression of « is an effective means for enhancing ZT.

Nanostructuring provides an approach to improving ZT
through phonon engineering and reduction of k,” which has been
achieved in types of TE semiconductors and alloys.”® Nanostructures
with one or more dimensions smaller than the mean free path of
phonons but larger than that of electrons will strongly reduce «
without noticeably affecting electrical transport. However, intrinsic
suppression of k, which is independent of the sample morphology, is
the root of developing TE materials. The search for materials with
low « and an understanding of the mechanism of « reduction could
be very helpful for the ongoing research on TEs.

In this study, we report the TE properties of La/O-vacant
La; ,CoO;_,, which suggests an efficient pathway to reducing « in
oxides through the introduction of vacancies, with p and S remaining
undisturbed. Our previous investigations on the La, _,Sr/Ca,CoO;
systems indicate that La;_,Sr,CoOj has a better TE performance
than La, ,Ca,CoO5 and the optimal ZT exists at x = 0.1.° Therefore,
herein we mainly present the results of Layg,C00O,,93 whose Co®"/
Co™ ratio is identical with that of Lag oSty ; CoO; and compare the
TE properties of Lag9,C00, g3 and Lag ¢Srp;CoOs. In the following,
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we will see that the same Co®*/Co™*" ratio causes Lay9,C0O, 3 and
Lag ¢St CoOj3 to have comparable electric transport properties, but
the La/O vacancies in Lapg;C0O,9; strongly suppress thermal
transport, which induces a significant ZT enhancement.

B EXPERIMENTAL SECTION

Polycrystalline La;,CoOs_, (x = 0—0.12) samples were prepared
by a solid-state reaction, followed by a cold high-pressure synthesis
procedure. First, appropriate amounts of La,O3 and Co30, powders were
mixed, pressed into pellets, and sintered in air at 1273—1373 K for 48 h with
intermediate grindings. Then, the as-synthesized products were repeatedly
ground into fine powders. Next, the powders were placed in a 6-mm-
diameter hole drilled in the center of a gasket made of a dense, strong
cardboard and loaded between two tungsten carbide anvils. Subsequently,
the powders in the gasket were cold-pressed into pellets under a high
pressure of 3 GPa with a special steel die for several minutes. (Note that the
gasket was subjected to an average pressure of 3 GPa, but on the sample at the
gasket center, the pressure may have been much higher.) After release of
pressure, a thin, compact, pellet-shaped sample was obtained. The surface of
these cold-pressed pellets shows a metallic shine. Finally, the samples were
annealed at 1473 K for 24 h in a mixed gas (5% H,/Ar).

Powder X-ray diffraction (XRD) data of the samples were collected
using a XRD diffractometer (D8 Advanced) with Cu Kot (4 = 0.154 06 nm)
radiation. The data were collected from 10° up to 140° in 26 with 0.02°
steps and a counting time of 30 s per step. The XRD pattern of these
samples, as shown in Figure 1, are consistent with that of pure LaCoOs,’
confirming that single-phase samples are successfully fabricated. The XRD
refinement, by using the profile analysis program Fullprof, indicates that the
La,_,CoOj;_, samples have smaller lattice parameters a than the stoichio-
metric LaCoO3 (see Table 1), which suggests contraction of the lattice in
La; ,CoOs_,.

The microstructure of the samples was observed by scanning electron
microscopy (SEM; JEOL JSM-6700F ), which reveals that these samples
are quite dense, without any obvious pores and cracks; the typical grain
size is 2—3 um (see the inset of Figure 2a). The density of these samples
is ~7.10 g/cm3, very close to the theoretical density (~7.25 g/cms).
The chemical composition of the samples was determined by energy-
dispersive spectroscopy (EDS; JEOL JSM-6700F). Note that the probed
region of the EDS measurement is on the scale of several hundred
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Figure 1. XRD pattern and Rietveld refinement result for Lag 9,C00, 93
at room temperature. The experimental data are shown as red dots; the
global fitting profile and the difference curve are shown as black and blue
solid lines, respectively; the calculated reflection positions are indicated
by green short sticks.

nanometers, much smaller than the grain size, so the probed volume is
only a fraction of one grain and does not include amorphous, defect
regions, boundaries, etc. Therefore, the element content can be obtained
from EDS analysis. The atom percentage, Co>*/Co*" ratio, and oxygen
content were further identified by X-ray photoelectron spectroscopy
(XPS; ESCA 100-VSW) and iodometric titration. The results from these
parallel experiments are consistent, so the chemical composition of the
samples can be well determined. As an example of Lag,C00, 93, the
EDS result shows La:Co:O =& 0.9:1:2.95, the iodometric titration
determines that the oxygen content is ~2.93, and both XPS and titration
results give Co®>":Co*" = 9:1, which is identical with the cases of
LagoSrp1Co03 and Lag oCag ;Co0s5. Detailed EDS and XPS results are
shown in the Supporting Information.

The TE properties (k, p, and S), Hall coefficient, and specific heat
were all measured by a physical property measurement system (Quantum
Design). Resistivity and thermopower measurements were performed by a
standard four-probe method, whereas the Hall coefficient was measured
using a five-probe method with copper wire as leads. The thermal conduc-
tivity and specific heat were measured using a steady-state technique in a
closed-cycle refrigerator pumped down to 10> Torr.

B RESULTS AND DISCUSSION

The cold high-pressure procedure adopted in thlS study is the
same as the method developed by Zhou et al.'® As shown by
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Figure 2. (a) Temperature dependence of thermal conductivity « for
the La; ,CoO;_, samples. The inset shows a SEM image of a cross
section of Lag.9;C00503. (b) k(T) of Lag9,C00, 95 and La; _,Sr,CoO4
samples. The k data of Lag 9,Sr0,0sC0O3 and Lag g75Sr0,125CoO5 crystals
are from ref 12.

Table 1. Room Temperature Lattice Parameters, Atomic Positions, Isotropic Thermal Factor B, and Fitting Factors (pr, Rg,
and Rg) for LaCoO; and Lag,C00, 93 Based on a Rhombohedral R3¢ Space Group from the XRD Refinement

a(A) B (deg)

5.3861(6)
5.3646(8)

Bio(La) (A7)

0.24(3)
0.26(3)

Bio(Co) (A?)

0.28(3)
0.28(4)

LaCoO5
Lap9,C00,.93

60.7023(8)
60.9619(8)

0.21153(22)
0.20927(25)

%o ¥o 20 Bio(0) (A%) Ry (%)  Rs(%) Re(%)
0.28847(22)  0.75 0.78(4) 9.17 4.68 3.73
0.29073(25)  0.75 0.77(5) 10.25 533 4.12
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Zhou et al,'® the crystalline quality and transport properties of
materials synthesized by the cold high pressure are much better
than those of samples synthesized by a conventional solid-state
reaction or sol—gel method. Especially, p(T) and «(T) in such
cold-pressed ceramic samples are nearly the same as those in the
single-crystalline counterparts; in contrast, p(T) and thermal
resistivity k' (T) in conventional ceramics synthesized by a
traditional solid-state reaction or sol—gel method can be up to 1
order of magnitude higher than those in the single-crystalline
counterparts. For comparison, we also prepared several samples
by a conventional solid-sate reaction (see the Supporting In-
formation). In these samples synthesized by the conventional
solid-state reaction, there are numerous pores and cracks as
revealed by the SEM image, and the thermal and electric
conductivities are much lower than those of the samples synthe-
sized by cold high pressure. In contrast to the solid-state-
reaction-synthesized samples, the compact cold-pressed samples
have thermal and electric conductivities comparable to those of
single crystals.''* The availability of high-density samples allows
us to investigate the intrinsic thermal conduction and TE
behaviors.

As shown in Figure 2a, the k—T behaviors are similar for all
La;_,CoOj;_, samples, but the k values gradually decrease with
an increase in the vacancy content. Especially, compared with
La;_,Sr,CoO;, the « reduction in La;_,CoO;_, is clear
(Figure 2b). Estimated from the Wiedemann—Franz law, the
phonon thermal conductivity kp}, is dominant in these samples
(Kph/ Kk = 90%), so the decrease in k arises mainly from
suppression of phonon transport. Because our compact ceramic
samples have a k¥ magnitude comparable to that of single crystals
(see Figure 2b),"* therefore, the grain boundaries in these
ceramics have less influence on «, and thus the introduced La/O
vacancies cause an intrinsic suppression of k. It is surprising that
the slight ion deficiencies result in such a noticeable « reduction.
In this LaCoOj; family, the specific heat measurements reveal that
La;_,CoO;_, and La,_,Sr,CoO3 have nearly the same Debye
temperature 01, and average phonon velocity v (see the Support-
ing Information), but « in La;_,CoOj;_, is less than one-third
of that in La;_,Sr,CoO;. This means that, in addition to
phonon—phonon scattering, there exist other phonon scattering
mechanisms in La;_,CoO;_, that depress «. Considering the
existence of La/O vacancies that may cause some local anhar-
monic vibrations (viz., these vacancies might act as “rattlers”) Bt
is reasonable to speculate that point-defect scattering is the most
likely mechanism herein. Moreover, such a mechanism is ex-
pected to scatter phonons over a wide frequency range, which
thus leads to a corresponding decrease in k over a wide
temperature range, as observed. To better understand this
scenario, next we compare the observed « with that predicted
by the point-defect scattering theory.

In the point-defect scattering theory, the total scattering
rate 7' is expressed by'¥"°

‘L'_l = pd_l + ‘L'ph_l —+ Tb_l (1)

where ‘L’Pdfl , ‘L’P};l , and 7,”" denote the scattering rates for
point-defect scattering, phonon—phonon scattering, and bound-
ary scattering, respectively. The boundary scattering is the same
and is negligible for all samples; the phonon—phonon scattering
gives K o< TV 2 but here k increases with temperature, suggest-
ing that 7, !is also less important. Therefore, 7pq !is dominant
for all samples, and the different « values between La; _,CoO;_,
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Figure 3. Room temperature phonon thermal resistivity KP}:] of
La,_,[,Co0;3_,0, and La;_,Sr,CoO3 as a function of the vacancy/
Sr content x. The square dots are the experimental data, while the solid
lines are the calculated kafl from point-defect scattering theory. Here
we assume that x = y in La; _,CoOj3_,; viz,, the La and O vacancies are
equal in number. Although y/x is actually ~0.8—1, this assumption does
not affect the conclusion. The inset shows k(T) of Lagg,C0O5 o3 and
Lag 9Sr 1Co0j3, together with the calculation curves by phonon scatter-
ing theory proposed by Callaway et al.'*'®

and La;_,Sr,CoO; originate from their different point-defect
scattering.

For a system governed by point-defect scattering, phonon ther-
mal resistivity KP};1 is given by /cplf1 = 47'[1/(ACT)1/ 2 /kg, "5
where A and C are characteristic parameters. Parameter C can be
determined from the measured k., of a pure material in which e =
k*0p/2vACT. Because La;_,CoO;_, and La;_,Sr,CoO; have
the same 0, and v [fpy~ 380 K from the fitting of specific heat data
and v ~ 2850 m/s according to v = (6°N) ™ *ks0p/h], they also
have the same parameter C, which is calculated to be 227 x 10~ "7s/K
at 300 K. Parameter A is given by A = VoI'/ 471v°, where Vy is the
unit-cell volume and I is the scattering parameter. In La, _,Sr,.
Co0;, there is only one type of doped ion, Sr, with a relative
concentration x, so I' = x(1 — x)(AM/M,,), where AM is the
mass difference between Sr and La and M, is the average mass. '
Thus, the A values for La;_,Sr,CoO; can be determined as a
function of x. In La; _,CoO;_,, the situation is complex because
there are no doped ions but both La and O sites have vacancies.
Nonetheless, if La; ,CoO;_, is thought of as solid solution
La;_,[,C005_,0, consisting of LaCoO3 and [, ColJ,, where
O denotes a La vacancy or an O vacancy, the « behavior can be
well understood. For such a ternary compound P,Q,R,, the
scattering parameter I', denoted by I'(P,Q,R,), is given by’

e = ) T
() T () T @

where M,, = (pMp + qMq + rMg)/(p + q + r). In the case
of La;_,[0,Co05_,0,, P = (La, 0), Q = Co, and R = (O, O).
Thus, eq 2 can yield an expression of A for La;_,CoO;_,.
Then, KP}fl can be calculated for both La; ,CoO;_, and
La;_,Sr,CoO; by using these parameters and expressions. The
calculated plots of Kp}fl at 300 K are shown in Figure 3.
The KP}fl curves predicted by the point-defect scattering theory
are consistent with the observed KP},_I (note that the calculated
curves contain no adjustable parameters), which thus
accounts well for the experimental k behaviors; viz., point-defect
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Figure 4. Temperature dependences of (a) resistivity p and (b)
thermopower S for the samples.

scattering governs the thermal transport in this system. The
strong point-defect scattering induced by vacancy O causes
a large « reduction; namely, the vacancy O is playing a role
as “rattler”, which thus strongly scatters phonons. It can also well
explain the different « values between La,;_,CoO;_, and
La;_,Sr,Co0O;. The mass mismatch between La and [ as well
as O and O is 100%, much larger than that between La and
Sr, so the point-defect scattering intensity in La;_,CoO5_, is
obviously stronger than that in La;_,Sr,CoOj;. Consequently,
La; ,CoOj;_, exhibits much lower « than La, ,Sr,CoO;. We
believe that this scenario can also explain the observed k
reduction in other ion-deficient oxides such as SrTiO;_g."®

The introduced La/O vacancies noticeably reduce «; however, for
TEs, it is also crucial to probe whether these vacancies disturb the
electric transport of La; _,CoO;_,. As presented in Figure 4, the p—T
and S— T behaviors in Lagg,CoO, o3 are similar to those in LagSrq ;.
CoOj3 and LaygCag;Co03, and especially the p as well as S values are
comparable for these samples. This implies that the electric transport
properties of the LaCoQ5 system are less affected by vacancies overall;
instead, they are mainly determined by the Co>"/Co*" ratio. The
Hall coefficient measurements show that the room temperature
carrier concentrations 7 for Lagg,C0O5 93, Lag oSty 1C003, and Lage-
Cag,,Co0; are 668 x 10*, 5.61 x 10, and 532 x 10*' cm 3,
respectively, indicating that, although the vacancies provide more free
carriers, on the whole, the same Co® " /Co™*" ratio gives rise to almost
the same carrier concentration. The room temperature p values for
Lap9,C00,.03, LageSro1Co0s, and LagyCag;CoO; are 8.68, 3.58,
and 6.51 m€2 cm, respectively, and the corresponding room tem-
perature carrier mobility ¢ values are 0.107, 0.313, and 0.181
cm” V"5~ !, This suggests that the vacancies induce stronger carrier
scattering and finally that p of Lag 9,C00, g3 is somewhat higher than
those of LagoSry;CoO3 and LaygCay;CoO;. Note that their p
difference is intrinsic because all of the samples have identical micro-
structure and exhibit p comparable to that of single crystals (namely,
the influence of grain boundaries is quite small). Considering the
different structural distortions in the three systems, their different
bandwidth should be responsible for the different p values.”

On the other hand, S of Lag 9,C00, o3 is also larger than that of
LagoSr/Cag;Co0Os5. This is an interesting observation because

Lag9,C00, 93 has more carriers than Lag ¢Srg;CoQO3 and Lag .
CayCo03, whereas for most semiconductors, the increase in the
number of carriers normally reduces S. Thus, herein, the increase in S
is derived from another reason than the carrier factor. Such a
phenomenon may result for the following two reasons. One reason
is that the electronic density of states (DOSs) around the Fermi level,
g(E), is increased by introducing vacancies. The specific heat results
indeed show that Lagg,C00,,93 has a larger electronic specific heat
coefficient  (see the Supporting Information). Because in such an
electron-correlated semiconductor system S o< 7y oc m* o< [g(E)]Z/ 3
(m* is the electron effective mass),"” the enhanced electron correla-
tion is responsible for the increase in S. This is also supported by the
band calculations on ion-vacant perovskites.”® The other reason is
that the electronic configurations of Co ions may vary in Lagg,.
Co0,93. It is well-known that there exist rich spin states in the
LaCoOj system and the crossover between the different spin states
sensitively depends on the crystal structure and Co—O bond
length.21 As mentioned above, the XRD data reveal that La;_,-
Co0;_, exhibits a contraction of its lattice, which may cause some
variations in the spin state of Co ions and thus change the configura-
tional entropy of the system. Because the configurational entropy is
quite important in determining S in cobalt oxides,” variations in
electronic configurations will also influence S. Further investigations
are needed to clarify the origin of the observed S enhancement, but
those are beyond the scope of the present study.

Because of the large k reduction, ZT in the La/O-vacant
samples is efficiently improved. Compared with the highest ZT in
La;_,Sr,CoO; (ZT ~ 0.1 at 300 K),9 the room temperature ZT
exceeds 0.18 in Lagg;Co0,93 which is nearly doubled. It is
noteworthy that herein the ZT enhancement has nothing to do with
sample morphologies, so further ZT improvement is likely by a
conjunction of nanoengineering and the mechanism described in this
study. We have shown that the compact La, _,Sr,CoO; nanowires
exhibit twice the value of ZT compared with the ceramic
counterparts,” so it might be estimated that ZT ~ 0.4 around 300
K for nanosized La; ,CoO;_,.

B CONCLUSION

In summary, we present a systematic study on the thermal
conductivity and TE properties of a series of La/O-vacant La; -
CoO;_,. In these La; _CoO5_, samples, « is strongly suppressed by
the La/O vacancies, whereas p and S depend mainly on the Co>*/
Co™" ratio and they are less affected by the vacancies. As a result,
La;_,CoOj3_, shows an efficiently improved TE performance. Such
intrinsic K suppression may be achieved in various oxide systems and
can work in conjunction with other phonon engineering such as
nanostructuring, so it could be very useful for the design of better TE
materials.

B ASSOCIATED CONTENT

© Supporting Information. Details of the EDS, XPS, and
specific heat results and the microstructure as well as transport
properties of samples prepared by a conventional solid-state
reaction. This material is available free of charge via the Internet
at http://pubs.acs.org.
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