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Abstract

BiCuSeO oxyselenides have been successfully fabricated by self-propagating
high-temperature synthesis (SHS). Compared with the SHS process of the binary or
ternary alloys, thermal analysis indicates the ignition temperature of quaternary
layered BiCuSeO oxyselenides approaches the second lower melting point of the
compound. The ZT value of SHS-synthesized BiCuSeO is almost 1.5 times larger than
that of the solid state reaction (SSR) product at 873K. This is attributed to the
existing amorphous region, nano-pores, and optimized grain size. Furthermore, with
the partial substitution of Pb?* for Bi*, ZT was enhanced through the optimization of
charge carrier concentration and band gap narrowing. This achieved a ZT of 0.91 at

873K for BiixPbxCuSeO (x=0.04). Combining with the Debye-Callaway model
1
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analysis, the ultralow lattice thermal conductivity of BiCuSeO can potentially be
derived from the synergistic effect of intrinsic point defects, efficient grain boundaries

and some other mechanisms.
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Introduction

Today’s increasing energy demands require not only new energy sources but also
utilization of traditional energy sources more efficiently by minimizing energy losses.
Thermoelectric devices are a key-technology for harvesting the waste heat from
energy production processes, and turning it into usable electricity. These devices do
this without any moving parts, and are completely scalable.! The conversion
efficiency of such thermoelectric devices is evaluated by a dimensionless figure of
merit ZT=S%cT/xt, where, S is the Seebeck coefficient, ¢ the electrical conductivity, xt
the total thermal conductivity and T the absolute temperature. At present, all the
available thermoelectric devices must confront either the problem of low conversion
efficiency and/or thermal and chemical instability at high temperature.?® These
challenges require the discovery of new thermoelectric materials with higher
efficiency and/or the novel synthesis methods for the optimization of transport
properties in the existing thermoelectric materials.*®

In a broader view, thermoelectric materials can be divided into two categories:
metallic alloys and oxide-based compounds. Most of the alloy-based materials exhibit
higher ZT values; typical examples are Bi2Tes,® PbTe,X® SiGe! and some other
systems like half-Heseluer*? and skutterudites.®® Despite their high ZT values,
expensive elements, phase-transitions, toxicity and thermal instability at high
temperature, make these materials difficult to apply. In order to solve or minimize

these issues, oxide-based materials including layered compounds such as CazC04O9*
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and NaCoO2,'® perovskite-like compounds like CaMnOs'® and SrTiOs,!” and simple
oxides like ZnO and In203'® have been extensively investigated.

Recently, BiCuSeO has received extensive attention, as a potential thermoelectric
material with ZT value > 1, achievable with elemental doping.?> ! Owing to
alternating layers of (Bi202)?* and (Cu2Se2)?, BiCuSeO exhibits natural superlattice
structure, which results in an intrinsic low x with tunable electrical properties.?
Furthermore, the natural superlattice has been found to significantly improve the
Seebeck coefficient and decouple the thermal and electrical transportation of heat.?
Several reports have discussed the partial substitution of Bi** with bivalent (Mg,
Pb,2% 2% Ca?® and Sr?’28) or monovalent (K?°, Na*) elements in order to optimize the
carrier concentration and, thereby, higher ZT values of 0.7~1.1 have been achieved.
Moreover, the highest ZT value of 1.4 in Ba-doped BiCuSeO respectively via
grain-texturing® and modulating doping®? has been obtained successfully.

Nevertheless, nearly all the bulk thermoelectric materials are synthesized by
multi-step solid-state reactions,?® melting followed by slow cooling,®® and melting
followed by annealing and mechanical alloying.3* These processing routes are time-
and energy-consuming, and to control the stoichiometry of volatile elements is yet

another challenge. On the other hand, self-propagating high-temperature synthesis

(SHS) is a synthesis route that accomplishes this typically on the timescale of seconds.

A number of materials have been successfully synthesized by this method.>*4°
Herein, we report the successful synthesis of BiCuSeO via SHS, and in order to

confirm the compatibility of SHS method for doped BiCuSeO systems, Pb was doped
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at Bi site, which has been reported as a promising dopant in BiCuSeO.?®’ The
Debye-Callaway model was employed in order to understand the thermal transport

mechanism in pristine and Pb-doped BiCuSeO samples.

Experimental

Polycrystalline BiCuSeO was first prepared by meticulous mixing of Bi (99.99%,
Aladdin), Bi203(99.99%, Aladdin), PbO (99.9%, Aladdin), Cu (99.99%, Aladdin) and
Se (99.99%, Aladdin). The obtained stoichiometric mixture was cold-pressed into
pellets, which were brought to the ignition point using a torch flame. The obtained
chunks were crushed and ground into fine powders, and then they were compacted to
pellets having a diameter of 20mm by spark plasma sintering (SPS) at 973K for 5min
under a uniaxial pressure of 50MPa.

The phase purity and crystal structure were investigated by X-ray diffraction
(XRD, Bruker, Germany). The microstructure of the samples with different
compositions and the samples obtained after hot corrosion were examined by
field-emission scanning electron microscopy (SEM: LEO1530, Oxford, UK) and
transmission electron microscope (TEM, JEOL2011, Japan). The chemical
compositions of the samples were determined using inductively coupled
plasma-atomic emission spectrometer (VISTA-MPX, VARIN, USA). The sintered
pellets were cut into squares of 1010 mm?and bar-shaped specimens of 3>3x12 mm?®
along their radial direction. The rectangular bars were used for the simultaneous

measurement of S and o from room temperature to 873K by a ZEM-3 (ULVAC,
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Japan). The carrier concentration (n) and mobility were determined by Hall
measurement system (ResiTest 8300, Toyo Corporation, Japan). The thermal
diffusivity (D) and the specific heat (Cp) were simultaneously measured along the
thickness-direction of the square-shaped sample having thickness 1.0-1.5mm by using
laser flash method (LFA-457, Netzsch, Germany) under a continuous Argon flow. The
total thermal conductivity (xwtal) Was calculated by the formula xk=DCpp, Where p is
the mass density measured by the Archimedes principle. The residual offcuts were
used to determine the elemental uniformity by electron probe micro-analyzer (EPMA
JXA-8230, JEOL, Japan). The band gap was measured from the optical spectra
recorded by spectrophotometer (Lambda 950, PerkinElmer, USA). The uncertainties
in the Seebeck coefficient and the electrical conductivity were within 5% and 10%,
respectively. The uncertainty in the thermal conductivity was estimated to be
7%~10% by considering the uncertainties in D, Cpand p. To determine the ignition
temperature and required heating speed, the 15 mg cold-pressed mixed pellets were
put in a power-compensation differential scanning calorimeter (DSC-Q2000, TA,
USA), with N2 gas flowing at a rate of 50 mL min™. BiCuSeO powder synthesized by
SHS underwent cyclic thermal analysis, cycling 5 times under simultaneous
thermogravimetry and differential thermal analysis (TG-DTA, Mettler Toledo Star
System, USA), each cycle was from 323K to 973K with a heating rate of 20 Kmin™
and from 973K to 323K with a cooling rate of -20Kmin™. All processes were

performed under Argon.
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Results and Discussion

The samples prepared by the SHS method reacted quickly; they only required
several seconds to react. The color of samples changed from black to red (inset on
graph Fig.1a) as the reaction occurred. The size of sample is recorded in the
supporting information (Fig.S1). As shown in Fig. 1a, no impurity peak was found in
the SHS powder and the following sintered pellet; these peaks correspond with the
single phase BiCuSeO structure according to PDF#45-0296. Moreover, in order to
determine the ignition temperature and required heating rate, we compared the DSC

curve of reaction process, which is shown in Fig. 1b.
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Fig. 1 (@) XRD patterns of pure BiCuSeO powder prepared by SHS and following
SPSed pellet, the inset graph is the phenomenon of reaction. (b) DSC curves of

reacting progress.
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In traditional two-step solid state reaction, impurities still existed after 573K was
reached with a heating rate set to 10 K min™. As shown in Fig. 1b, we selected heating
rates of 10K mint, 30K min, 50K min* and 75K min™ as the constants for DSC, and
for the first three process two endothermic peaks existed around 480K to 580K,
corresponding to the melting point (Tm) of Se (Tm ~493.3K) and Bi (Tm ~541.7K)
respectively, with no obvious exothermic peak between them. When the heating rate
was increased to 75K min, the second endothermic peak disappeared and the initial
temperature of the much bigger and wider exothermic peak decreased from 542.7K to
540.3K, no other peaks were found in higher temperature regions (Fig.S2, supporting
information), which indicate that SHS occurred and the ignition temperature is
540.7K. Combined with the binary or ternary alloys, 3 as there was no obvious
exothermic peak between the two melting points for all heating rates process, the SHS
process of BiCuSeO would have occurred when the temperature approached the
second lowest melting point of the compound. The chemical reactions for SHS
process are theorized to occur as follows:

Cu+xSe — Cu,Se, 1)
Bi+ Bi,0, +Cu,Se — BiCuSeO. (2)
Besides, the cyclic thermal analysis (Fig. S3, supporting information) suggests that
the SHS powder does not have any phase transition and its weight loss is within the
system’s error range, which indicates that the powder reacts completely from 323K to

973K.
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Fig. 2 (a) the microstructure of pure BiCuSeO synthesized by SHS-SPS with

nano-pores indicated by yellow arrows, (b) grains after exposure to hot corrosion, (c)
the amorphous region indicated by TEM, (d) 7-8nm nanoparticles exhibited in
BiCuSeO.

The morphologies and the sizes of as-synthesized products were characterized by
FESEM. As shown in Fig. 2a-b, the boundary compaction has been improved, which
led to 97% relative density, and the grain size after SPS remained consistently 1-2um,
which was much bigger than 400-800 nm synthesized by SSR. The large grain size
decreased boundary scattering for carriers, and further enhance electrical conductivity.
There are ubiquitous nano-pores on the grain surfaces. These pores were possibly
generated by the volatilization of surplus Se during the superfast reaction, which
would enhance the scattering of mid- and long- wavelength phonons. It is well known

that the SHS process would possibly introduce some new microstructure for materials,
9
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just like nanostructure in Cu2Se,®® a subtle observation of microstructure by TEM
were shown in Fig. 2c-d, and the existence of an amorphous region and nanoparticles
(~7-8nm) in BiCuSeO were proven. As the mean free paths of most phonons were
close to several nanometers, we suspected these new regions would be the cause of

the intrinsic low thermal conductivity.
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Fig. 3 Thermoelectric properties of BiCuSeO synthesized by SSR and SHS. (a)
Temperature-dependent electrical conductivity and Seebeck coefficient, (b) power
factor, (c) thermal conductivity, the inset graph including electronic and lattice
thermal conductivities, (d) thermoelectric figure of merit. Note the 873K point: the
SHS product exhibits a ZT that is 1.5 times larger than that of the SSR product.

The temperature dependence of thermoelectric properties of BiCuSeO
synthesized by SSR*® and SHS-SPS are presented in Fig. 3. It can be seen that the ¢ of

10
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the samples prepared by SHS is much higher than that of the samples prepared by
SSR, as shown in Figure 3a. This enhancement can be associated to the mentioned
increased grain sizes and the improved grain alignment, which could come from the
fact that SHS didn’t give the grains enough time to form specific orientations like in
SSR.*! As the difference of Seebeck coefficient between these two samples was not as
large as the difference between o, a higher power factor (PF) value of 3.2 pW cm™® K2
at 873K was obtained by SHS. Furthermore, the total thermal conductivity of the
sample prepared by SHS was lower than that of sample prepared by SSR at high
temperature, which can be expressed as a sum of the lattice thermal conductivity (xL)
and the electronic thermal conductivity (xe) (see Fig.3c). xe can be estimated by
Wiedemann-Franz law, as given below:

K, =L,oT =neul T, ®3)
where Lo is the Lorentz number, which is estimated based on single band model and
electron-phonon interaction (see Fig. S4, supporting information).

Based upon the enhanced power factor and the suppressed thermal conductivity, a
relatively higher ZT value of 0.51 at 873K was obtained by SHS, which is
tremendously (1.5 times) larger than that of the sample prepared by SSR. In order to
optimize the thermoelectric performance of BiCuSeO, we combined SHS with the
effect of Pb-doping.2’ XRD patterns of Pb-doped BiCuSeO are shown in Figure 4a, in
which inset shows that the diffraction peaks have been shifted towards lower angle,
owing to the larger ionic radius of Pb?* (129pm) as compared to Bi®* (117pm) (the
coordination number is 8). This shift implies that Pb?" has been substituted in the

11
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lattice at Bi®* site. The actual elemental compositions of the samples were determined
by ICP-AES (shown in Table 1), combined with the elemental distribution obtained
by EDS and EPMA, as shown in Fig. 4b-c, which indicated that the actual Pb contents
in the samples were in good agreement with that of the theoretical calculated values

and that the major elements were distributed homogeneously.
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Fig. 4 (a) The XRD patterns of Pb-doped BiCuSeO, (b) line-scan and point analysis
by EDS, (c) pure BiCuSeO: surface distribution of elements by EPMA.

Table 1: Chemical analysis by ICP-AES for Bi1-xPbxCuSeO

X Bi Cu Se Pb
Bi Cu Se Pb
(Pb at %) (wt%) (wt%) (wt%) (wt %)

0 5484 1836 17.33 0 1 1101 0836 O
0.02 5434 1840 19.02 1.08 0.980 1.092 0.908 0.020
0.04 48.93 18.22 18.48 204 0960 1.175 0.959 0.040
0.06 50.82 1821 19.66 3.24 0.940 1.107 0.962 0.060
0.08 51.08 18.14 18.2 424 0923 1.078 0.870 0.077

12
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Here, it should be noted that Bii1xPbxCuSeO is degenerate compound as inferred
from the electrical conductivity, shown in Fig. 5a. The electrical conductivity was
dramatically enhanced from 9 Scm™* (x=0) to 696 Scm™ (x=0.08) at 323K through Pb
doping, which is associated to the increased carrier concentration as described in Eq.
(4):

Pb% — 5pb, +h", (4)

with more Pb?" introduced to the lattice, the slope of the graph for electrical
conductivity becomes smaller and the electrical transport behavior of Pb-doped
BiCuSeO becomes more like that of metals rather than that of semiconductors. The
temperature dependence of Seebeck coefficient for all the Pb-doped samples
Bi1xPbxCuSeO is shown in Fig. 5b. S decreases over the whole measured temperature
range and there is a general trend that increasing Pb-doping level reduces S from
395uVK? (x=0) to 106uVK™? (x=0.08) at 323K, which is consistent with the
increasing carrier concentration as defined in Eq. (4), and shown in Fig. 6:

A LN 5
3eh? (3n) ()

where n is the carrier concentration, ks is the Boltzmann constant and m” is the
effective mass of carrier. The expression in Eg. (5) is assumed for parabolic band and
acoustic phonon scattering approximation, which can be applied for metals or

degenerate semiconductors.

13
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Fig. 5 The thermoelectric properties of Pb-doped BiCuSeO, temperature-dependent (a)

electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity, (d)

thermoelectric figure of merit, inset graph being power factor.

Hall Effect measurements were performed for the sake of analyzing the

enhancement in the electrical transport properties, and m* was calculated to

investigate the actual carrier movements in BiCuSeO (Table 2). The indirect wide

band gap in BiCuSeO was determined by infrared spectroscopy,* as shown in Fig. 6a

and Table 2. From the results of band gap determination, it can be seen that, with

increasing Pb content, the band gap is narrowed. This is consistent with the increased

carrier concentration and electrical conductivity. From Fig. 6b, we observed that the

carrier concentration (n) increases markedly with an increased Pb-doping level and,



Page 15 of 25 RSC Advances

accordingly, the carrier mobility (u) is decreased. However, one question that needs to
be asked is this: Why do the different valances of Bi and Pb occupying the same
lattice location lead to the change in the width of the band gap? We theorize it is
related to the different valence band structures of Bi and Pb, which requires further
investigation. Here, we assumed that all the Pb dopants have been substituted to Bi
site and each Pb?* ion introduces one hole as defined by Eq. (4). The experimentally
determined n very nearly agrees with that of the calculated value. Based on the single
band assumption (supporting information), we calculated m” and estimated that our
results were discrepant from that reported by Lan et. al., which is possibly due to an

effect of the microstructure.
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Fig. 6 (a) Energy gap of Pb-doped BiCuSeO measured by Infrared Spectroscopy, (The
inset graph Pb percent-dependent Eg), (b) carrier concentration and mobility (The red
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dotted line is the theoretical carrier concentration assumed by complete
replacements).

The SHS method introduced a higher carrier concentration as compared to that of
the SSR reaction after Pb doping. This enhancement is attributed to the refined grains
and the discrepancy was broadened with the enlarged Pb content. However, the
increasing m* based on Pb-doping led to a decreased mobility for BiCuSeO. There are
two contradictory opinions about the band effective mass m”™: a few reports have
stated that a smaller m” is better, whereas other reports suggested that a larger m”is
better for a higher Seebeck coefficient.***> As the Seebeck coefficient of BiCuSeO
decreases quickly with Pb-doping, combining SHS with elemental doping to enlarge
m” on the premise of proper carrier mobility is a promising strategy to optimize its
performance.

Table 2: The comparison of electrical transport properties of the samples synthesized

by SSR-SPS? and SHS-SPS

Pb n(><10*cm3) u(cm2v-isth m"(mo) Eq(eV)
(at%) SSR-SPS SHS-SPS SSR-SPS  SHS-SPS  SSR-SPS  SHS-SPS  SHS-SPS
0 0.62 0.29 5.46 17.76 1.74 0.25 0.793
0.02 23.66 5.19 6.46 0.781
0.04 25.0 57.82 5.32 4.42 5.39 7.36 0.755
0.06 34.1 82.73 7.46 4.24 4.84 6.86 0.697
0.08 86.6 158.58 3.96 3.47 476 9.07 0.675

The thermal conductivity of Pb-doped samples is shown in Fig. 5¢ and Fig. 7,
both xt and xL decrease with increasing temperature, meanwhile the slope of «e varies
only a little. Yang et al. suggested that the phonon scattering is induced by the

boundary scattering at low temperatures, by the defect scattering at intermediate

16
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temperatures, and by the Umklapp processes at high temperature.“® It can be seen in
Fig. 7 that the increased Pb content leads to a decreased xL near room temperature,
and this advantage is reduced at high temperature because of the static Umklapp
scattering which comes from the limitation of phonon-phonon scattering. For
BiCuSeO, many researchers have reported an intrinsic low xL which approaches or is
even below the glassy limit of thermal conductivity xmin, as defined by Cahill’s
formulation.*’

K :%(%)1’3KBV (2 1), (6)
where V is the average volume per atom calculated from the refined lattice parameters,
vi, vt are the longitudinal and transverse components of the speed of sound,
respectively. Therefore the high temperature limit for the minimum lattice thermal
conductivity approaches to a value of xmin =0.59 WmK-. In the present work, we
have obtained nano-pores, amorphous regions and nanoparticles over the grain of the
samples, which may further decrease the lattice thermal conductivity x., even below
the glassy limit, as shown in Fig. 7. However, due to an increased electrical
conductivity, xe has also been increased and for the 8% Pb-doped sample it reaches a
value of 0.31 Wm™K at 873K, which results in a higher total thermal conductivity of
0.82 WmK for 8% Pb-doped sample at 873K. Consequently, improved electrical
properties achieved by SHS method and Pb doping, combined with suppressed
thermal conductivity determined by intrinsic properties and new microstructure,
results in a higher ZT value of 0.91 at 873K for the 4% Pb-doped sample, as shown in
Fig. 5d.

17
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Fig. 7 Experimental lattice thermal conductivity (point) and the theoretical one
calculated by Debye-Callaway model (dotted line), the inset graph being the
electronic thermal conductivity based on Wiedemann-Franz law.

In order to understand the thermal transport mechanism in BiCuSeO, we fit the

experimental data using the Debye-Callaway model, which can be written as;

®D

. x‘e*
KL= ( BYT? | ———dx, (7)
27r v h . (e¥-1)°

where x=hw/k,T is a dimensionless quantity, « the phonon frequency, h
Planck’s constant, @p the Debye temperature, » the velocity of sound and z the
relaxation time. The overall relaxation rate 7! can be determined by combining the
various scattering processes as given:

=T 4T T T (8)
where, 7N, m, d and zu are the relaxation times for normal process scattering,

boundary scattering, defect scattering and Umklapp scattering respectively, which are

defined as:

rt=viL , (9)
18
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-1 _ 4
7, = Aw , (10)
and
)t~ " (T 10,) exp(-0, /bT), (11)

L is the grain size for polycrystalline sample, and A is a constant which is independent
of temperature and frequency. There is no satisfactory theoretical work for the
relaxation time model to be used in Umklapp and normal processes. However, Slack
reported an expression for the relaxation time to be used in Umklapp model as given
in Eq. (11), in which, a, 8, and b are constants.® In this work, we choose a=2, =1,
and b=2.4, and the model had been successfully applied by Argawal and Verma.*®

By combining all the primary scattering parameters, we calculated xL to
investigate the thermal transport mechanism in BiCuSeO. The results are shown in
Fig. 7 (dotted line). Increased Pb dopants introduced increased mass and strain
fluctuations, which play an important role in decreasing the thermal conductivity
through enhanced defect scattering, especially at room temperature. Further, for
BiCuSeO, Debye-Callaway model demonstrates that Umklapp scattering mechanism
dominates in thermal transportation at high temperature. Nevertheless, the difference
between the experimental data and the theoretical simulation is fairly distinct at
400-700K, especially for samples with 4% and 6% Pb. This implies that the
Debye-Callaway model including normal process scattering, boundary scattering,
defect scattering and Umklapp scattering still needs further optimization It must be
expanded to consider the contribution of nano-pores, amorphous regions and
nanoparticles that were indicated by SEM and TEM.

19
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Conclusions

SHS is a time- and energy-saving method for the synthesis of BiCuSeO
oxyselenides. The ignition temperature of BiCuSeO oxyselenides is 540.3K, with a
heating rate of 75Kmin, which approaches the second lower melting point (Bi) of the
compound. SHS simultaneously enhanced the electrical conductivity and suppressed
lattice thermal conductivity for BiCuSeO with refined grain size, equally distributed
nano-pores, amorphous regions and nanoparticles. After substituting Pb?* for Bi®*, the
energy gap (Eg) was narrowed and the effective mass (m”) was increased with
increasing doping level, which was responsible for the enhanced power factor.
Furthermore, the lattice thermal conductivity (x.) data could be reproduced by the
Debye-Callaway model, which reveals that the main contribution in xL. at room
temperature associated to the induced point defects by Pb-doping. Finally, for
Bi1-xPbxCuSeO a ZT value of up to 0.91 at 873K could be reached in the 4% Pb-doped
sample. By combining the ultrafast SHS method with the other promising strategies
followed for improving the thermoelectric performance, BiCuSeO can make an

efficient p-type candidate for commercial applications.
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