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Thermoelectric Properties of Co-Doped TiS,
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The thermoelectric properties of cobalt-doped compounds Co,Ti;_,Sy (0 <x <
0.3) prepared by solid-state reaction were investigated from 5 K to 310 K. It
was found that the electric resistivity p and absolute thermopower | S| for all
the doped compounds decreased significantly with increasing Co content over
the whole temperature range investigated. The increased lattice thermal
conductivity of the doped compounds would imply enhancement of the acoustic
velocity. Moreover, the ZT value of the doped compounds was improved over
the whole temperature range investigated, and specifically reached 0.03 at
310 K for Cog 3Tiy 7Ss, being about 66% larger than that of TiS,.
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INTRODUCTION

TiS; has an anisotropic structure with a trigonal
space group, P3ml. It is known to exist in two
polytypes (17, 2H) with octahedral and trigonal-
prismatic coordinations, respectively. The main
difference between the 17-TiS; and 2H-TiS, layers
is the type of local coordination of the metal: octa-
hedral (17) versus trigonal-prismatic (2H)! (Fig. 1).
The most stable form of TiS; (17-TiS,, crystallizing
in a layered CdlI,-like structure) consists of sheets of
face-sharing TiSg octahedra forming S-Ti-S sand-
wich layers, where a Ti sheet is sandwiched
between two sulfur sheets. Atoms within S-Ti-S
sheets are bound by strong covalent interactions,
whereas bonding between the layers is determined
by weak, van der Waals forces.

Although the structure of TiSs is quite simple, the
nature of the electronic structure of layered TiS,
has been in dispute over the past decades. To date,
for instance, whether it is a semiconductor or
semimetal has not been clarified.>'® Through
measurements of the Hall coefficient, Seebeck coef-
ficient, and resistivitzy as a function of pressure,
Klipstein and Friend” found that the band overlap
between S 3p states and Ti 3d states increased at a
rate of 4.5 meV/kbar, and concluded that TiS, is a
semiconductor with a gap of 0.18 £+ 0.06 eV. The
optical measurements of Greenway and Nische®
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indicated that TiS is a semiconductor with a gap of
1 eV to 2 eV. Chen et al.* and Barry et al.’ reported a
band gap of about 0.3 eV from angle-resolved pho-
toemission studies (ARPS). Photoemission experi-
ments by Shepherd and Williams® indicate a band
gap of less than 0.5 eV, and calculations using the
pseudopotential (PP) method” indicated that TiS, is
a semiconductor with an indirect band gap of about
2 eV. On the contrary, some theoretical calculations
indicate that TiS, is a semimetal. Lately, Benesh
et al.® obtained a semimetallic ground state for TiS,
by using the linearized augmented plane wave
(LAPW) method as a function of pressure. Similarly,
band calculations based on the augmented spherical
wave (ASW) method by Fang et al.,° the linear
muffin-tin orbital (LMTO) method by Wu et al., %12
and the full-potential (FP)-LAPW method'®*
showed that TiS, possessed a semimetallic ground
state. Meanwhile, many experiments'®'® have indi-
cated that the electrical resistivity of TiS, almost
exclusively exhibits metallic behavior, decreasing
with decreasing temperature down to nearly 0 K. To
date, no semiconductor behavior in the conductivity
of TiS; has ever been observed experimentally.
Hence, it is interesting and also significant (as
mentioned below) to clarify the observed contradic-
tory phenomena concerning the properties of TiS,.
On the other hand, layer-structured TiS, is well
known for its capability for intercalation by a wide
range of both organic and inorganic materials
into its van der Waals gap.!” Since Li* can easily
intercalate into and leave the van der Waals gap of
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1T

Fig. 1. Crystal structures of TiS, with 1T (left) and 2H (right) structure.
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TiS,, TiS, has been studied as a promising cathode
material for rechargeable lithium-ion batteries.!”?
Besides Li,>?%?! transition metals, such as Fe, Co,
and Ni,?? have been successfully inserted into the
gap of TiS,, and the influence of such intercalation
on the physical properties of the corresponding
compounds has been investigated and explored.
Specifically, Imai et al. reported that TiS; has a
large thermopower of S = 251 yV/K and a power
factor of S%p =37.1 yW/ecm K* (where p is the
electrical resistivity) at room temperature,® indi-
cating that TiS, is a potential candidate for ther-
moelectric applications. Very recently, work in our
group indicated that a large enhancement of the
thermoelectric properties for TiSs can be realized bzy
proper Bi intercalation into its van der Waals gap.**

As outlined above, to tailor or improve the phys-
ical properties of TiS,, the numerous works con-
ducted so far have concentrated mainly on
intercalation of guest atoms or molecules. The aim
of the present work is to synthesize the cobalt-doped
compounds Co,Ti;_,S, and to investigate the effect
of Co doping (substitution for Ti and intercalation
in the van der Waals gap of TiS,) on their transport
properties and thermoelectric performance in the
temperature range from 5 K to 310 K. Our results
show that Co doping could not only cause significant
changes of the transport properties but also give
rise to enhancement of the thermoelectric perfor-
mance of TiSy when doped properly.

EXPERIMENTAL PROCEDURES

Polycrystalline samples of the cobalt-substituted
compounds Co,Ti;_,Sy with nominal x values of
0, 0.05, 0.075, 0.10, 0.20, and 0.30 were prepared
by a solid-state reaction method. Elementary
cobalt (99.9 wt.%), titanium (99.99 wt.%), and sulfur

(99.999 wt.%) powders were weighed accurately to
give the desired composition, mixed intimately to
give a homogeneous mixture, and sealed in an
evacuated quartz tube, which was heat-treated in a
horizontal furnace at 880 K for 7 days at a fixed
heating rate of 0.5 K/min. The compounds obtained
were ground in an agate mortar to fine powders,
which were then compacted by hot-pressing (under
pressure of 300 MPa) in vacuum at 673 K for 1 h to
form bulk samples with dimensions of 10 mm x
30 mm x (2 mm to 3 mm). To measure the ther-
moelectric properties, bar-shaped specimens with
dimensions of 12 mm x 3 mm x ~2 mm were cut
from the bulk samples.

The phase structures and compositions of the
samples obtained were verified using x-ray powder
diffraction (XRD), carried out using a Philips dif-
fractometer with Cu K, radiation. Accurate lattice
parameters were determined from the d-values of
the XRD peaks using a standard least-squares
refinement method with a Si standard for calibra-
tion. Measurements of transport properties [direct-
current (DC) resistivity, thermal conductivity, and
thermopower] were carried out using a physical
property measurement system (PPMS; Quantum
Design) in the temperature range from 5 K to 310 K.

RESULTS AND DISCUSSION

Phase Determination and Change of Lattice
Parameters After Co Doping Analyzed
by X-Ray Diffraction

Figure 2 shows XRD patterns for the synthesized
specimens with different Co contents x. One can see
from Fig. 2 that all the main peaks of the XRD
patterns match well with those for TiS,, indicat-
ing that the doped specimens have the same
crystallographic structure as that of TiSy, despite
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Fig. 2. XRD patterns of Co-doped compounds Co,Tii_,S, with
(@) x=0, (b) x=0.05, (c) x=10.10, (d) x = 0.20, and (e) x = 0.30.
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some peaks of CoSy occurring with increasing Co
content for x > 0.1. The values of the lattice
parameters a and c for all the samples were calcu-
lated from the XRD data and are presented in
Fig. 3. It can be seen that the lattice parameter
¢ decreases rapidly from 5.6965 A to 5.6758 A with
increasing cobalt content x from 0 to 0.20, then the
parameter ¢ increases to 5.68745 A as the cobalt
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content increases further to x = 0.30. Similarly, the
lattice parameter a decreases firstly from 3.4077 A
to 3.3998 A as the cobalt content x increases from
0 to 0.20, and then a increases to 3.4067 A for
x = 0.30. Many investigations?*~2® have shown that
the lattice parameter a of the intercalated com-
pounds M,TiSy (where M stands for intercalated
elements) is always found to increase with increas-
ing content of intercalated elements. (For example,
the lattice parameter a changed from 3.4083 A to
3.4156 A in Bin18225 with y increasing from 0 to
0.25; the parameter a of Li,TiS;*" changed from
3.407 A to 3.452 A with increasing y from 0 to 1.0;
the parameter a of self-intercalated compound
Til+y8228 increased from 3.405 A to 3.412 A with
y increasing from 0 to 0.1; see Table I.) Other
research has indicated that the parameter
a decreases as other atoms are substituted for Ti
atoms; for example, the lattice parameter a changed
from 3.4098 A to 3.4038 A in Mg, Ti;_.S»%° with x
increasing from O to 0.04; the parameter a of
Cd,Ti;_,S.%° changed from 3.4098 A to 3.4044 A
with increasing y from 0 to 0.025. Therefore, the
decrease of parameters a and c reflects that substi-
tution of Co (for Ti) has occurred after Co addition,
as the atomic radius of cobalt is smaller than that of
Ti, and if Co atoms replace Ti atoms to form cova-
lent bonds®! the lattice of Co,Ti; .S will shrink
compared with that of TiS,. However, the increase
in the parameters a and ¢ for a cobalt content
x > 0.2 suggests that some of the Co atoms possibly
intercalated into the van der Waals gap of TiS, in
heavily doped compounds, accompanying Co sub-
stitution for Ti, which can be verified by their DC
resistivity as discussed in the next section.

Effects of Co Doping on DC Resistivity

The temperature dependence of the electrical
resistivity for specimens with different Co contents
is shown in Fig. 4, which shows that the resistivity
of all doped compounds was smaller than that of
pure TiS,. One can see that the p—T curve for the
pure TiS; sample (x = 0) shows metal-like behavior
(i.e., dp/dT > 0) over the whole temperature range
investigated. Fitting the resistivity to a power law,
[p(T) — pol < T", gives y = 2.2, in agreement with

Table I. Lattice parameter a (A) of several intercalated and substituted compounds

yorx Bi,TiS, Li, TiS, Ti1.,Se
0 3.4083 3.407 3.405
0.025 3.4097 - -
0.04 - - -
0.05 3.4111 - -
0.1 3.4122 - 3.412
0.20 3.4156 -

1.0 - 3.452 -

25,27-30
ngTil —xS2 Cdeil _xS2 COxTil _xS2

3.4098 3.4098 3.4077

- 3.4044 -
3.4038 - -

- 3.4039 3.4036

- - 3.4056

- - 3.3998
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Fig. 4. Dependence of the electrical resistivity p on temperature for
Co-doped compounds Co,Ti;_,S, with (a) x=0, (b) x=0.05,
(c) x=0.10, (d) x = 0.20, and (e) x = 0.30.

previous results reported by Klipstein et al.?? In
contrast, the p—T curves for the doped compounds
(x = 0.05, 0.10, and 0.20) show semiconductor-like
behavior (i.e., dp/dT < 0) as temperature decreases
to a critical temperature T, (= 22.6 K, 14.9 K, and
10.0 K for x = 0.05, 0.10, and 0.20, respectively),
although they still exhibit metal-like behavior
in high-temperature regions, similar to the phe-
nomenon observed in the substituted compounds
Mg, Ti;_.S.2° This is quite contrary to the case of
the purely intercalated compounds M,TiS,, whose
metallic behavior enhances with increasing inter-
calated element content.?*?>3* In addition, T'. was
found to decrease with increasing Co content
for x < 0.30; however, when x reaches 0.30, the
resistivity behaves metallically over the whole
temperature range investigated and no critical
temperature T is observed.

The reason why Co,Ti;_,S, transitions from
metallic behavior (x = 0) to semiconducting behav-
ior (0 < x < 0.30) after substitution may lie in the
fact that TiS, is a semiconductor with a narrow
band gap.'! However, in practice, self-intercalation
of Ti into TiS, is unavoidable in the synthesis pro-
cess.?® As a result, TiS, almost always appears as an
extrinsic semiconductor. Moreover, if the ionization
energy of self-intercalated Ti atoms is small enough,
complete ionization will occur at the low tempera-
tures that can normally be reached. If the number of
intercalated Ti atoms (acting as donors) is suffi-
ciently large, a degenerate semiconductor that
behaves metallically will form, as observed nor-
mally in TiS,. As Co>* is substituted for Ti%*,
acceptors (Co®*) will be introduced. Then, the elec-
tron concentration will decrease if compensation
takes place. Consequently, when the Co content
(number of acceptors) is high enough, de-degenera-
tion of TiS, will occur, leading to the appearance of
semiconductor behavior. These results suggest that
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Fig. 5. Variation of thermopower S with temperature for Co-doped
compounds Co,Ti;_,S,> with (a) x=0, (b) x=0.05, (c) x=0.10,
(d) x=10.20, and (e) x = 0.30.

intercalation and substitution exist simultaneously
in these Co-doped compounds. Hence, the appear-
ance of semiconductor-like behavior means that
substitution of Co for Ti plays a major role in the
lightly doped compounds. However, with increasing
Co content x, the number of intercalated Co atoms
becomes greater, leading to metal-like behavior
and the formation of a typical degenerate semicon-
ductor®® for x = 0.30.

Effects of Co Doping on Thermopower

The variations of the Seebeck coefficient (S) for
Co,Ti;_,Ss with temperature are shown in Fig. 5.
The negative values of the Seebeck coefficient found
for all of the specimens over the entire temperature
range show that the major charge carriers in
Co,Ti;_,Ss are electrons. Moreover, one can see
from Fig. 5 that the Seebeck coefficients of the
Co-doped compounds Co,Ti;_,S, (x > 0) are smaller
than that of pure TiS,. The absolute thermopower
decreased with increasing Co content x in slightly
doped compounds (0 < x<0.10); however, for
x = 0.10, the absolute thermopower of Cog 1TiggSs
was larger than that of slightly doped compounds
(0 < x < 0.10), and for x > 0.10, the absolute ther-
mopower of such heavily doped compounds also
decreased with increasing Co content x.

The temperature behavior of the Seebeck coeffi-
cient for the doped compounds Co,Ti;_,Sy (x > 0)
with different Co contents is more or less similar to
that of pure TiSy: the absolute thermopower for
every compound was found to increase continuously
with increasing temperature over the whole tem-
perature range investigated. The small valley
observed at a temperature around 60 K for each of
them in the plot of S versus T could be ascribed to
the phonon-drag effect.®® At temperatures above
80 K, the thermopower for Co,Ti;_,Ss exhibited an
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Table II. Slope of the plot of S versus T and Er calculated from Eq. (1)

x 0 0.05 0.10 0.20 0.30
Slope (,uV/Kz) —0.6242 —0.4352 —0.5005 —0.4227 —0.3463
Ey (V) 0.118 0.1692 0.1472 0.1743 0.2127
approximately linear relationship with temperature.

The diffusive part of the thermopower (7-linear sl ()
thermopower) can be described by the following 40| 1 ®
formula:>° a5l . 4/4 +7(©

n2k2T

= eEn. (1)

where £ and e are the Boltzmann constant and the
electron charge, respectively. This formula indicates
that the slope of the plot of S versus 7T is inversely
proportional to the Fermi level. Hence, the decrease
in the slope of the plot of S versus T reflects
the increase in Ef (or increase in electron concen-
tration) due to Co intercalative doping, which
can explain why the absolute thermopower |S|
decreases with Co doping, as shown in Fig. 5. The
best fit of the data to Eq. (1) enables estimation of
the Fermi level Ex for all the compounds, as pre-
sented in Table II. One can see that Er increased
from 0.118 eV for x = 0 to 0.2127 eV for x = 0.30
except for x = 0.1. This increase of Er is a reflection
of the increasing electron concentration.

Effects of Co Doping on Thermal Conductivity

The temperature dependence of the total thermal
conductivity x for the Co,Ti;_,S, materials is shown
in Fig. 6. It can be seen that Co substitution for Ti
causes an increase in the thermal conductivity.
Similar to the case of TiS,, the thermal conductivity
k of the doped compounds shows a weak tempera-
ture dependence above 70 K, below which x of all
the compounds increases rapidly and approximately
linearly with increasing temperature. The total
thermal conductivity k can be expressed as the sum
of a lattice component (x;) and an electronic com-
ponent (k) as k = K] + Ke. Ko values can be estimated
from the Wiedemann—Franz law as k. = LT/g (here
L is the Lorenz number, and L = 2.44 x 10 ° V¥K?
for free electrons). Consequently, k1, can be obtained
from x and k., as shown in Fig. 7. Comparing Figs. 6
with 7, it can be seen that the values and temper-
ature dependences of the lattice conductivity «; are
similar to those of the total thermal conductivity x.
This result indicates that the thermal conductivity
of Co,Ti;_,Ss comes mainly from the lattice con-
ductivity, and generally Co doping causes an
increase in the lattice thermal conductivity of
Co,Ti;_,Ss. The lattice conductivity x; can be
expressed as k; = 1/3C,vI (here C, is the specific
heat, v is the acoustic velocity, and [ is the mean free
path of phonons). Since the mean free path of pho-
nons [ usually becomes smaller due to point defect
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Fig. 6. Thermal conductivity k versus temperature for the Co-doped
compounds Co,Ti;_,S, with (a) x=0, (b) x=0.05, (c) x=0.10,
(d) x=0.20, and (e) x = 0.30.
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Co-doped compounds Co,Ti;_,S, for (a) x=0, (b) x=0.05, (c)
x =0.10, (d) x=0.20, and (e) x = 0.30.

scattering after doping and the specific heat will not
change strongly as the dopant content is not high,
the enhancement of lattice thermal conductivity
after Co doping could originate from an increase in
the acoustic velocity due to enhancement of chemi-
cal bonds in the doped compounds, which seems
to be supported by the decrease of the para-
meters a and c after Co doping (Fig. 3). Specifi-
cally, accompanying Co substitution for Ti, cobalt
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intercalation occurred, leading to the formation of
S-Co bonds among the intercalated Co atoms and S
atoms (in the S-Ti-S sheet), bridging the van der
Waals gaps, which will give rise to substantial
strengthening of chemical bonds of the overall
assembly and therefore the increase of the acoustic
velocity. We can see from Fig. 8 that the ratio k./k
increased with increasing Co content x. These
results indicate that the electron concentration
increased along with the level of Co doping, which
agrees with the relationship between electronic
conductivity and Co content x of the doped com-
pounds Co,Ti;_,Ss (Fig. 4).

Effects of Co Substitution on Thermoelectric
Properties

The power factor (S%p) is plotted as a function of
temperature for all the samples in Fig. 9. One can
see from Fig. 9 that the power factor of the slightly
doped compounds Co,Ti;_,So (x <0.10) is smaller
than that of pure TiS; due to the considerable
decrease in thermopower. However, the power fac-
tor of the heavily doped compound Cog3Tig 7S,
significantly exceeds that of pure TiSs; over
the whole measured temperature range, reaching
3.93 uW/em K? at 310 K, which is about 117% lar-
ger than that (1.81 yW/cm K?) of TiS,.

Figure 10 shows the temperature dependence of
the dimensionless figure of merit ZT (= TS%pk) for
TiS, and the Co-doped compounds Co,Ti;_,S,. The
ZT value for all the specimens increases with
increasing temperature. However, the ZT of slightly
doped compounds (x < 0.10) is smaller than that of
pure TiSy; because of the large increase in their
thermal conductivity and decrease in thermopower,
although their electronic resistivity decreases con-
siderably. Nevertheless, the ZT value of the heavily
doped compound Cog 3Tig 7S, surpasses that of pure
TiS, over the whole temperature range investigated,
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increasing rapidly with increasing temperature.
Specifically, the ZT value of Cog3Tig7Ss reaches
0.0293 at 310 K, which is about 1.7 times as large as
that of TiSy (ZT = 0.0176), demonstrating a specta-
cular improvement of thermoelectric performance
for the proper Co doping content. The ZT value
achieved by Co doping at room temperature is rela-
tively small compared with that of state-of-the-art
thermoelectric materials (for example, Bi,Tes);
however, our research offers an approach to enhance
the thermoelectric performance of materials with
similar crystal structures to that of TiSs.

CONCLUSIONS

We have studied the effect of Co doping on the
thermoelectric properties of Co,Ti;_,Ss. The results
indicated that a transition from metal-like to semi-
conductor-like behavior occurred with Co doping.
This transition implies that TiS,; is a degenerate
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semiconductor, which would be de-degenerated by a
reduction in electron concentration due to Co sub-
stitution for Ti. The absolute thermopower |S| and
the resistivity were found to decrease significantly
over the whole temperature range investigated,
which can mainly be ascribed to an increase of
electron concentration due to intercalation of Co
atoms. The increase of lattice thermal conductivity
of the doped compounds may be caused by enhanced
acoustic velocity due to the formation of Co-S bonds
between intercalated Co atoms and S atoms in the
S-Ti-S sheet, bridging the van der Waals gap. The
figure of merit, ZT, of the heavily doped compound
Cog 3Tip.7S, was improved over the whole tempera-
ture range investigated compared with that of TiS,,
reaching 0.0293 at 310 K, which is about 1.7 times
as large as that of TiS,, indicating that Co doping is
an effective approach to enhance the thermoelectric
performance of TiSs.
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