
FULL PAPER

DOI: 10.1002/ejic.201100282

Enhanced Thermoelectric Figure of Merit of Zintl Phase YbCd2–xMnxSb2 by
Chemical Substitution

Kai Guo,[a,b] Qi-Gao Cao,[a,c] Xian-Juan Feng,[a,b] Mei-Bo Tang,[a] Hao-Hong Chen,[a]

Xiangxin Guo,[a] Ling Chen,[d] Yuri Grin,[e] and Jing-Tai Zhao*[a]

Dedicated to Professor John D. Corbett on the occasion of his 85th birthday

Keywords: Intermetallic phases / Thermoelectric properties / Zintl phases / Solid-state reactions / Chemical substitution

Samples of Zintl phase YbCd2–xMnxSb2 (CaAl2Si2-type,
space group P3̄m1) were prepared by a solid-state reaction
followed by a suitable annealing and spark plasma sintering
(SPS) for densification. Investigations were carried out on
chemical substitution of Cd by Mn in order to optimize the
thermoelectric figure of merit ZT in the solid solution system
YbCd2–xMnxSb2 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1.0,
1.5 and 2.0). Seebeck coefficients, electrical and thermal con-
ductivities of all the samples were measured in the tempera-
ture range 300–650 K. The presence of Mn (x � 0.2) substan-

Introduction

Conversion of waste heat to useful electricity becomes a
potential source of energy, which can help in alleviating the
energy crisis.[1–3] The heat may come from the combustion
of fossil fuels, sunlight, or be a byproduct of various pro-
cesses (e.g. chemical reactions and nuclear decay).[4] To uti-
lize these forms of heat, thermoelectric (TE) materials are
essential in the process of saving energy and protecting the
environment.[5,6] Therefore, extensive attention has been
concentrated on thermoelectric compounds to optimize the
dimensionless figure of merit ZT = S2σT/κ of the TE mate-
rial, which quantifies the efficiency of a TE device (S is
the Seebeck coefficient, σ the electrical conductivity, κ the
thermal conductivity, and T the absolute temperature).[7]
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tially reduces the thermal conductivity and enlarges the See-
beck coefficient, meanwhile decreasing the electrical con-
ductivity to a certain degree. As the concentration of Mn (x)
becomes higher than 1.0, the semimetallic nature of
YbCd2–xMnxSb2 changes to that of a semiconductor with the
majority the carriers switching from holes to electrons. Of all
the samples, polycrystalline YbCd1.85Mn0.15Sb2 (p-type
charge carriers) shows the highest figure of merit ZT of 1.14
at 650 K.

According to the formula of ZT, a good TE material with
a high ZT value should reveal a combination of high electri-
cal conductivity σ, low thermal conductivity κ, and large
thermopower (absolute value of the Seebeck coefficient S).
Materials that meet these requirements are found for typi-
cally heavily doped, narrow-band-gap semiconductors or
semimetals.[8,9] Such systems provide a balance between the
large Seebeck coefficient of semiconductors and the high
electrical conductivity of metals. In addition, good TE ma-
terials are supposed to have complex crystal structures for
scattering phonons, resulting in a low thermal conductivity
and enhanced thermoelectric efficiency.[10]

Recently, it has been shown that several Cd- and Sb-
based Zintl phase compounds,[11–14] which are representa-
tives of the CaAl2Si2 type[15] of crystal structure (Figure 1),
display novel thermoelectric properties. These layered Cd-
and Sb-based intermetallics, which partly meet the above
requirements, show great potential for the optimization of
their thermoelectric properties by chemical tuning.
YbCd2Sb2 has a maximum ZT value of 0.98 at 700 K,[11]

which may be attributed to the features of heavy Sb and Yb
in atomic interactions and the small difference in electrone-
gativity between Cd and Sb, leading to a low lattice thermal
conductivity and considerable electrical transport proper-
ties, respectively.[16,17] A further reduction of the thermal
conductivity can be expected by partial replacement of the
constituting elements to raise thermoelectric efficiency. It
has been shown that the thermoelectric properties of the
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respective ternary Zintl compounds can be improved within
the quaternary solid solutions by substituting all the three
crystallographic sites in the structure, e.g. Ca1–xYbxZn2-
Sb2,[10] YbxEu1–xCd2Sb2,[14] YbZnxCd2–xSb2,[11] YbZn2–x-
MnxSb2,[18] Yb1–xCaxCd2Sb2,[19] and YbCd2Sb2–xGex.[20]

The fact that YbMn2Sb2
[21] is isostructural to YbCd2Sb2

but has different properties inspired our present study of
the substitution of Cd by Mn. In this work, thermoelectric
properties in the solid solutions YbCd2–xMnxSb2 with x =
0, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, and 2.0 were
investigated. One expects that substitution by Mn may in-
troduce chemical disorder and influence the electron and
phonon scattering, thus improving or finely tuning the ther-
moelectric properties of YbCd2Sb2.

Figure 1. The crystal structure of YbCd2–xMnxSb2 (CaAl2Si2-type,
P3̄m1).

Results and Discussion

The X-ray powder diffraction (XRPD) patterns of as-
synthesized polycrystalline samples after spark plasma sin-
tering (SPS) are shown in Figure 2a. The diffraction pat-
terns of YbCd2–xMnxSb2 (x � 0) are similar to that of
YbCd2Sb2.[22] The main diffraction peaks are indexed with
a trigonal CaAl2Si2-type lattice (space group P3̄m1), which
is ubiquitous for AB2X2, where A is an alkaline earth or a
divalent rare earth metal, B is a transition metal or a main
group element, and X comes from group 15, 14, or, more
rarely, 13.[23] Several additional weak reflections are also
observed in the patterns when x � 0 (marked in Figure 2a),
ascribed to traces of impurity phases such as CdSb, Yb2O3,
and MnO2. The experimentally obtained values of cell pa-
rameters a and c decrease monotonically with increasing
Mn content (Figure 2b), indicating the effect of replacing
Cd by Mn and the formation of YbCd2–xMnxSb2 solid
solutions. It is expected that Mn and Cd occupy the B site
concurrently, producing more chemical disorder within
YbCd2–xMnxSb2. Thus, despite the unchanged valence
state, the presence of Mn in lattices has an influence on the
electronic structure and consequently on the thermoelectric
properties, which will be discussed below.

SEM was carried out to investigate the fracture cross-
sections of selected samples, as shown in Figure 3. In case
of x = 0 and 0.15, although the edges of grains are obscure,
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Figure 2. Powder diffraction data for YbCd2–xMnxSb2: (a) XRPD
patterns for the investigated samples; (b) dependence of the unit
cell parameters on the Mn content x.

Figure 3. SEM images of the polycrystalline YbCd2–xMnxSb2 sam-
ples: (a) x = 0; (c) x = 0.15; (e) x = 2.0 in low magnification and
(b) x = 0; (d) x = 0.15; (f) x = 2.0 in high magnification.
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the polycrystalline bulk seems to be compact, since only few
micropores with diameters of several hundred nanometers
are observed. High-magnification SEM (Figure 3b and d)
reveals parallel stripes with a spacing of about 5 μm, indi-
cating some structure of the texture in the samples. In view
of the layered structure of YbCd2–xMnxSb2, it is implied
that is favorable for YbCd2–xMnxSb2 to grow along the ab
plane. A slight amount of Mn has restrained influence on
the structure during the SPS process. However, the spacing
between the stripes becomes narrower down to approxi-
mately 100 nm when x = 2.0 (Figure 3f). One can speculate
that YbMn2Sb2 grows more easily into a layered structure
than YbCd2Sb2, which is confirmed by repeated results. It
is worth noting that the orientations of the textures are dis-
ordered in the samples (see Figure 3b), and the polycrystal-
line samples are considered to be isotropic as a whole to a
certain degree.

The gray and dark gray regions in the back-scattered
electron image for YbCd1.90Mn0.10Sb2 indicate different
phases, as can be seen in Figure 4 and Table 1. The black
regions are pores in the bulk material, while the gray re-
gions are the main phase. In addition, Sb-rich phases are
detected in the dark gray regions with traces of Sb presum-
ably located at grain boundaries.

Figure 4. Back-scattered electron image of regions 1 and 2 for
YbCd1.90Mn0.10Sb2 (dark regions are open pores, dark gray in-
clusions represent Sb-rich phases) obtained with an energy-disper-
sive spectrometer.

Table 1. All elements of YbCd1.90Mn0.10Sb2 for regions 1 and 2
shown in Figure 4 analyzed with an energy-dispersive spectrometer.

Element Wt.-% Atom-% Compositions

Spectrum 1 Mn 0.47 1.08 Yb0.30Cd0.32Mn0.03Sb2

Cd 10.92 12.21
Sb 73.05 75.41
Yb 15.56 11.30

Spectrum 2 Mn 0.66 1.56 Yb1.30Cd1.92Mn0.08Sb2

Cd 31.28 36.16
Sb 35.35 37.72
Yb 32.71 24.56

Plots of electrical conductivity (σ) of polycrystalline
YbCd2–xMnxSb2 (0 � x � 2.0) compounds as a function of
temperature over the range 300–650 K are shown in Fig-
ure 5a. The electrical conductivity decreases nearly linearly
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with increasing temperature if x � 0.2. In case of 0.4 � x
� 1.0, it decreases up to 550 K and then increases as the
temperature increases further. For 1.5 � x � 2.0, the electri-
cal conductivity increases continuously with a rise in tem-
perature for YbCd2–xMnxSb2. The observed temperature-
dependent behavior of the electrical conductivity suggests a
gradual change from a semimetallic YbCd2Sb2 to a typical
degenerate semiconductor YbMn2Sb2. Figure 5b shows the
electrical conductivity σ as a function of Mn content x at
room temperature, indicating the influence of the Mn con-
centration on electrical transport in YbCd2–xMnxSb2. With
respect to magnitude, the conductivity drops obviously as
the concentration of Mn increases to x = 0.80, and it stays
the same afterwards or increases slightly as x goes from
0.80 to 2.0. Because YbMn2Sb2 is an n-type semiconductor
and thus transport properties are dominated by electron
concentration (confirmed by the negative Seebeck coeffi-
cient below), quantities of Mn (x � 0.60) can lead to re-
combination between electrons and holes, thus reducing the
hole concentration in YbCd2Sb2, which shows p-type con-
ductivity behavior. Such results are confirmed by measure-

Figure 5. Electrical conductivity as a function of (a) temperature
and (b) Mn concentration at room temperature.

Table 2. Carrier concentration and Hall mobility of YbCd2–x-
MnxSb2.

x in YbCd2–xMnxSb2 0 0.05 0.10 0.15 0.20 0.40 0.60

Carrier concentration (1019 cm–3) 4.3 3.6 2.8 2.2 2.1 1.7 1.1
Hall mobility (cm2V–1 S–1) 72 73 63 64 74 54 53
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ments of the Hall mobility (Table 2). While x increases up
to 2.0, the electrical conductivity is enhanced due to the
more dominant carriers, the induced electrons.

The changes in the Seebeck coefficient with varying Mn
content are not obvious when x � 0.8; however, the Seebeck
coefficient reaches a maximum value of 259 μV/K at 650 K
when x = 0.6 (Figure 6a). When x = 1.50, the values ap-
proach zero, which indicates that the effect of electrons and
holes on the Seebeck coefficient are practically canceled
out. For all values of x, the Seebeck coefficients exhibit a
positive sign in the studied temperature range except for x =
2.0, which corroborates the p-type conduction for YbCd2–x-
MnxSb2 (0 � x � 1.5). In case of YbMn2Sb2 (x = 2.0), all
Seebeck coefficients in the measured temperature range are
negative, suggesting that YbMn2Sb2 is an n-type semicon-
ductor. In the temperature range 300–500 K, the power fac-
tor S2σ for YbCd1.95Mn0.05Sb2 is higher than those for
other samples shown in Figure 6b. Thus, the 5% Mn substi-
tution of Cd atoms improves the electrical transport prop-
erties, while further substitution reduces the power factor.

Figure 6. Temperature dependence of: (a) Seebeck coefficient S; (b)
power factor S2σ.

The total and lattice thermal conductivity of YbCd2–x-
MnxSb2 (0.0 � x � 2.0) are presented in Figure 7.
YbCd1.4Mn0.6Sb2 exhibits the lowest total thermal conduc-
tivity and YbMn2Sb2 the highest one. The partially substi-
tuted samples show much lower total thermal conductivity
than pristine YbCd2Sb2 and YbMn2Sb2 (Figure 7b). This
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can be discussed by considering the two components of to-
tal thermal conductivity κ, lattice thermal conductivity κl

and electronic thermal conductivity κe. According to the
Wiedemann–Franz law, the electronic thermal conductivity
is calculated by κe = LσT (the Lorenz number L = π2κB

2/
3e = 2.4 � 10–8 WΩK–2),[24] and then the lattice thermal
conductivity is evaluated as κl = κ – κe. A decrease in the
electrical conductivity of YbCd2–xMnxSb2 (0.0 � x � 1.5)
in Figure 5a results in a decrease in the electronic contri-
bution to the total thermal conductivity. Because YbCd2Sb2

has relatively high electrical conductivity, a higher thermal
conductivity is the result. Additional arguments for under-

Figure 7. Total thermal conductivity for YbCd2–xMnxSb2 as a
function of (a) temperature, (b) Mn content at room temperature;
(c) lattice thermal conductivity for YbCd2–xMnxSb2 as a function
of temperature.



Enhanced Thermoelectric Figure of Merit of Zintl Phase YbCd2–xMnxSb2

standing the variation in lattice thermal conductivity in Fig-
ure 7c are due to the disorder introduced by Mn in the crys-
tal structure. The fluctuation of atomic size, mass, and lat-
tice force can enhance phonon scattering and result in lower
lattice thermal conductivity. Competition between these
two aspects reduces the lattice thermal conductivity to a
minimum value at x = 0.1 at high temperatures. The varia-
tion in the two components of total thermal conductivity
κ, lattice thermal conductivity κl and electronic thermal
conductivity κe, causes the substituted samples to show
much lower thermal conductivity.

The temperature dependence of the figure of merit ZT is
plotted in Figure 8. ZT increases with increasing tempera-
ture and decreases with increasing Mn content for x � 0.15,
while the ZT values of x = 0.1, x = 0.15 and x = 0.2 are
larger than that for x = 0. Therefore, the highest ZT value
is 1.14 for YbCd1.85Mn0.15Sb2 at 650 K, an improvement of
63% as compared with that of YbCd2Sb2. It can be further
expected from the trend of the curve that the value may be
higher above 650 K.

Figure 8. Temperature dependence of figure of merit ZT for
YbCd2–xMnxSb2.

Conclusion

Thermoelectric materials based on Zintl phase
YbCd2–xMnxSb2 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8,
1.0, 1.5, and 2.0) were synthesized by combining the direct
solid-state reaction of the elements and the spark plasma
sintering technology. The unit cell parameters decrease lin-
early with increasing concentration of Mn. The effects of
substituting Cd by Mn on TE properties were investigated
systematically. In all YbCd2–xMnxSb2 compounds, the
maximum ZT value of 1.14 is obtained at 650 K for
YbCd1.85Mn0.15Sb2, which is greater than that for ternary
compound YbCd2Sb2 at the same temperature by 63%.

Experimental Section
Samples of Zintl phase YbCd2–xMnxSb2 (x = 0, 0.05, 0.1, 0.15, 0.2,
0.4, 0.6, 0.8, 1.0, 1.5, and 2.0) were prepared by combined use of
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the direct solid-state reaction and subsequent spark plasma sinter-
ing for densification. All materials were handled in a nitrogen-filled
glove box with H2O/O2 levels below 3.0 ppm. The mixtures of Yb
(99.9 %), Cd (99.999%), Mn (99.9%), and Sb (99.999%) in a molar
ratio 1:(2–x):x:2 were placed in a graphite crucible with 10 mm dia-
meter and 30 mm height, and then they were sealed into evacuated
quartz tubes. These assemblies were heated slowly up to 1273 K at
a rate of 1 K/min, kept for 72 h, and subsequently cooled to room
temperature at a rate of 2 K/min. The products were finely pow-
dered, pressed into pellets and annealed at 873 K for seven days.
The as-obtained samples were ground in an agate mortar to fine
powders. In order to obtain bulk samples, spark plasma sintering
(Dr. Sinter SPS 2040 setup manufactured by Sythex SPS, Tokyo)
was carried out at 753–823 K for 5 min under a uniaxial pressure
of 60 MPa in vacuo. The samples showed metallic luster and sta-
bility in air. The densities of the sintered pellets were measured by
the Archimedes method. The relative densities were above 93% of
the theoretical values. For thermoelectric property measurements,
prism-shaped specimens of average size 10 mm �ca. 2.5 mm �ca.
1.5 mm were cut from the sintered samples.

The sintered samples were characterized by X-ray powder diffrac-
tion (XRPD) with a Huber Guinier G670 Image Plate Camera (Cu-
Kα1 radiation, λ = 1.5406 Å). The chemical composition of the
phases was determined by using electron probe microanalysis
(EPMA, 8705QH2). The microstructures of the polycrystalline
YbCd2–xMnxSb2 samples were examined by scanning electron mi-
croscopy (SEM). The thermal diffusivity of specimens was deter-
mined by using a NETZSCH LFA 427 Micro Flash instrument.
The thermal conductivity of the pellets can be derived from the
relationship κ = dCpλ, where d is the experimental density, λ is the
experimental thermal diffusivity, and Cp is the heat capacity. The
electrical conductivity and Seebeck coefficient were measured
simultaneously under a helium atmosphere from 300 K to 650 K
with an ULVAC-RIKO ZEM-3 instrument. The errors for electrical
conductivity and Seebeck coefficient are estimated to be 10% and
7%, respectively. According to the thermal analysis (TG/DTA)
data, YbCd1.9Mn0.1Sb2 starts to lose weight above 700 K, which
sets the temperature limit for measurements to 650 K.
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