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1. Introduction

Understanding the complex interrelation
between composition, crystal structure
and the resulting electrical and thermal
properties is key to developing an efficient
thermoelectric material. Chromium
sulfides and selenides exhibit thermoelec-
tric properties as well as a large variety in
structure, which presents an ideal opportu-
nity to investigate this interrelation and
its influence on the thermoelectric
behavior.[1–3] Additionally, their constitu-
ents Cr, S, and Se are available in high
abundance, while their environmental foot-
print regarding toxicity remains reasonably
low. In general, chromium chalcogenides
appear as pseudo-layered compounds,
comprising alternating layers with either
full or partial occupations of the metal-

cation positions.[4] The respective occupation of the partially
occupied layers as well as their stacking order lead to different
electrical properties, which facilitate different applications:
Cr2S3, for example, exhibits poor semiconducting behavior,
while the investigated Cr3S4 shows an electrical conductivity
in the range of metals, due to a partially filled conduction
band.[5,6] Either way, the crystal structure is reported to remain
in its pristine state after doping and/or atom substitution, which
allows to manipulate and fine-tune the thermoelectric properties
and therefore to enhance their performance and efficiency. In
turn, the structural variety often presents a challenge for synthe-
sis and investigation, as many compounds in the Cr–S–Se sys-
tem often exhibit a very narrow stability range for the respective
chalcogen content before forming a different phase. The phase
region for Cr3S4 remains largely unknown, especially regarding
the behavior in case of stoichiometric deviations.[7,8] In literature,
the phase regions, in which a composition of Cr3S4 can be
expected, are reported with differing tolerances: Waldner
et al.[9] describe the system as a singular line phase, while other
reports suggest it to exist within a range of 56%–58% of sulfur
content.[4,10–12] Investigations on Cr3Se4 with varying Cr content
indicate a broader phase region compared to Cr3S4.

[13–16]

Due to this, stoichiometric deviations and inhomogeneities
may lead to a phase transformation or the occurrence of an
additional phase.[13] In this study, a phase was observed to occur
in as-synthesized powders prior to sintering, possibly originating
from deviations in the S content, which we call defect phase. This
defect phase is structurally related to Cr2S3, which crystallizes in
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Phase relations in Cr3S4 and the substituted system Cr3S4–xSex are studied to
determine the influence of chemical substitutions on the thermoelectric prop-
erties. In addition to the expected equilibrium phase crystallizing in the mono-
clinic space group I2/m, some samples exhibit a defect phase with Cr2S3-like
structure. The defect phase can be observed in a few samples prior to sintering,
with the majority being phase-pure Cr3S4. The defect phase can, however, be
introduced in phase-pure samples through in situ heating. It can be proven that
the defect phase has an influence on the thermoelectric properties, by lowering
the electrical and thermal conductivity, while increasing the Seebeck coefficient.
Substitution in the anion lattice of Cr3S4 with Se lowers the thermal conductivity.
The improvement is mainly achieved through a reduction of the electronic
contribution to the thermal conductivity, leading to total values as low as
1.6 Wm�1 K�1 for the substituted system in comparison to the pristine material
2.3 Wm�1 K�1.
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space group R3. Assuming that the R3 structure is formed with
Cr3S4 stoichiometry, this leads to a Cr excess in the partially occu-
pied layers compared to the occupancy found in stoichiometric
Cr3S4. The additional Cr atoms can relax by occupying empty
positions in the partially filled layer, thus leading to disorder
of all Cr interlayer positions. To illustrate the general structural
relationship as well as the changes occurring in the defect phase,
both structures are shown as a schematic representation in
Figure 1.

In both cases, the structure is comprised of CrS6 octahedra,
which form a sequence of fully occupied layers (blue) alternating
with partially occupied interlayers. For Cr3S4 in its equilibrium
phase (I2/m), these defective layers are occupied by Cr2þ cations
and ordered in a twofold stacking sequence. If the interlayer Cr posi-
tions are disordered and the Cr2S3 phase is formed, the oxidation
state of the interlayer cations changes to Cr3þ, while the stacking
sequence in the expected space group R3 is now threefold.[4,6,17–19]

The layered topology is generally favorable for a thermoelectric
material, as it creates a confinement state at the boundary between
fully occupied and defect layers. This facilitates a low lattice ther-
mal conductivity orthogonal to the layers, that is, in c-direction,
while the cations within the defect layers retain a high level of
mobility.[20–22] Low thermal conductivities have been stated for
pristine Cr3S4,

[22,23] with literature reporting a Seebeck coefficient
between �24 and �36 μVK�1[12,18] and an electrical conductivity
with substantial variations. While Bouchard and Wold[18] reported
a semiconductor-like electrical conductivity of 167 S cm�1, van
Bruggen and Tazuke determined significantly higher values of
526 S cm�1 or even 1367 S cm�1.[7,12]

To achieve the highest possible thermoelectric performance,
the synthesis and densification methods have to be performed
carefully. High electrical conductivities can only be achieved if
the relative density of the material is high, that is, ideally above
95%,[3,24] while significant deviations in stoichiometry may lead

to unwanted phases and therefore a decline in electrical conduc-
tivity. In previous studies, chromium sulfides have shown
volatilization losses of S during prolonged sintering, which could
successfully be addressed with a new sintering method devel-
oped by our group.[25,26] Some as-synthesized samples further
exhibited traces of a Cr2S3-like defect phase—previous studies
revealed that sintering can be applied as a means to remove
an existing defect phase, which was also taken into consideration
here.[26] In contrast, additional phases or atom impurities may
prove beneficial for the thermal conductivity, which is lowered
by introducing additional scattering centers for phonons. This
has been applied to the structurally similar system NiCr2S4 in pre-
vious studies[27] with substitutions in the cation sublattice.
Pisharody et al. proved that substitutions in the anion sublattice
(i.e., S replaced by Se) could also positively impact the thermoelec-
tric performance by reducing the thermal conductivity.[28] Cr3S4
and Cr3Se4 are isostructural,[22,23,29] which allows the formation
of solid solutions. These solid solutions can create additional
boundaries in the material through planar defects, while a random
distribution of Se in the S host matrix may lead to scattering
centers due to the differences in atomic radii between S and Se.

In this study, we investigate the complex phase relations in the
Cr3S4 system and the influence of synthesis and sintering
methods as well as the resulting material’s microstructure.
The specially developed high-pressure sintering method for chro-
mium sulfides, combining field-assisted sintering (FAST) and
titanium–zirconium–molybdenum (TZM) tools, is applied to
Cr3S4. The influence of the Cr2S3-like defect phase is investi-
gated, as well as possible means of homogenization via temper-
ing and sintering. Further, partial substitution in the anion lattice
with Se is applied, resulting in the system Cr3S4–xSex. The influ-
ences on structure and thermoelectric properties are investi-
gated, as well as the impact on the occurrence and stability of
the defect phase.

2. Results and Discussion

2.1. X-Ray Diffraction

After high-temperature synthesis, the powdered materials of
Cr3S4 and Cr3S4-xSex were checked for chemical composition
and structural properties with energy-dispersive X-ray spectros-
copy (EDX) and X-ray diffraction (XRD). In some cases of Cr3S4
samples, minor phase impurities of <2 wt% Cr2O3 and <4 wt%
of an R3 defect phase (structure shown in Figure 1) were
detected. Despite the R3 crystal structure, which represents
the equilibrium phase of Cr2S3, the stoichiometry of the defect
phase shows no deviations from the target composition of Cr3S4.
The structural description of the defect phase has therefore been
developed based on the structure of Cr2S3 in R3,[6] with
calculated reflection positions fitting very well to the observed
ones for the structure. By allowing a significantly lowered
occupancy of Cr1 in the partly occupied Cr layer and a
high micro-strain, the intensities and reflection width of the
observed additional reflections, underneath the reflections of
the Cr3S4 I2/m phase, can be satisfactorily modeled (structural
parameters are given in Table S1, Supporting Information,
and diffraction patterns in Figure S14, Supporting Information).

Figure 1. Schematic representation of the Cr3S4 structure (left) in compar-
ison to the Cr2S3-like structure of the defect phase (right), viewed in
a-direction. Both structures are comprised of fully occupied layers of
CrS6 octahedra (blue), which alternate with partially occupied layers of
Cr cations. In case of the Cr2S3 structure, Cr3S4 stoichiometry is achieved
by occupying all interlayer positions to a degree of 56.25%, as indicated by
the partially colored atoms. Image created with,[38] based on crystallo-
graphic reference data obtained from Ref. [18].
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Se substitution of S in Cr3S4 was successful and no formation
of a defect phase was observed, that is, the samples were obtained
phase pure. To investigate the thermal behavior of the synthe-
sized Cr3S4 powder, it was investigated with XRD under He
atmosphere at ambient pressure when heated up to 773 K and
cooled back to room temperature (RT) (see Figure S1,
Supporting Information). Rietveld refinement of the patterns
shows that, when heated up, the unit cell parameters a, b, and
c are enlarged and the monoclinic angle β decreases while overall
the unit cell volume is expanded. At temperatures above 423 K, the
occupancy of Cr1 in the partially filled layer apparently decreases,
which can be interpreted as increasing disorder caused by ther-
mally activated atom movement. Correlation of increasing atomic
movement with increasing temperature is as well visible as
increasing Debye–Waller factors of Cr and S atoms. All these
changes in structural parameters also affect the atomic positions,
which are altered with increasing temperature. The apparent
micro-strain seems to be not affected in this temperature range.
After cooling down to RT, all lattice parameters are slightly smaller
than their initial values, and especially the apparent occupancy of
the Cr1 atomic position remains on a low value (see Figure S2,
Supporting Information). This indicates that the expansion of
the unit cell and the increase in disorder of the Cr1 atom, as
observed during heating, are irreversible, likely due to a decom-
position process. Additionally, at temperatures above 673 K, reflec-
tions of a Cr3S4–x phase in the P31c structure appear. As Cr5S6
crystallizes in the same space group, the occurence of the
Cr3S4–x phase can be interpreted as a transition to the structure
of Cr5S6, caused by a deficiency in S (see Figure S1 and S3,
Supporting Information).[6] But the stoichiometry of the material
is still �Cr3S4 and reflection positions match with those expected
for Cr2S3 in P31c. Therefore, we conclude from these findings that
the defect Cr3S4 structure in R3 space group can transform into
the P31c structure when treated at high temperatures for longer
time periods and larger X in Cr3S4–x.

After sintering, the sample pellets were analyzed concerning
their preferred orientation of the crystallites and the data are listed
in Table S2 and S5, Supporting Information. The samples show a
preferred orientation of the crystallites (002) plane perpendicular to

the uniaxial pressing direction of 7–11%, but this seems to be ran-
dom and does not correlate with compositions or sinter conditions.

To investigate the microstructure, pieces were cut from the
pellets, ground, and analyzed by XRD. After the sintering at dif-
ferent conditions, all Cr3S4 samples consist almost purely of
Cr3S4 in the monoclinic crystal structure (space group I2/m;
see Figure S5, Supporting Information). Though in samples
1, 2, 6, and 8, formation of the mentioned defect structure of
Cr3S4 in the R3 crystal structure is observed with estimated
amounts of 3–9 wt%. The formation of the defect phase seems
not to correlate with sinter parameters. Additionally, in samples
2, 6, and 7, Cr2O3 is observed as an impurity with contents of
1–2 wt%. In summary, the sintering process does not purify
the samples as observed for NiCr2S4.

[26]

When comparing samples 1, 3, 6, and 8 (see Table 1 for
reference), a dependency of the microstructure and sinter tem-
perature is observable (see Figure 2 and Table S3, Supporting
Information). With increasing temperature from 973–1123 K,
the unit cell parameter a andmonoclinic angle β decrease slightly
while the lattice parameters b and c and the unit cell volume
remain constant. Other properties like micro-strain or the occu-
pancy of the Cr1 position are not affected.

An increase in sinter pressure from 197 to 395MPa leads to a
slight decrease in the a-axis while other parameters seem to be
unaffected (see Figure 3 and Table S3, Supporting Information).

Increasing the duration of the sintering process from 5 to
30min increases the a-axis and unit cell volume, while the angle
β decreases and lattice parameters b and c are not changed (see
Figure 4 and Table S3, Supporting Information). Additionally,
the occupancy of Cr1 decreases, accompanied by a reduction
of the apparent phase density, while micro-strain is also
enlarged. Further, the detected amount of the Cr2S3-like defect
phase crystallizing in space group R3 decreases. This observation
suggests that the occurrence of the defect phase is a local
phenomenon, which can be extended over longer distances via
prolonged heat treatment. Note that based on the obtained data,
the effects of different sinter pressure, duration, and thermal
treatment are interpreted on the basis of two samples each,
which only allows for a discussion of trends.

Table 1. Overview of the sintering parameters and physical properties at room temperature of the Cr3S4 samples. Relative densities are determined from
Rietveld refinements, assuming an ideal density of Cr3S4. Corresponding experimental data for Cr3S4–xSex is presented in Table 2.

Sample FAST temperature FAST pressure FAST holding time Bulk density Relative density Vickers Hardness HV Electrical conductivity Seebeck coefficient
[K] [MPa] [min] [g cm�3] [%] [GPa] [S cm�1] [μV K�1]

1 973 395 5 3.879(19) 94 1.8 910 �30

2 1023 197 5 3.8a) 92 2.0 768 �30

3 1023 395 5 3.947(7) 96 1.9 1266 �28

4 1023 395 5 3.950(10) 96 – 1304 �28

5 1073 197 5 3.9a) 95 1.6 1194 �28

6 1073 395 5 3.962(4) 96 2.9 973 �30

7 1073 395 30 4.005(5) 97 3.3 1012 �30

8 1123 395 5 4.001(1) 97 2.3 1150 �29

a)Due to the high porosity of the samples, the densities and electrical conductivities could not be measured accurately.
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The substitution of S by Se (sample 4 and 9–13) leads to a
linear increase in the unit cell parameters a, b, and c, while
the monoclinic angle β is almost constant (see Figure S16 and
S20 and Table S6, Supporting Information). Overall, the unit cell
volume and phase density increase as expected due to the larger
anionic radius and weight of Se2� compared to S2�. However,
regarding atomic positions, occupancy of Cr1 or micro-strain

(see Tables S6 and S7, Supporting Information), no clear trend
could be observed with increasing Se content. For these samples,
no impurity due to a Cr2S3-like defect phase in space group in R3
is detected, just minor amounts of Cr2O3 in samples with low Se
content are present. The absence of the defect phase may be
related to a larger phase region in the Cr3�4Se4 selenides in
comparison to Cr3S4,

[13–16] and that Se substitution leads to a

Figure 2. Comparison of normalized X-ray diffraction (XRD) patterns of samples sintered at different temperatures (973, 1023, 1073, and 1123 K
bottom to top). Reflection positions of the Cr3S4 phase are marked as black bars and visible reflections of the defect phase in space group R3 as
black þ. Background is subtracted for clarity.

Figure 3. Comparison of normalized XRD patterns of samples sintered at different pressures (3 and 5 at 395MPa, 2 and 6 at 197MPa). Reflection
positions of the Cr3S4 phase are marked as black bars, reflections of the Cr2O3 impurity as black *, and visible reflections of the defect phase in space
group R3 as black þ. Background is subtracted for clarity.
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broadening of this region in the sulfide. A definitive explanation
can, however, not be given at this point.

Temperature-dependent XRD experiments on Cr3Se4 in
inert atmosphere, though, give evidence for changes during
heating, which are irreversible when cooling down (see
Figure S21–S23, Supporting Information). Like for Cr3S4, a con-
tinuous increase in lattice parameters and unit cell volume
occurs when the temperature is increased, while β decreases.
Up to 623 K, the expansion of the unit cell correlates linear with
temperature (see Figure S22, Supporting Information). The
deviation from linear behavior at higher temperatures may be
the result of a starting phase transformation and/or a decompo-
sition. Similar to Cr3S4, the occupancy of the Cr1 atomic position
irreversibly decreases with temperature, being indicative for a
disorder. After cooling, the lattice parameters and unit cell
volume are slightly smaller than before the heating process
(see Figure S22 and S23, Supporting Information), suggesting
that the unit cell contracts during heat treatment of Cr3Se4.

2.2. Transmission Electron Microscopy

To gain insight into the structural inclusion and impact of the
Cr2S3-like defect phase, transmission electron microscopy
(TEM) investigations have been carried out on sample 1.
High-resolution TEM (HRTEM) revealed that the material com-
prised nanocrystalline grains, varying in sizes between 5 and
20 nm. Via EDX area scans, the overall composition could be
determined as 44 at% Cr and 56 at% S, almost perfectly matching
the theoretical target composition of 43:57 at% Cr to sulfur,
respectively. Due to this, it can be assumed that no larger-scale
areas with a significant Cr deficiency are present in the sample,

which may be a cause for the defect phase. Another possibility is
that the defect phase occurs highly localized within a few nano-
meter rather than on a larger scale, which was subsequently
investigated via probe-corrected scanning TEM (STEM). As
shown in Figure 5a (arrow), nanoscale areas with darker
Z-contrast could be identified in the material, containing an over-
all lighter atomic weight and therefore, presumably, a deficiency
in Cr. This could be verified through an EDX area scan
(Figure 5a, rectangle), with the results being shown in
Figure 5b: while the surrounding material matched the targeted
composition for Cr3S4, the area with a darker Z-contrast exhib-
ited a notably different composition (see distance of 65–75 nm in
Figure 5b). The determined composition of �40 at% Cr to
60 at% S matches that of Cr2S3, which leads to the assumption
that the defect phase occurs on a similar length scale as singular
grains.

Selected area electron diffraction (SAED) was used to deter-
mine the crystal structure of the sample as well as that of the
defect phase. In large-scale diffraction patterns, as shown in
Figure 6a, the main material could be identified as Cr3S4 in
its monoclinic equilibrium phase (space group: I2/m).
However, two further reflections could be identified and attrib-
uted to trigonal Cr2S3 crystallizing in space group R3. Both reflec-
tions are visible in the diffraction pattern’s intensity profile
shown in Figure 6b, and could be indexed as the (011) and
(102) reflections, respectively. In further diffraction experiments,
a grain of the defect phase could be imaged, with the correspond-
ing pattern being shown in Figure 6c. The pattern could be
matched to zone axis [111] of Cr2S3 in the R3 phase, with the
d-values generally appearing slightly smaller than in literature.[4]

In several directions, that is, (033)*, (336)*, and (303)*, the

Figure 4. Comparison of normalized XRD patterns of samples sintered for different times (7 for 5 min and 6 for 30 min). Reflection positions of the Cr3S4
phase are marked as black bars, reflections of the Cr2O3 impurity as black *, and visible reflections of the defect phase in space group R3 as black þ.
Background is subtracted for clarity.
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appearance of additional reflections could be observed (Figure 6c,
green circles), causing a tripling of the lattice parameter. The tri-
pled parameter does not correspond to the R3 equilibrium phase,
but occurs in the second polytype of Cr2S3 with space group P31c.
This polytype has been observed to occur after an electron beam–
induced phase transformation of Cr2S3, which has been reported
in previous studies.[25,30]

A general TEM investigation has also been performed on a
sample with the nominal composition Cr3S2Se2, to determine
the general composition and structure after substitution. No

significant deviations in stoichiometry could be identified via
EDX, with d-values determined via SAED generally being mea-
sured right between those of Cr3S4 and Cr3Se4.

2.3. Thermoelectric Properties at RT for Cr3S4

As expected, a higher sintering temperature or applied pressure
results in denser samples (Table 1). A comparison of the samples
2 and 3 shows that at the same sintering temperature, increasing
the applied pressure can significantly improve the densification

Figure 6. a) Electron diffraction pattern of sample 1 (polycrystalline), mainly corresponding to Cr3S4 in its equilibrium phase. White arrows exemplify
variations in reflection intensity corresponding to texturing. Additional reflections of the Cr2S3-like defect phase could be detected and are indicated at the
respective reflection positions (green and orange). b) Intensity profile of the diffraction pattern in (a) with distance measured from the pattern center
outward. Reflections matching to Cr2S3 are indicated, with the (102) reflection being visible as a shoulder of the (011) reflection. c) Electron diffraction
pattern (single crystalline) of a grain in the Cr2S3-like defect phase. Main reflections correspond to the equilibrium phase (R3) in zone axis [111], with
additional reflections appearing along several directions (green circles), indicating a tripling of the lattice parameters.

Figure 5. a) Scanning transmission electron microscopy (STEM) micrograph of sample 1. An area exhibiting a dark Z-contrast could be detected (white
ellipsis), which corresponds to a lower atomic weight than the surrounding material. An energy-dispersive X-ray spectroscopy (EDX) elemental mapping
was obtained from the rectangular region marked in green. b) EDX scan profile extracted from the mapping marked in (a), measured and drawn from left
to right (arrows). Most of the material corresponds to the targeted composition of Cr3S4 with�44 at% Cr and 56 at% S, respectively. The area with darker
Z-contrast (65–75 nm distance) exhibits a composition of �40 at% Cr and 60 at% S, matching the composition of Cr2S3.
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and thus the thermoelectric properties. For good compaction of
the powders, a temperature of at least 1023 K and an applied
pressure of 395MPa is required. The electrical conductivities
vary greatly among the samples between 768 and
1266 S cm�1. The Seebeck coefficient also varies, but as expected
for a metal, the values are at a very low level between �28 and
�30 μV K�1. Due to the poorer compaction, the samples 1 and 2
have the lowest electrical conductivity. Overall, however, there is
no correlation between the thermoelectric properties and the sin-
tering parameters. Rather, the partially present defect phase has a
strong influence on the electrical conductivity (Figure 7). The
higher the proportion of this defect phase, the lower the electrical
conductivity and the higher the Seebeck coefficient. This becomes
particularly clear when comparing samples 5 and 6. Despite the
higher density of sample 6, it has a lower electrical conductivity
than sample 5 due to the higher proportion of the defect phase.

To investigate the influence of substitution of S with Se, the
powders were sintered under the same conditions, that is,
Cr3S3–xSex was sintered via FAST at 1023 K and 395MPa for
5min. Due to the higher molar mass of Se compared to S, the bulk
density increases with higher amount of Se (Table 2). The relative
density is between 94% and 97%, indicating good sintering char-
acteristics. Generally, the substitution with Se leads to a decrease in
electrical conductivity, whereas the Seebeck coefficient remains
largely unaffected. Only sample 9 with the lowest proportion of
Se shows a slight increase in α. Furthermore, this sample has
the lowest electrical conductivity at RT with 480 S cm�1, which
overall indicates a reduction of the charge carrier concentration.

2.4. Thermal Treatment and Electric Properties

2.4.1. Cr3S4

The electrical conductivity of sample 7 generally deteriorated
with each measurement and especially after annealing, while
the Seebeck coefficient remained stable (Figure 8). Before sinter-
ing, a defect phase could already be identified in the sample.
With each temperature treatment, the proportion of this phase
increases and the conductivity is further reduced. As a result,
the electrical conductivity decreases by 10% after the first anneal-
ing compared to the value before the temperature treatment.
After the second annealing, a reduction of only 4% is observed.

For comparison, the long-term stability of the phase-pure sam-
ple 4 was investigated, and the thermoelectric properties of this
sample were measured three times (Figure 9). As expected for
a metallic conductor, the electrical conductivity decreases from
around 1300 Scm�1 at RT to 960 S cm�1 at 773 K. In contrast,
the Seebeck coefficient slightly increases up to �51 μVK�1 at
773 K. Unusually, the thermal conductivities increase with tem-
perature from 2.3 at RT to 3–3.3Wm�1 K�1 at 723 K. A similar
behavior has already been observed for Cr2S3.

[30] Overall, the val-
ues for the thermoelectric figure of merit (ZT) are at a very low
level with 0.01 at RT and a maximum of 0.06 at 773 K. Although in
the non-sintered sample the defect phase could be identified at
623 K by in situ XRD, no differences in the values between the
measurements can be observed. Thus, the sintering appears to
have a positive effect on the structural stability and prevents

Figure 7. Correlation of the mass fraction ω of Cr3S4 to a) the electrical conductivity σ and b) the Seebeck coefficient α. With the exception of sample 6, all
samples were annealed twice. These samples are labeled as “tt”.

Table 2. Overview of the physical properties at room temperature of the substituted Cr3S4 samples. Relative densities are determined from Rietveld
refinements, assuming an ideal density.

Sample Chemical
composition

Symbol Bulk density
[g cm�3]

Relative
density [%]

Electrical conductivity
[S cm�1]

Seebeck coefficient
[μV K�1]

4 Cr3S4 Cr3S4 3.950(10) 96.0 1304 �28

9 Cr3S3.5Se0.5 Se05 4.133(18) 94.1 480 �37

10 Cr3S3Se1 Se10 4.385(11) 95.5 683 �28

11 Cr3S2.5Se1.5 Se15 4.638(13) 96.5 760 �28

12 Cr3S2Se2 Se20 4.854(14) 96.4 765 �29

13 Cr3Se4 Cr3Se4 5.718(4) 97.3 1079 �30
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the formation of the defect phase if it was not yet present at RT. It
can further be assumed that a small over-stoichiometric
surplus in S is also beneficial for phase purity, as it negates the
volatilization loss during treatment.

2.4.2. Cr3S4–xSex

Substitution with Se had a noticeable influence on the
thermoelectric properties, with values at RT being shown in
Table 2. Figure 10 displays the results of the thermoelectric
measurements up to a temperature of 773 K. For all samples,
the electrical conductivity decreases with temperature, indicating
metallic conduction. It is noticeable that the electrical

conductivity does not decrease as much as expected. In the
measured temperature range, σ usually follows a T�1 curve
due to the electron–phonon scattering. The substitution with Se
leads to a reduction of σ to as low as 480 S cm�1 at RT. With
increasing amount of Se, the electrical conductivity increases
up to 1079 S cm�1 at RT in Cr3Se4. The Seebeck coefficient
increases slightly with the temperature. All samples have a very
similar Seebeck coefficient, which is around �50 μVK�1 at
773 K. The exception is sample 9, which has a slightly larger
Seebeck coefficient and reaches the best value of all samples
with �67 μVK�1 at 773 K. The substitution with Se lowers the
thermal conductivity to as low as 1.6Wm�1 K�1 compared to pure
Cr3S4 with 2.3Wm�1 K�1.

Figure 8. a) Influence of annealing on electrical conductivity and b) Seebeck coefficient of sample 7, sintered at 1073 K and 395MPa for 30min.
The sample was measured three times before annealing (M1–M3) and once each after the first (7_t) and second annealing (7_tt).

Figure 9. Influence of thermal cycling on the thermoelectric properties of sample 4, divided into a) electrical conductivity σ, b) Seebeck coefficient α,
c) total thermal conductivity κtot, and d) ZT. M1–M3 indicate subsequent thermal cycles, while solid lines indicate heating and dashed lines cooling
procedures, respectively.
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The values for ZT are on a similar low level with values
between 0.01 and 0.02 at RT. The ZT values increase with tem-
perature, with sample 9 reaching the highest value at 773 K with
0.07. As already observed for Cr3S4, the thermal conductivities
increase with the temperature.

For a more detailed investigation, the electronic and lattice ther-
mal conductivities were calculated according the Wiedemann–
Franz law (κe= LσT ) using the constant Lorenz number formetals
of L= 2.44� 10�8 V2K�2 (see Figure 11). Since the electrical con-
ductivity does not follow the T�1 curve expected due to electron–
phonon scattering, the electronic part and thus the thermal
conductivity increase with temperature. Furthermore, the lattice
thermal conductivity remains almost independent of the temper-
ature and does not decrease due to the expected Umklapp scatter-
ing. One reason could be the partially occupied metal layers and

the associated defect-rich structure. The substitution with Se and
the resulting solid solutions have no influence on the lattice ther-
mal conductivity. Rather, the reduction of the total thermal con-
ductivity is due to the decrease in electrical conductivity and
thus the electronic thermal conductivity.

3. Conclusion

The occurrence of a Cr2S3-like defect phase in Cr3S4 could be
proven to significantly impact both microstructure and electrical
properties. If traces of the defect phase were present before
sintering, they could not be removed in the process and only
be reduced with prolonged sintering durations. TEM studies
showed that the defect phase is highly localized with domains

Figure 10. Temperature dependence of the a) electrical conductivity σ, b) Seebeck coefficient α, c) thermal conductivity κtot, and d) ZT for the Cr3S4–xSex
samples.

Figure 11. a) Electronic κe and b) lattice thermal conductivity κl of the Cr3S4–xSex samples.
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in a size range of 5–10 nm. These were found in most of the
material and can be assumed to occur as a fine dispersion.
The defect phase itself appeared as unstable and could undergo
a phase transformation from its equilibrium space group R3 to
P31c. The material with the defect phase shows a decrease in
electrical conductivity, with a slight improvement of the
Seebeck coefficient. Annealing and heat treatment led to a fur-
ther decrease in electrical conductivity, as the fraction of the
defect phase increase. Phase-pure material could be stabilized
via sintering and showed stable electrical properties during
cycling and heat treatment. Substituting S with Se led to a sup-
pression of the defect phase and a reduction in both electrical and
thermal conductivity, the latter being improved mainly by a
reduction in the electrical contribution to thermal conductivity.
Lower levels of substitution generally exhibited the highest
impact on the electrical properties, however, no substantial over-
all improvements in ZT could be made.

4. Experimental Section

Synthesis: As starting materials, chromium powder (Alfa Aesar, 60
mesh, 99.99%), selenium granules (Chempur, >99.99%), sulfur pieces
(Alfa Aesar, 99.9995%), and NH4Br were used as obtained.

The Cr3S4 was synthesized in several batches by thoroughly mixing the
elements in stoichiometric ratios and placing the powder in evacuated
quartz ampoules. These ampoules were heat-treated in a muffle furnace
by heating them to 723 K in 960min, dwelling them for 1 d, followed by
heating to 1273 K in 2 d and dwelling for 3 d. Finally, the ampoules were
cooled down to RT, cut open and the enclosed melt body was ground and
analyzed with XRD for testing on phase purity.

Samples of the series Cr3S4–xSex were synthesized in three batches per
composition by mixing stoichiometric amounts of Cr, S, and Se, adding a
little excess of chalcogenides and placing the powder in evacuated quartz
ampoules. The ampoules were heated up to 723 K within 960min in a muffle
furnace and dwelled at that temperature for 1 d. The temperature was then
increased to 953 K within 720min and again the temperature was held for 1 d.
Finally, the temperature was raised to 1273 K within 720min and kept for 3 d
before uncontrolled cooling down to RT. The samples were ground andmixed
with 10mg NH4Br and again placed in evacuated quartz ampoules and
heated up to 1273 K in 1 d and dwelled at that temperature for 3 d. After
uncontrolled cooling, the samples were ground in Ar atmosphere.

The phase-pure Cr3S4 powder was sintered using a FAST equipment “HP
D 5” by FCT Systems GmbH. To realize the sintering at several hundred
MPa, the main components of the FAST apparatus, including die, punches,
and spacers, were made of a TZM alloy by Wagener GmbH. To determine
the optimal sintering parameters, both temperature (973–1123 K) and the
applied pressure were varied (197 or 395MPa). To avoid possible evapora-
tion of sulfur, a high heating and cooling rate of 100 Kmin�1 and a short
holding time of 5min were applied. The resulting samples had a diameter of
12.7mm. After sintering, some samples were annealed in two runs. In the
first run, the samples were heated for 24 h, in the second for 48 h. In both
cases, the annealing was done at 523 K under argon atmosphere.

X-Ray Diffraction and Rietveld Refinements: For XRD analysis in the
as-synthesized state, a PAN’alytical Empyrean MPD was employed, using
Cu Kα irradiation.

After sintering the materials via FAST, the obtained pellets were ana-
lyzed for preferred orientation with a PAN’alytical X’Pert MPD, using Cu Kα
irradiation in Bragg–Brentano geometry. The X-ray beam was altered using
a 1/4° divergence slit, a 10mm mask, 0.04 rad Soller slit, a Goebel mirror,
and a 1/2° anti-scatter slit. Scattered X-ray beams were treated with a par-
allel plate collimator and a Ni filter.

For a more detailed Rietveld analysis, parts of the pellets were ground,
mixed with amorphous SiO2, and filled in glass capillaries of 0.2 mm in
diameter and the XRD pattern was collected with a PAN’alytical

Empyrean MPD using Cu Kα irradiation. The X-ray beam was altered with
a 1/4° divergence slit, a 20mm mask, a 0.04 rad Soller slit, a focusing mir-
ror and a 1/2° anti-scatter slit. Scattered X-ray beams were treated with a
0.04 rad Soller slit and Ni Filter.

Rietveld refinements were done using the program TOPAS v6[31] in com-
bination with coding program jedit v4.3.[32] The reflection profiles were mod-
eled with the implemented fundamental parameter approach of TOPAS.
Structural data was obtained from crystallographic data of Cr2S3 (ICSD
16721[4]), Cr3S4 (ICSD 16722[17]), and graphite (ICSD 31170[33]).

Preferred orientation was considered using the TOPAS-implemented
macro “Preferred Orientation 1D” in (00L) direction. The obtained r
value was transformed into a percentual value with the method of
March–Dollase[34,35] supplemented by Zolotoyabko.[36]

Transmission Electron Microscopy: TEM studies were performed on an
FEI Tecnai F30 G2 with a field-emission gun (FEG) at 300 kV and
Cs= 1.2 mm, which included an EDAX Si/Li detector for EDX.
Additional EDX investigations were carried out on a JEOL JEM-
ARM200F NEOARM operated with a cold FEG at 200 kV and dual silicon
drift detectors with each 100mm2 for EDX analysis. Sample 1 was pre-
pared for analysis via conventional preparation using bulk material taken
from the sample pellet. The material was subsequently thinned by
mechanical grinding and dimpling, followed by polishing with Ar ions
in a Gatan Precision Ion Polishing System (PIPS). Other samples were
prepared as powders and drop-coated on Al grids using butanol as sus-
pending medium. Experimental TEM data was evaluated using Gatan
Digital Micrograph with additional scripts described in Ref. [37].

Density and Electronic Properties: An Archimedes setup with ethanol was
used to determine the bulk densities at RT. The resulting values were aver-
aged from four measurements of each sample. The uncertainty was cal-
culated via the standard deviation. The relative densities were calculated as
a ratio of the measured density to the density calculated via Rietveld refine-
ments ρobs/ρXRD, considering calculated unit cell volume and Cr3S4 stoi-
chiometry. The electrical conductivity and the Seebeck coefficient were
measured perpendicular to the pressing direction using the Netzsch
SBA 458 Nemesis under Ar or N2 atmosphere with an uncertainty
of 7%. The thermal conductivity κ was determined according to
κ(T )= ρ(T )� cp (T )� a(T ), with the density ρ, the specific heat cp, and
the thermal diffusivity a with an uncertainty of 10%. The thermal diffusivity
was measured parallel with the Netzsch LFA 457 MicroFlash under Ar
atmosphere and the specific heat was determined by using a reference
specimen (Figure S24, Supporting Information). Due to the random
orientation of the crystallites, the direction of measurement has no
significant influence on the calculation of the ZT value.
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Supporting Information is available from the Wiley Online Library or from
the author.
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