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ABSTRACT: A dense TiS; sample has been processed by Spark
Plasma Sintering. The structural analysis, obtained by coupling
powder X-ray diffraction and transmission electron microscopy
(TEM), shows that the A-variant of the ZrSe;-type structure is
stabilized for the first time. Defects along the main atomic layer
stacking directions are evidenced by high-resolution TEM, which
explain the peculiar X-ray powder diffraction patterns, with strongly
anisotropic microstrains. The presence of these structural defects
might explain the existence of a metal-to-insulator transition with a
charge localization below Ty ~ 325 K. Large absolute values of the

Seebeck coefficient, in the range —700 < § < —600 uV-K™, are observed for 100 < T < 600 K, together with a low thermal
conductivity, k = 2 W-K™":m™" at 600 K. The T~" dependence of the lattice part of k indicates its phononic character. As the charge
carrier concentration measured by Hall effect is too low, n = 1.24 X 10'® cm™, extra doping would be necessary to decrease its too
high electrical resistivity (p3ox ~ 1.4 €:cm) for thermoelectric applications.

B INTRODUCTION

When looking for alternative thermoelectric materials, the tox-
icity, the weight, and the cost issues are important concerns. This
explains why Mg,Si and its derivatives are under the scope as
Mg and Si are abundant, light, and nontoxic elements." As so, the
TiS, sulfides, with intercalated chemical species between succes-
sive TiS, slabs, are also revisited.”* Recently, zT values as high as
0.45 were reported for Cu, TiS," (2T is the adimensional figure of
merit, where T is the absolute temperature and z = S/ pk with S,
p, and k being the Seebeck coeflicient, electrical resistivity, and
thermal conductivity, respectively). Interestingly, this layered
sulfide can be viewed as a realization of the PGEC concept
(PGEC = phonon glass and electron crystal)® as the TiS, slab is
conducting and the intercalated species are found to reduce the
phonon part of the thermal conductivity. As the decrease of the
structural dimensionality is also a way to increase the Seebeck
coeflicient by the so-called quantum confinement phenomenon,
our attention was attracted by the TiS; compound. A large See-
beck value of about S ~ —700 4 V-K ™" at 300 K was reported for a
TiS; crystal, with a high electrical resistivity, p3oox = 2 Q-cm,® but
its thermal conductivity was not studied. In addition, very few
studies have been reported on the crystal structure.”®

In their pioneering work, Furuseth and others showed the
structural complexity of the MX; trichalcogenides with prin-
cipally M = Ti, Zr, or Hf and X = S, Se, or Te.”® Indeed, de-
pending on the [M,X] couple, two very close structures are
stabilized, noted A (ZrSe,-type) and B (TiS;-type) (Figure 1a,b,
respectively), belonging both to the P2,/m space group with
similar lattice parameters (a ~ S A, b~ 3.5 A, and ¢ # 9 A with
f =~ 97.5°). As also shown by this figure, the layer stacking along
Cis characterized by the presence of X bilayers bonded by van der
Waals forces’ that gives, at least, a 2D character to the struc-
ture. The M cations form skirt triangular lattices with different

-4 ACS Publications  ©2014 American Chemical Society

5585

distributions of the M—M distances between A- and B-variants
(Figure 2a,b), leading to consideration of M chains or M trian-
gular ladders, respectively, both running along b. The scattering
of the M—X distances is another parameter that differentiates
both structures: it is larger for the B-type with a more distorted X
environment around M (Figure 1a,b).

Concerning the phonon part of the thermal conductivity (k,,),
as the disorder in the chemical bonding is expected to favor a
low K, TiS; is an interesting candidate to be measured. Further-
more, up to now no link between structural parameters and pro-
perties was established on TiS; polycrystals and the spark plasma
sintering (SPS) technique offers new synthesis conditions, par-
ticularly attractive in that case because its fastness allows both
reaching nearly 100% compacity and limiting the grain growth. In
the following, we report on TiS; ceramic synthesis using SPS, its
structural analysis using X-ray powder diffraction and trans-
mission electron microscopy, and its thermoelectric properties.

B EXPERIMENTAL SECTION

A precursor was first prepared by solid-state reaction between Tiand S
(99.5%, Alfa Aesar) in an evacuated tube sealed within a primary vacuum
of 1072 bar at 600 °C, with similar heating and cooling rates of 100 °C/h.
Compared to TiS;, a sulfur excess corresponding to a 1:4 Ti:S ratio was
used to avoid the formation of TiS,. The obtained powder, containing
TiS; and sulfur, was subsequently densified in a primary vacuum using a
SPS machine (FCT HPD 25). About 6 g of this powder was poured into
a graphite mold (inner diameter 15 mm) and sintered at 600 °C for
10 min under 50 MPa (heating rate 100 °C/h). The graphite surface
layer of the as-synthezised pellet was then removed, and pieces with
different shapes and sizes were cut for the following characterizations,
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Figure 1. Schematic views of the A- and B-variants, using crystallographic parameters reported for HfS; (a) and HfSe; (b), respectively.® [010]
projection in this figure: four cells are shown, with the M—X distances in the upper part and the X—X distances delimiting triangle around M in the lower
cells (to highlight the difference between both variants and that will be exploited for the TEM study).
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Figure 2. Schematic views of the A- and B-variants, using crystallo-
graphic parameters reported for HfS; (a) and HfSe; (b), 1'espectively.8
M lattice is drawn here to give arguments in the discussion on the
dimensionality of this type of compounds.

in such a way that all electrical and thermal measurements have been
done in the plane of the pellet, that is, perpendicular to the applied
pressure axis Pgpg used during the sintering step. The measured densities
were greater than 95% of the theoretical value.

X-ray powder diffraction (XRPD) was performed at room temper-
ature using a —20 measurement on a D8 Bruker diffractometer with
Cu Ka, radiation (4, = 1.5406 A), in reflection geometry with a parallel
beam. Fullprof'® and Maud"" software were used to analyze the struc-
tural data on powders of the SPS-elaborated bulk, respectively. We used
the Popa model'® to represent the mean crystallite sizes and shapes,
using anisotropic microstrains, and a spherical harmonic model to take
into account the fiber textures induced during sample mounting."® The
instrument resolution was calibrated with a LaB4 powder standard from
NIST.

The electrical resistivity (p) and Seebeck coefficient (S) measure-
ments were performed using a four-probe method and steady-state
techniques, respectively, on 10 X 2 X 2 mm samples. Temperature
dependencies of p and S were simultaneously carried out from 300 to
700 K by means of an ULVAC-ZEM3 system (under partial He
pressure). Thermal diffusivity of a square sample (6 X 6 X 1 mm) was
measured from 300 to 700 K in an inert atmosphere using a Netzsch
LFA4S7 apparatus. Thermal conductivity (k) was obtained from the
product of the sample density, thermal diffusivity, and heat capacity,
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the latter being calculated with the Dulong-Petit approximation. The
low-temperature p and S measurements were performed in a Quantum
Design PPMS (Physical Properties Measurements System) with similar
type of bar as for the high-T S and p measurements. A homemade
sample holder was used to measure p by the four-probe technique (using
indium contacts) and S (steady-state technique). Hall effect at 300 K was
also measured in the PPMS with a magnetic field, up to 9 T, applied
perpendicular to the plane of the sample (along Pgp) with 2 X 2 X
0.2 mm dimensions.

Transmission electron microscopy (TEM), electron diffraction (ED),
and high-resolution TEM (HRTEM) studies were carried out using
a FEI Tecnai G2 30 UT microscope operated at 300 kV and having
0.17 nm point resolution. The chemical composition of the main TiS;
phase was verified by EDX analysis using an attached EDAX system.
High-angle annular dark-field STEM (HAADF-STEM) experiments
were carried out on an aberration-corrected JEM ARM200F microscope
operated at 200 kV equipped with a CENTURIO EDX detector. The
TEM specimens from the bulk precursor and dense SPS samples were
prepared in the same way by grinding in an agate mortar, dissolving in
methanol, and spread on the holey carbon grid.

B RESULTS

Structural Features. At first, the room-temperature XRPD
pattern reveals that the TiS; phase forms with only a few addi-
tional small peaks attributed to traces of S, and TiS, (Figure 3)
that validates the process used for preparing the sample. A Le Bail
fit confirms the P2,/m space group with the following cell param-
eters, a = 4.9680(1) A, b = 3.401(1) A, c = 8.810(2) A, and S =
97.821(2)°. Though there exists a strong broadening of numer-
ous Bragg peaks, as highlighted in the left inset of Figure 3, all the
00! are narrower than others. This indicates an anisotropic dis-
order with either larger coherent domains or lower levels of
microstrains along the c-axis than along other directions of the
crystals. TiS, is supposed to be of the B-type variant,® the XRPD
pattern of which is simulated in the right inset of Figure 3. Even
by allowing line broadening to take into account the shape
variations of hkl peaks, the simulation of the observed pattern is

dx.doi.org/10.1021/cm502069n | Chem. Mater. 2014, 26, 5585—5591



Chemistry of Materials

el I LA EEL L B S BN S e S s S S S S S S S S S —
e |= £
L o | ]
:t o { |A and B-variants
g | 4 ]
© 1 &
P B | . ° i
2 8 | H L g
= . | |
£ v e A'L il
E | [ 3| | LA g s bl
. o T T T
/’" N
L \ / = 4
3 o o _ ]
%, 8 /s 288§,
- 5 [82] ! B S v -
sl B 455 |
LA e LT BT e
| [ | L A I O 1 A A VTR T
- h T A T I R |
10 20 30 40 50 60
26(%)

Figure 3. X-ray powder diffraction pattern of TiS;, the indexation of the
main first Bragg peak is given (P2,/m and a = 4.968 A, b = 3.401 A,
¢ = 8810 A, and = 97.821°), and the impurities are identified by
arrows. An enlargement between 16° and 24° in 26 is given in the inset
(left) with a logarithmic scale for the y-axis (intensity) to highlight the
broadening of some peaks. In the right inset are shown the calculated
XRPD patterns of A- and B-variants (without any broadening).

very difficult to carry out: as an example, the intensity ratio of the
(200, —201, and —112) and (201, —202, and 112) sets of peak is
opposite to what is expected. In contrast, building an A-variant
model leads to a more appropriate calculated diffractogram
(as shown in the right inset of Figure 3). Before going ahead by
using this hypothesis as a starting point for calculations, TEM
investigations were undertaken.

The low-magnification images (Figure 4) show the tape shape
of the microcrystals: the longest dimension is along the b-axis
(~ 30 um), the width and thickness of the tapes are ~S and
1.5 pm, respectively, and the c-axis is perpendicular to the figure
surface. ED patterns taken along the main zone axes (Figure S)
confirm the good crystallinity of the sample, the P2,/m space
group and cell parameters given above. The corresponding EDX
analysis leads to the expected TiS; composition.

To confirm by XRPD calculation the proposed A-variant struc-
ture, HAAD-STEM imaging along the [010] zone axis was carried
out. As shown in Figure lab, in principle, the [010] direction
allows distinguishing between the variants. HAADF-STEM (or
so-called Z-contrast imaging) is mass—thickness sensitive, having
image contrast in atomic resolution images that scales with the
atomic number Z~'7. As it is an incoherent imaging technique,
diffraction contrast will not hinder the interpretation of the images
like in the case of HRTEM imaging where the too complicated
contrast does not allow revealing the differences between the
variants. Figure 6 shows high-resolution HAADF-STEM images of
TiS; crystallite along [010] zone axis which clearly shows different
positions of Ti (brighter dots, Z = 22) and S (bright dots, Z = 16)
atomic columns. The structural model of the A-variant (shown in
the left bottom panel) is overlaid on the enlargement, matching
perfectly with the acquired images. This unambiguously confirms
the proposed A-variant structure, supporting the preliminary
XRPD analysis. Obviously, the B-variant model (right bottom
panel) would not match with the experimental image.

Also, it is important to notice a significant amount of stacking
faults, with (001) planes of the A-variant structure shifting along
the [100] direction at the level of the sulfur double layer. These
shifts can be explained by the weak S—S bonding through the van
der Waals gap. This creates slices of A-type TiS; structure having
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Figure 4. (a) Low-magnification bright-field TEM images of powder
TiS;. (b) Note the typical tape-type morphology of the crystallite with a
thickness of a few micrometers along the c-axis.
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Figure 5. ED patterns of TiS; along the main zone axis and indexation
within the P2;/m space group.

thickness of (S + 2) X ¢ (Figure 7, white arrows). Such shifts
correspond to planar defects, randomly spaced along c*, without
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Figure 6. High-resolution [010] HAADF-STEM image of TiS; and two
possible structure models: A-variant (left bottom panel) and B (right
bottom panel) viewed along [010] zone axis. Enlargement together with
overlay A-variant structure is given as insert and shows a perfect
matching of the experimental HAADF-STEM image with the A-variant
structural model. In the right bottom panel, the rectangle surrounding
the sulfur double layer illustrates the difference in the S atomic positions
between the variants.

inducing large wave incoherence along this direction, that is, not
introducing severe 00l line broadening. In Figure 7, when com-
pared to the A-variant structural model (right bottom figure), the
shift of the S layers at the level of the defect (surrounded by a
rectangle), corresponds to S positions closer to those of B-variant
structure (right bottom panel in Figure 6).

The [100] HRTEM images reveal also another kind of defec-
tive region (Figure 8a). Despite an overall perfect crystal struc-
ture, defects, like misfit dislocations or disordered regions
(marked by L and white arrows, respectively), are observed. An
example of a highly defective region is given in Figure 8b. In this
area, we also observe progressively inclined {001} planes looking
like bending. This internal waving of the structure does not
change the spacing along the c-axis but should shift the atoms
from ideal positions of A-variant structure in the bending area.
This should create microstrains in this material. All these defects
are again not believed to introduce significant {001} line broad-
ening, keeping X-ray wave coherency along c*. However, this is
not the case of other {/kl} lines, for which coherence length is
perturbed, and consequently broadened due to all defect types in
a complex scheme.

Then the Maud software was used in an attempt to approach
the line broadening as close as possible. This approach allows a
quite reasonable fit of the pattern (Figure 9a), together with

5588

. [010]*

Figure 7. High-resolution [010] HAADF-STEM image of a region
containing planar defects. Clear shifts along ¢ (stacking direction) of
successive planes (marked by white lines) are evidenced between
A-variant structural blocks of different widths. Numbers are indicated
width in unit cells. The oblique white lines are guides to the eyes to
evidence the shifts between the blocks along 4.

Figure 8. (a) Bright-field [100] HRTEM image of SPS TiS; sample
viewed along the c-axis and corresponding ED pattern. Misfit dislocation
is marked. Enlargement HRTEM image as inset. (b) [100] HRTEM
image of defect region.

evidence for a weak texture in the sample, with {001} and
{lo0} planes preferentially aligned with the sample plane
(Figure 9b), and also a maximum orientation density of 1.6 MR.D.

dx.doi.org/10.1021/cm502069n | Chem. Mater. 2014, 26, 5585—-5591
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Figure 9. (a) XRD diagram measured on powder of the SPS bulk sample, and corresponding Rietveld fit, operated with anisotropic crystallite sizes and
microstrains, and weak preferred orientation. (b) Corresponding {001} and {100} pole figures obtained from spherical harmonics.

(multiple of a random distribution) only. Such texture levels are usual
when mounting samples made of platelet-like crystals in reflection
mode. The Popa analysis results in mean parallelepiped-like
crystallite shapes with 1900 X 880 X 900 A® along a-, b-, and
c-axes, respectively. These mean dimensions are much smaller
than the apparent crystals visible in Figure 4 because they
correspond to the mean coherent size domains, diffraction
coherency being destructed by intrinsic defects. However, such
crystallite sizes cannot account alone for the observed peak
broadenings and produce diffraction peaks as narrow
as the 00's, and no fit improvement. A refinement allowing
anisotropic microstrains determination considerably improves
the fit (Figure 9a). Interestingly, the determined microstrains
appeared much lower (1 order of magnitude or more) along
[001] (3.5 X 107* rms) than along other main and inclined direc-
tions (1.4 X 107> along [100]; 5.5 X 107* along [—101], for
instance). An attempt to introduce turbostratic disordering in the
Rietveld refinement using the Ufer model,"* which could appear
reasonable from the observation of the strong right-hand side
asymmetry of the 100 line, appeared detrimental to the fit.

On a structural point of view (Figure 10), taking into account
the broadened intensities moderately distorts the structural
model. Comparing the “defect-free” structural analysis at the
local scale (HRTEM study of Figure 6) and at macroscopic scale
with incorporation of all defect types in the pattern (Figure 10)
then helps picturing the role of defects in experimental signa-
tures. Though the defective areas at crystallite boundaries are
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responsible for the apparent distortion of the A-type structure
(Figure 10a), the Ti network with the shortest Ti—Ti distances
along b (Figure 10b) keeps the A-type feature with Ti—Ti chains
rather than ladders.

The phonon thermal conductivity is expected to be low as a
result of phonons propagation hindered by the intrinsic disorder
in the Ti—S bonds and at the level of the planar defects. For the
A-variant (ref 8), there exist three S positions, S;, S,, and S;. Each
Ti* cation is bonded to four S, atoms (Figure 1), with three
different Ti—S, interatomic distances, and two S, and two S; atoms.
Moreover, the S,—S, short distances (~2 A) indicate that (S,S;)*”
dianions are formed. Consequently, the Ti—S bonds can be viewed
as a mixture of Ti—S and Ti—(S,S;) bonds, that is, ligands of
different mass which, in principle, is good in order to limit k..

Physical Properties. The electrical resistivity (Figure 11a
and Table 1) exhibits a metal (T > Tyy) to insulator (T < Tyy)
transition with a minimum value of 1.2 Q-cm at Ty; = 325 K. It
must be pointed out that the localization observed below Ty
leads to too large p values (p > 10° Q-cm) below T ~ 25 K for
our experimental setup. The room-temperature value, p3ox = 1.4
Q-cm, is very similar to that reported along the chain direction
for crystal whiskers, with p3gox = 2 Q-cm,” or crystals with p =
3Q-cm®

Nonetheless, our Ty value is larger by about 100 K as com-
pared to those in previous studies,”'” which might reflect a larger
defect concentration or possible effects coming from the variant
nature of our ceramic sample. As the TEM results reveal the

dx.doi.org/10.1021/cm502069n | Chem. Mater. 2014, 26, 5585—5591
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Figure 10. (a) [010] projection (as in Figure 1) of the structure refined
from the diagram in Figure 9, with incorporation of defect and texture
models in the fit, and S—S distances. (b) Corresponding Ti lattice with
the Ti—Ti distance. The distance along b is the shortest, showing that
the Ti network is made of chains rather than ladders.

presence of numerous defects along the direction of the Ti chains
(b-axis, Figure 8b), this might affect the electronic conduction
properties. Indeed, the structural disorder was involved to ex-
plain the localization effect in TiS;;® our results support this
scenario.

When one compares p for TiS, and TiS; (Table 1), the larger
value of the latter suggests a lower charge carrier concentration.
For that purpose, we estimated the latter using Hall effect mea-
surements. The value at 300 K leads to n = 1.24 X 10'® cm™, a
value slightly smaller than n =2 X 10'® cm™ deduced from Hall
effect measurements on crystals.”

Concerning the thermopower, the S(T) curve (Figure 11a)
reveals rather limited S change with T for a broad range of T with
values in the range —700 to —600 ;,tV-K_1 for 100 < T < 600 K,
indicating n-type behavior. Nonetheless, slight changes can be
detected near 375 K, which can be associated with the melting
point of the remaining sulfur (388 K), and for T > 600 K, the
S(T) curve starts to diverge which could indicate that TiS; starts
to decompose in TiS,. It must be emphasized that the existence
of a p minimum at Ty = 325 Kis not related to the sulfur melting
temperature. This confirms the intrinsic nature of this transition.
As for thermoelectric applications, the adimensional figure of
merit is defined as zT = (S*/pk) X T, the thermal conductivity
Kk was also measured but only above 300 K (Figure 11b). x is
found to decrease by almost a factor of 2 as T increases from
300 to 600 K, reaching a low value of 2 W-K™'m™" at 600 K.
According to the Wiedemann—Franz law, the too high electrical
resistivity values make that the total thermal conductivity is
mainly dominated by the lattice part. Over all of the investigated
T range, « follows a T~' dependence (Figure 11b, right y-axis),
which is characteristic of phonons with Umklapp processes. The
corresponding power factor (PF = §?/pk) and 2T values are given
in Figure 11c.
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Figure 11. (a) T-dependence of the electrical resistivity p (left y-axis)

and Seebeck coefficient S (right y-axis). (b) Total thermal conductivity x

as a function of T (lower x-axis and left y-axis) and T~ (upper x-axis and

right y-axis). (c) T dependence of both power factor (PF, left y-axis) and
figure of merit (27T, right y-axis).

B DISCUSSIONS

The present study shows that a ceramic of TiS; A-variant can be
prepared by the SPS technique. Starting from a precursor con-
taining extra sulfur, a rather stoichiometric TiS; compound is
obtained with a large absolute S value at 300 K, ISI= 650 xV-K™",
similar to that reported for a TiS; crystal,® corresponding to a
small charge carrier concentration. In a previous report, ® the
electronic band structure, probed on crystals by XPS, indicated
the existence of a gap with empty d,2 orbitals contrasting with the
partially filled d,2 orbitals in metallic TaS;. This reflects the
empty character of the 3d° orbitals for Ti* according to the
Ti**S$*7(S,)*” formal formula. However, the characteristic tem-
perature of the resistivity minimum at the metal—insulator
transition for the TiS; ceramic is shifted up by about 100 K as
compared to that of crystals.”" This could result from the large
content of structural defects, evidenced by the present electron
microscopy study, which is probably favored by the short
reaction time of the SPS process. Moreover, the lack of change
in the Seebeck coefficient at Ty is in marked contrast with
the behavior evidenced for Ta$S;, which exhibits a spin Peierls

dx.doi.org/10.1021/cm502069n | Chem. Mater. 2014, 26, 5585—5591
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Table 1. TiS;: Parameters Extracted from the p(T), S(T), and k(T) Curves”

TiS;
N300k (Hall effect) Tt (K)  Prin(Tyr) (Q-cm)  S(Ty) (WV-K™)  pggo (R-em)  Sgoox (WV-K™) Paook (Q-em)  Szo0x (VK™ K250 Kgoox (W-m™'K™")
1.24 X 10" (em™) 325 1.2 —630 2.0 —630 1.4 —650 37,20

TiS,
N300k (Hall effect) Tyi (K)  Prin(Ta) (Q-em)  S(Tyg) (WV-K™)  pooor (Qrem)  Sgoo (WVK™)  pagore (Q-cm)  Sypox (V-K™) K1y (325 K), K1,(600 K)
0.65 X 10* (em™) 5% 1073 —245 1.5%x 1073 —-150 3.3,2.3

“Data for a SPS-prepared TiS, ceramic (taken from ref 4) are also given.

transition at T, = 210 K."7 This supports the conclusions of ref 6 B AUTHOR INFORMATION
that the metal-to-insulator transition is driven by structural Corresponding Author
disorder rather than a charge density wave transition. *E-mail: antoine.maignan@ensicaen.fr. Telephone: 33(0)

When compared to doped TiS,, the power factor (PF = §%/p) 2.31.45.26.34. Fax: 33(0)2.31.95.16.00.
at 300 K of TiS; is smaller by about 2 orders of magnitude, PF =

0.032 mW-m™"-K* (Figure 11c) and PF = 1.7 mW-m™~"-K? for
TiS; and TiS,,* respectively. The higher value found in TiS; is
explained by charge localization and/or small charge carrier B ACKNOWLEDGMENTS
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(Table 1), respectively]. As suggested in ref 6, the disorder is
playing a major role. From high-resolution microscopy, the B REFERENCES
existence of several defects, and peculiarly those bending the
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Interestingly, despite a more complex structure with larger
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