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A high ZT value of ~1.1 at 923 K in the BiCuSeO system is
achieved via heavily doping with Ba and refining grain sizes
(200-400 nm), which is higher than any thermoelectric oxide.
Excellent thermal and chemical stabilities up to 923 K and high
thermoelectric performance confirm that the BiCuSeO system is
promising for thermoelectric power generation applications.

The thermoelectric (TE) energy conversion technology, which can be
used to convert wasted heat into electricity, has received much
attention in the past decade. The efficiency of TE devices is charac-
terized by the dimensionless figure of merit, ZT = (S%6/K)T, where S,
g, k, and T are the Seebeck coefficient, the electrical conductivity, the
thermal conductivity, and the absolute temperature, respectively.
Until now, several classes of bulk materials with high Z7 values have
been discovered,? including nanostructured BiSbTe alloys,? filled
skutterudites,* zinc antimonide,® AgPb;g,SbTex.® Tl doped PbTe”
or (AgSbTe,);_(GeTe), alloys.? but they lack thermal and chemical
stabilities in air. Therefore, TE oxides are expected to play an
important role in extensive applications for waste heat recovery, on
the basis of their potential advantage over heavy metallic alloys of
chemical and thermal robustness. To date, several families of oxides
have been developed as promising TE materials. Typical TE oxides
include Ca, sAgy 15Lug0sC040045 (k ~ 1.4 Wm™! K™, ZT ~0.61 at
1118 K).? SryoLag TiOs_5 (k ~ 3.0 W m™' K™, ZT ~ 021 at
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750 K),2® In; §Geg 05 (k ~ 2.0 Wm ™ K™!, ZT ~ 0.46 at 1273 K),*
CagoYby MnO; (k ~ 1.6 Wm™ K™!, ZT ~ 0.16 at 1000 K),"2 and
Z10,06Al0.00Gag 00 (k ~ 5.0 W m™' K™, ZT ~ 0.65 at 1247 K)."®
These ZT values still remain significantly lower than those of some
metallic alloys, which can be ascribed to either moderate electrical
conductivity or high thermal conductivity depending on the families.
Even though the ZT values can be enhanced to unity in cobalt oxide-
based materials by single crystal growth, these materials are unstable
against humidity."*** Recently, we have reported the promising TE
properties of a quaternary oxyselenide, BiCuSeO, which exhibits an
intrinsically very low thermal conductivity (~040 W m~! K~ ! at
923 K).!*'7 High ZT values of 0.76 at 873 K, 0.81 at 923 K'™ and
0.90 at 923 K' can be achieved by optimizing the electrical
conductivity through Sr doping, Cu vacancies and Ca doping,
respectively. The main features of the BiCuSeO system can be
summarized as:'®"” the crystal structure constituted by (CusSe,)*~
layers alternately stacked with (BiO,)** layers along the ¢ axis of the
tetragonal cell;'**® a moderate effective mass (m1* ~ 0.60m,); low hole
mobility (2-20 cm™? V™' s71); a large Gruneisen parameter (y ~ 1.5)
and a low Young’s modulus (E ~ 76.5 GPa). These features lead to a
moderate power factor coupled to a very low thermal conductivity. In
this work, we show that Ba>" doping on the Bi** site can be used to
optimize the charge carrier concentrations, which results in an
improved power factor, and meanwhile the grain size can be refined
using a ball milling process in order to reduce the lattice thermal
conductivity contribution without diminishing the electrical conduc-
tivity. A ZT value of 1.1 is reached at 923 K for Bigg;5Bag 125CuSeO
with carrier concentrations as high as 1.1 x 102! em 3, which is the
highest value ever reported for oxygen containing materials.>*
Samples with the chemical composition Bi;_,Ba,CuSeO (x = 0,
0.025, 0.05, 0.075, 0.1, 0.125, and 0.15) were synthesized by a two-step
solid state reaction route. A stoichiometric mixture of Bi,O5 (4 N), Bi
(3N), Cu (3 N), Se (5 N) and BaO (3 N) powders was prepared by a
ball milling process and then the mixed powders were cold pressed
using a graphite die and heated at 573 K for 8 h and 1023 K for 24 h
in vacuum in a hot pressing sinter. The obtained bulk materials were
crushed into powders and then ball milled at 250 rpm for 8§ h in a
planetary ball mill. Finally, the obtained powders were sintered by a
spark plasma sintering system (Sumimoto SPS1050, Japan) under the
axial compressive stress of 50 MPa in vacuum at 973 K for 6 min,
resulting in a disk-shaped sample of @ 20 x 7 mm. The sample
preparation processes including weighing raw materials and ball

This journal is © The Royal Society of Chemistry 2012

Energy Environ. Sci., 2012, 5, 8543-8547 | 8543



Downloaded by UNIVERSITE PARIS SUD on 18 November 2012
Published on 20 July 2012 on http://pubs.rsc.org | doi:10.1039/C2EE22622G

View Online

milling were carried out in air. The obtained samples were sealed
inside an evacuated quartz tube with a pressure of ~10~* torr and
annealed at 923 K for 7 days to evaluate their thermal stability. The
obtained SPS processed pellets were cut along the radial direction of
the disk sample into bars with dimensions of about 18 mm x 3 mm x
3 mm that were used for simultaneous measurement of the Seebeck
coefficient and the electrical conductivity using an Ulvac Riko ZEM-
2 instrument (ZEM-2, ULVAC-RIKO, Japan) under a helium
atmosphere from room temperature to 923 K. Heating and cooling
cycles gave repeatable electrical properties, verifying the thermal
stability. Electrical properties obtained from different slices cut from
the same pellets were similar, attesting to the homogeneity of the
samples. The uncertainty of the Seebeck coefficient and electrical
conductivity measurements is 5%. High density SPSed pellets were
cut as shown in Fig. S1 (ESIT) and the thermal and electrical trans-
port properties were measured in the same direction. The SPSed
pellets were polished into coins of & ~ 6 mm and 1-2 mm thickness
for thermal diffusivity measurements. The samples were coated with
a thin layer of graphite to minimize errors from the emissivity of the
material. The thermal conductivity was calculated from x = DCpp,
where the thermal diffusivity coefficient (D) in the range from room
temperature to 923 K was measured using the laser flash diffusivity
method in a Netzsch LFA427 (NETZSCH, LFA427, Germany), the
thermal diffusivity data were analyzed using a Cowan model with
pulse correction and heating and cooling cycles gave reproducible
values for each sample. The specific heat capacity (C,) was deter-
mined by differential scanning calorimetry (NETZSCH DSC 404C
Germany). The density (p) was determined by using the dimensions
and mass of the sample, which was then reconfirmed using the
Archimedes method. Thermal diffusivities obtained for different sli-
ces from the same pellet are also similar. The uncertainty of the
thermal conductivity is estimated to be within 8%, considering the
uncertainties for D, C, and p. The combined uncertainty for all
measurements involved in the calculation of Z7 is less than 15%. The
Hall coefficients, Ry, of the samples were measured at room
temperature using a physical properties measurement system (PPMS-
9T, Quantum Design Inc, USA), and a magnetic field of 2 T and an
electrical current of 30 mA were applied. The carrier concentration
(ny) was calculated by ny; = 1/eRyy, where e is the electronic charge.
The carrier mobility (1) was calculated by u = o Ry, where ¢ is the
electrical conductivity. Thermogravimetric analysis was performed
by using a METTLER TGA/SDTAS851e differential thermal
analyzer under an Ar—air atmosphere in the temperature range from
room temperature to 923 K with a rate of 5 K min~'. X-ray
diffraction and electron microscopy: the phase structure was analyzed
by X-ray diffraction (XRD, CuKae, Bruker D8, Germany). Scanning
electron microscopy (SEM) studies were performed using a Hitachi
S-3400N VP-SEM equipped with an Oxford detector for energy
dispersive X-ray spectroscopy (EDS). The samples used for SEM and
EDS were the same coins used for thermal diffusivity measurements,
and they were polished using a suspension of 50 nm Al,Os particles.
Transmission electron microscopy (TEM) investigations were carried
out using a JEOL 2100F microscope operated at 200 kV. The thin
TEM specimens were prepared by conventional standard methods.
The procedures include cutting, grinding, dimpling, polishing and
Ar-ion milling on a liquid nitrogen cooling state subsequently.

Fig. 1(a) shows the powder XRD patterns of Bi;_,Ba,CuSeO, all
the major Bragg peaks show an excellent match to the simulation of
BiCuSeO (PDF#82-0464) and can be indexed to the ZrSiCuAs type
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Fig. 1 (a) Powder XRD patterns for Bi;_,Ba,CuSeO samples. (b)
Lattice parameters as a function of Ba doping fraction for the Bij_,.
Ba,CuSeO sample. (c) Room temperature carrier mobility and carrier
concentration as a function of Ba doping content. (d) Thermogravimetric
analysis in air atmosphere from room temperature to 923 K for the
BiCuSeO sample.

structure. The lattice parameters as a function of Ba doping content
are shown in Fig. 1(b). Both ¢ and ¢ values increase with the
increasing Ba content, which is related to the radius of Ba** ions
(1.34 A), which is larger than that of Bi*" ions (0.96 A) The Hall
carrier concentration (ny) at 300 K increases rapidly from 1.1 x
10" em ™2 for BiCuSeO to 8.0 x 10* cm ™ for x = 0.1 Ba doped
sample, and further increases to 1.5 x 10*' em™> for x = 0.15 Ba
doping, as shown in Fig. 1(c). Collectively, the lattice parameters and
carrier concentration variations indicate that Ba>" was successfully
incorporated into the BiCuSeO lattice. Typical thermogravimetric
analysis (TGA) for BiCuSeO under air atmosphere shows that the
sample is thermally and chemically stable up to 923 K with no
measurable weight loss or gain, as shown in Fig. 1(d). It is noteworthy
that thermal and chemical stabilities of BiCuSeO outperform
NaCo,0O, oxide,” which is the highest performance TE oxide
reported so far, and that of most TE metallic alloys."®

The sample of BiggssBag 1osCuSeO was investigated by TEM.
Fig. 2(a) shows a typical low magnification TEM image with grain
sizes ranging from 200 nm to 400 nm. The inset of Fig. 2(a) shows an

Fig. 2 (a) Low magnification TEM image of Big g75Bag 125CuSeO. (b)
SEM fractography for Bijg75Bag 12sCuSeO, the inset shows element
distributions determined by EDX.
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electron diffraction pattern with the selected area aperture including
only one grain marked as a circle in Fig. 2(a), which is consistent with
the layer structure feature of BiCuSeO. The electron diffraction
pattern can be easily indexed as [110] direction. No split Bragg spots
can be observed, which confirms that Ba®>* was successfully incor-
porated into the BiCuSeO lattice. SEM fractography indicates a
highly dense sample with uniform grain sizes, Fig. 2(b). The
composition of the Bigg7sBagosCuSeO was examined using
elemental mapping and SEM, indicating that actual Ba doping levels
are similar to nominal ones. The elemental distributions determined
by energy dispersive X-ray spectroscopy (EDX) indicate that all the
elements are homogeneously distributed throughout the sample, as
shown in the inset of Fig. 2(b).

Fig. 3 shows the temperature dependence of the TE properties
for Bi;_,Ba,CuSeO samples. Bi; ,Ba,CuSeO with 0 = x =< 0.15
are identified according to the measured Hall carrier concentrations
(ng = 1/eRy) at room temperature, as listed in Table 1. As shown
in Fig. 3(a), BiCuSeO exhibits low electrical conductivity values
over the entire temperature range and a semiconducting behavior.
Upon Ba doping, the electrical transport changes to a metal-like
behavior and shows a significant increase with increasing Ba
doping, from ~1.12 S cm™' (BiCuSeO) to ~335 S cm™'
(Big gsBag 15CuSeO) at 300 K, which is consistent with the strongly
increased charge carrier concentration. Indeed, similarly to the
LaFeAsO superconductors,' the enhanced electrical conductivity of
Bi;_,Ba,CuSeO can be explained by carriers introduced into the
conductive (Cu,Se,)*~ layers in response to the introduction of
negative charge into the insulating (BiO,)** layers through
substitution of Bi** by Ba**.
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Fig. 3 Thermoelectric properties of Bi;_,Ba,CuSeO as a function of
temperature. (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power

factor. (d) Total thermal conductivity. (e) Lattice thermal conductivity.
(f) Figure of merit ZT.

Table 1 A list of samples, carrier concentrations and Seebeck coeffi-
cients at room temperature

Label Composition ny (10* cm ™3 S (v K
1E18 BiCuSeO 0.001 349
4E19 Bip.975Bag 25CuSeO 0.045 232
1E20 BiolgsBaO.oscuSCO 0.098 165
SE20 BioAgszaomsCuSeO 0.5 139
8E20 Bio_goBao_locuSeO 0.8 105
1E21 Bi04375Ba0,125CuSeO 1.1 81
2E21 Bio_gSBao.l_.;CuSeO 1.5 64

The Ba doping also has a significant effect on the Seebeck coeffi-
cient value, as shown in Fig. 3(b). The positive Seebeck coefficient
indicates a p-type electrical transport behavior. The Seebeck coeffi-
cient values of BiCuSeO are large, from +353 uV K ! at 300 K
to +420 pV K~ ' at 923 K, and decrease with increasing Ba doping
fractions, down to +69 pV K~ at 300 K and +167 pV K~ ' at 923 K
for the BiggsBagsCuSeO sample, which is consistent with the
increased carrier concentration. The relatively large Seebeck coeffi-
cients for BiCuSeO should be related to the moderate effective mass
(m* = 0.60m,)," which is larger than those of PbTe (0.24m,)* and
PbS (0.40m,)** with rock salt structure. The combined electrical
conductivity and positive temperature-dependent Seebeck coefficient
result in a maximum power factor that reaches ~6.33 pW cm ™' K2
for the Bij g75Bag 125CuSeO sample at 923 K, Fig. 3(c), which shows
that the optimum power factor in the BiCuSeO system is reached for
heavily doped levels.

Fig. 3(d) shows the total thermal conductivity k. as a function of
temperature for Bi;_,Ba,CuSeO samples. The k,, of BiCuSeO
decreases with increasing temperature from 0.54 W m~! K~! at
300 K to 0.34 W m~' K! at 923 K (heat capacity and thermal
diffusivity data can be found in Fig. S2t). These values over the entire
measuring temperature range are much lower than 0.89 Wm ™! K~!
at 300 K and 0.45 W m~! K~! at 923 K for the BiCuSeO sample
prepared by cold pressing followed by solid state sintering,'” which
mainly results from refining the particle sizes (200-400 nm) by the ball
milling process included in this report.” These k. values are much
lower than those of high-performance TE materials,'* even lower
than that of nanostructured Bi-Sb-Te.? k,,, increases with increasing
carrier concentration (Ba doping fractions), which is caused by the
electronic heat transport contribution, but still maintains very low
over the entire measuring temperature range, e.g., 0.78 Wm™' K~ ! at
300 K and 0.52 Wm™' K" at 923 K for the 2E21 sample (x = 0.15
Ba doping). In a general case, a decreased grain size leads to a
decrease of the lattice thermal conductivity due to the increased
scattering of phonons at the interfaces, but also to a decreased elec-
trical conductivity which partly mitigates the improvement of Z7.
However, BiCuSeO based materials exhibit low carrier mobilities in
the optimum doping range, which corresponds to a small carrier
mean free path, much lower than the grain size. Therefore, a
moderate decrease of the grain size, from several pm to 200-400 nm,
can be successfully used to scatter the medium to long wavelength
phonons and to decrease the lattice thermal conductivity while
keeping the electrical conductivity unchanged.

Indeed, Fig. 3(e) shows the lattice thermal conductivity ki, as a
function of temperature for Bi;_,Ba,CuSeO samples with different
carrier concentrations. Generally, x, can be estimated by directly
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subtracting the electronic thermal conductivity k.. from the total
thermal conductivity . ke 1S related to the electrical conductivity o
through the Wiedemann-Franz relation, ko, = Lo T, where L is the
Lorenz number which can be obtained in detail as described in
reports,?**! Lorenz number and . for Bi;_ Ba,CuSeO are shown in
Fig. S2.1 BiCuSeO has a very low ki, of 0.52 Wm™' K" at 300 K
and 0.32 W m~! K~ ! at 923 K, which are much lower than those of
PbTe-based TE materials.5? The value of 0.52 W m ™' K is close
to the minimum value of ki min = 0.47 W m~' K~! at 300 K that is
estimated by the minimum phonon mean path / to be the interatomic
distance,”* which is estimated to be ~3.0 A for BiCuSeO." The
possible origins that cause the intrinsically low thermal conductivity
of BiCuSeO are the weak chemical bonds (Young’s modulus,
E ~ 765 GPa) or the strong anharmonicity of the bonding
arrangement (Gruneisen parameter, v ~ 1.5).'7 Other possible
reasons include the layered structure since phonons can be confined
and scattered layer interfaces,”** presence of heavy elements,'? ezc.
All these features can be shortly summarized as involving heavy
atoms with ‘soft’ bonding, which can meet the requirements for a
lower thermal conductivity selection as suggested by Clarke. In
Ba doped BiCuSeO the i, is presumably reduced by point defect
scattering through Ba doping, as it has been observed in Sr or Ca
doped BiCuSeO.'*' Indeed, a clear trend can be readily seen where
the k¢ decreases with increasing carrier concentration (Ba doping
fraction). Namely, the «y,, at 300 K decreases from 0.52 W m ' K!
for BiCuSeO to 0.31 W m~! K ! for the 2E21 sample. The further
reduction in the lattice thermal conductivity of Ba doped BiCuSeO
can be explained by the point defects on the basis of the Callaway
model,' in which the point defect scattering in a solid solution
system originates from both the mass differences (the mass difference
is ~71.65 au. (Ba ~ 137.33, Bi ~ 208.98)) and the interatomic
coupling force differences derived from the size difference (strain field
fluctuations, the size difference is ~0.38 A (Ba>* ~ 1.34 A, Bi** ~
0.96 A)) between the impurity atom and the host lattice.?*’

By using the electrical and thermal transport properties, the ZT
value is calculated as shown in Fig. 3(f). ZT shows an increasing trend
with temperature, the maximum Z7 value of 1.1 is achieved at 923 K
for the 1E21 sample (x = 0.125 Ba doping), this value is higher than
that of 0.76 for Bio4925Sr0'075CuSeOw at 873 K, 0.81 at 923 K for
BiCuyg9755¢0" and 0.90 at 923 K for Bigg»5Cag¢75CuSeO.”* The
present ZT value of 1.1 is higher than that of any TE oxide reported
so far®** and is close to the values observed in most of the TE metallic
alloys:? SiGe, CoSb; MgsSi, etc. Therefore, the high TE perfor-
mance of Ba doped BiCuSeO, which originates from the intrinsically
low thermal conductivity and optimized carrier concentration, makes
these materials robust candidates for medium temperature TE
applications.

Finally, one may suggest that the presence of nano-grain sizes in
the BiCuSeO system makes the materials unstable. To check the
thermal stability of these high-performance samples at elevated
temperature we annealed several samples of Bi;_,Ba,CuSeO
(x = 0.05, 0.125 and 0.15) at 923 K for 7 days. After the annealing
treatment, the ZT values at 923 K almost show no changes, Fig. S3,1
absence of any sign of degradation suggests potential power gener-
ation applications for waste-heat recovery in the temperature range
up to 923 K. Actually, besides annealing treatments, the thermal
stability can also be evidenced from the fact that the heating and
cooling cycles in the TE properties measurement gave repeatable TE
properties up to 923 K.
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