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Abstract

Sulfide-based materials are emerging as viable alternatives for the current state-of-the-art thermoelectric
materials, which usually are composed of toxic; expensive and scarce elements. Here, a systematic study
of one such inexpensive and environmentally friendly sulfide-based system, i.e. FezxCoxSs pyrrhotite-
type compounds that were synthesized by solid-state reaction and densified by Spark Plasma Sintering
are investigated for their structural and thermoelectric properties. We report that substitution of Co for
Fe in pyrrhotites: (i) induces structural. transition from monoclinic 4C superstructure to trigonal 3C
superstructure; (ii) modifies the magnetic behavior by decreasing the magnetic ordering temperature and
magnetization; (iii) alters the type of dominant charge carriers (from p- to n-type) and enhances their
electrical transport properties; (iv) mitigates the phonon contribution to the thermal conductivity; and
(v) amplifies the thermoelectric figure of merit when compared with that of pristine pyrrhotites.

Keywords: Co-doped Pyrrhotites; Sulfides; SPS; Thermoelectrics; Structural transition; Improved
power factor

1. Introduction

Thermoelectric (TE) materials and devices have drawn increasing interest and attention due to their
potential to reversibly convert waste heat into electricity [1-4]. The TE material’s efficiency is
quantified by a dimensionless figure of merit, zT = S?6T/x where S, o, T and « are the Seebeck coefficient,
electrical conductivity, absolute temperature and total thermal conductivity (sum of the electronic part,
ke, and the lattice part, i), respectively. Industrial applications require large-scale economic and
environmentally benign high performance TE materials. However, the current state-of-the-art TE
materials are usually composed of expensive, scarce, or toxic heavy elements such as Pb, Te, Bi, Ge, Sb
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etc [5-12]. In the past few years, sulfide materials have gained considerable limelight due to their wide
range of potential applications ranging from photovoltaics to thermoelectrics [13]. Among those sulfide
materials, particular attention has been given to copper-based compounds such as Cu,«S, chalcopyrites,
cubanites, colusites and high-entropy copper sulfides [14-18]. However, not much information is
available on the Cu-free sulfides for TE application. In this work, one such Cu-free sulfide is explored,
i.e. pyrrhotite-type Fe;Ss compounds have been looked at, as both Fe and S are inexpensive, non-toxic
and are more abundant in earth’s crust. The cobalt substitution for iron, i.e. bringing more electrons, is
also investigated in this present work. The choice of this material system also stems from their
interesting superstructure formations and magnetic structural transitions [19,20], which could play a role
in their electrical and thermal transport properties. Magnetic enhancement of TE properties has
previously been reported in some systems [21,22]. Although magnetic and structural properties of these
pyrrhotite compounds have been widely studied, their TE behavior has never been explored, especially
on the cobalt-doped pyrrhotites, which this work aims to shed some light on.

2. Materials & Methods

The samples of FerxCoxSs (0 < X < 7) were prepared by a two-step process: firstly, the ingots were
obtained by the vacuum sealed-tube melting process (heated at 1223 K for 24 h), and secondly, the
obtained ingots were crushed into powders and consolidated by Spark Plasma Sintering (SPS-1080 —
SPS Syntex Inc.) at 773 K (heating rate ~ 60 K/min) for 15 mins (holding time) under an axial pressure
of 75 MPa in Ar atmosphere. The sintered discs were then cut and polished to the required shapes and
dimensions for various thermoelectric measurements.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were recorded at room temperature in the 20 range of 10° —
90° in 1 hour using a PANalytical X'Pert Pro diffractometer (Cu K1/ Kq radiation, 2 = 1.540598 A,
1.544426 A, PIXcel 1D detector). Le bail fitting was performed using FullProf program [23] included
in the WinPLOTR software.

Electrical and thermal transport measurements

The electrical resistivity and Seebeck coefficient were measured simultaneously using a commercial
instrument (ZEM-2, ADVANCE RIKO Inc.) under the partial pressure of He on ~ 2 x 2 x 6 mm? bars.

The temperature dependent thermal diffusivity, D, was measured using the laser flash diffusivity method
in LFA-467 Hyperflash (Netzsch) on disk-shaped samples of 10 mm diameter and ~ 2 mm thickness.
The temperature dependent heat capacity, Cp, was derived using a standard sample (pyroceram) in LFA-
467, which is in good agreement with the Dulong—Petit C, value. The total thermal conductivity was
calculated using the formula, x = DCyp, where p is the density of the sample (measured using
Archimedes' principle). To better understand the thermal transport properties, the contributions from
electronic and lattice parts were calculated. The lattice thermal conductivity (xat) was estimated from x
by subtracting the electronic contribution (xz) via Wiedemann-Franz law, as in the following equation,
K, = LoT

where &z is the electronic thermal conductivity and L is the Lorenz number computed by the condensed
version of Single Parabolic Band model with acoustic phonon scattering (SPB-APS), as in the following
equation,
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where Seebeck coefficient (S) is in WWK* and Lorenz number (L) is in 10° WQK 2,

L= 15+exp [—

The uncertainty in the results for the values of electrical and thermal transport properties was ~5% and
~7%, respectively and for the overall zT was ~ 12%. Error bars are not shown in the figures to increase
readability.

Differential scanning calorimetry (DSC) analysis was performed using Thermo-plus EVO (Rigaku Co.)
on a small piece of the bulk sample (~ 30 mg).

Magnetic measurements

The magnetization, M was measured as a function of temperature, T (at a constant H =100 Oe) and as
a function of external field, H (at a constant T = 2.5 K) using the Magnetic Properties Measurement
System (MPMS, Quantum Design). ZFC mode during heating cycle (4 K — 300 K)-and FCC mode
during cooling cycle (300 K — 4 K). A small piece of the sample (~ 20 mg) was loaded into a gelatin
capsule for the magnetic measurements.

3. Results and discussion

Highly densified samples of Fe;«CoxSs (x =0, 2.8, 4.2,5, 6, 6.5, 7) were obtained after SPS processing.
The density of the sintered disks was found to be ~ 97% of the theoretical density. It must be noted that
it is a unique highlight from this work, as such compounds have never been processed by SPS in the
past. So far, such Fe;Sg based pyrrhotite-type compounds that were presented in the literature were
usually synthesized by the conventional (one-step process) sealed-tube melting route [19,20]. The
rational for employing this 2-step process via SPSis that, it has been proved time and again that SPS
processing can control the grain growth [24] and can induce nanoscale defects and precipitates, thus
scattering a wide spectrum of heat carrying phonons (panoscopic approach [25,26]) when compared to
the conventional melt processing (one-step process) route [7,27-29]. Importantly, PXRD pattern did not
show evidence of any structural change after SPS processing (Supporting Info — SI, Figure S1). Only
peak sharpness was slightly increased due to an increased crystallinity through SPS processing. Similar
to the work of Baranov et.al. [20], our pristine Fe;Ss compound was found to crystallize in the
monoclinic 4C superstructure (space group C2/c) with parameters a = 11.931(3) A, b = 6.886(6) A, ¢ =
12:891(1) Aand f = 117.20(1)°. Cobalt substituted samples were found to crystallize in the trigonal 3C
superstructure (space group P3:21, Sl, Figure S2). In the Fe;xCoxSs series, for the values of x > 5,
secondary phases that could not be indexed with the existing databases were present. Hence, in the
forthcoming sections of this paper, the discussion is limited to the solubility or solid-solution limit (x <
5). Our results show that the Co for Fe substitution in the FesxCoxSs system leads to changes in the
crystal structure with the formation of a different NiAs superstructure. According to Baranov et al. [20],
such Fe;xCoxSs compounds have a layered crystal structure of the NiAs-type and can be characterized
by the lattice parameters ap and ¢y of the primitive NiAs-type unit cell. The evolution of the calculated
lattice parameters ag and cq is presented in Figure 1. The decreasing trend of ¢, stipulates at the decrease
of the inter-layer distances with the substitution of Co for Fe. In other words, addition of Co leads to the
contraction of the crystal lattice, which is in agreement with the previous reports [20,30]. The ap
parameter is rather constant with Co substitution (contrary to the co parameter), implicating a
substantially different compressibility of the crystal lattice perpendicular and parallel to the layers.
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Figure 1. Lattice parameters ao and coas function of cobalt content in the Fe7..CoxSg (0 < x <'5) series.

Interestingly, the cobalt substitution enhances the electrical conductivity by about 2 orders of magnitude
(Figure 2a) when compared to that of pristine pyrrhotite. Moreover, substitution of Fe by Co induces a
sign change of the room temperature Seebeck coefficient from positive to-negative (Figure 2b). This
suggests that the transport turns from p-type in pristine sample to n-type as cobalt adds electrons in the
pyrrhotite. Even in this pristine pyrrhotite, the n-type charge carriers begin to dominate the transport at
temperatures above 525 K, which is discussed based on theirelectronic band structure in the following
section. Both the increase in the electrical conductivity and the modification in Seebeck behavior (p- to
n-type) with cobalt substitution can be attributed to the increase of the charge carrier concentration as
the electrons begin to fill the conduction band when Co is substituted for Fe. The cation Co?* has one
more electron in its valence shell.than Fe?*. Due to the changes in o and S, the thermoelectric power
factor (PF = S%) is significantly improved with cobalt substitution (Figure 2c). The o increase with
cobalt substitution impacts. the total thermal conductivity (Figure 2d), mainly through the higher
contribution from the electronic part, xe (SI, Figure S3(c)). More interestingly, it must be noted that the
lattice part of the thermal conductivity, xia: is also significantly reduced with the Co substitution (Figure
2e), possibly due to reasons such as local defects (segregation of 3C defects in the 4C), role of magnons,
and micro/nano-scale artifacts formed during the SPS processing. The cumulative effect of noted
improvement in the electrical transport and a considerable suppression of the thermal transport (phonon)
with cobalt doping is obviously enhancing the zT (Figure 2f). The Co substituted sample with the
composition of x = 0.05 exhibited the highest zT ~ 0.004 at 573 K, which is few orders of magnitude
greater than that of related pristine pyrite that was reported very recently [31]. However, it must be noted
that these zT values are too low for any potential industrial application.
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Figure 2. Temperature dependent transport properties for Fez.xCoxSs series (0 < x < 5) — (a) electrical
conductivity, o, (b) Seebeck coefficient, S, (c) Power factor, PF, (d) Total thermal conductivity, «, (e)
Lattice thermal conductivity, xiat, and (f) figure of merit, zT. The uncertainty in the results for the values
of electrical and thermal transport properties was ~5% and ~7%, respectively and for the overall zT was
~ 12%. Errorbars are not shown in the figures to increase readability.

The temperature dependent specific heat (Cp) data obtained from the differential scanning calorimetry
(DSC) analysis evidences some potential structural transition happening in the pristine pyrrhotite at ~
590 K (Figure 3). Based on their magnetic measurements, Powell et al. [19] suggested a phase transition
from monoclinic 4C magnetically ordered state to a hexagonal NiAs cation deficient state (1C) at 598
K for the pristine Fe;Ss. The sharp bump at ~ 590 K from our DSC data for the pristine sample supports
their phase transition (from 4C to 1C) claim, which was based on their magnetic measurement data. In
the ferrimagnetic state (below Tc~ 600K), the electronic band structure of FesSg differs considerably
from that of the paramagnetic state owing to the large exchange splitting (~ 3.2 eV) of the 3d states of
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each Fe-site, and in the non-magnetic state, the Fermi level lies at the higher energy side of the electronic
density of states in the non-bonding part of the hybridized bands composed of Fe 3d and S 3p orbitals
[32]. This explains the p- to n-type transport change with temperature for the pristine pyrrhotite. From
Cyp, no such phase transition (in relation with the 3C structural ordering) was observed for the cobalt
doped samples in this measurement range from 323 K to 673 K.
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Figure 3. Temperature dependent specific heat, C, obtained from DSC analysis for Fe7.xC0xSg (0 < X <
5) compounds.

The substitution of Co for Fe reduced the magnetization, as can be referred from Figure 4a, which
displays the M versus H dependences on the Fe7xCoxSe (0 <X < 5) compounds at T = 2.5 K. The magnetic
ordering temperature was also observed to decrease with Co content, as can be referred from the
temperature dependences of the magnetization measured at H = 100 Oe (Figure 4b). The magnetic
behavior of these compounds is found to be consistent with the previously reported work [20], despite
the differences in their. synthesis methodology. Magnetic enhancement has been reported for some
systems [21,22], however, in this case, the improvement in the thermoelectric properties appear to be
driven-by thechanges in the charge carriers.
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Figure 4. Magnetic behavior of Fe7xCoxSg (0 < X < 5) compounds — (a) field dependences of the
magnetization measured at T = 2.5 K, (b) temperature dependences of the magnetization measured at a
fixed magnetic field of 100 Oe.

4, Conclusion

Highly dense samples of Fe;.xCoxSg (0 < x <5) compounds were successfully synthesized by a two-step
process (melt-processing followed by SPS). Substitution of Co for Fe in pyrrhotites was found to induce
some following changes: (i) modification of the crystal structure and to the formation of different
superstructure derived from NiAs (from monoclinic 4C to trigonal 3C); (ii) increasing the charge carrier
density, and altering the type of majority charge carriers from p- to n-type, thus resulting in a notable
enhancement in the electrical transport (i.e., improved thermoelectric power factor); (iii) considerable
suppression of the phonon contribution to the thermal conductivity; (iv) significant boost in the
thermoelectric figure of merit (albeit not much significant for a practical application); and (v) reduction
in their magnetic ordering temperature and the magnetization. In addition, the pristine FezSs compound
was found to undergo a phase transition from monoclinic 4C magnetically ordered state to a hexagonal
NiAs cation deficient state at ~ 590 K, which fits to the T¢ values reported for that iron sulfide. This
outlines the strong interplay between structure, magnetism and electronic transport in the FezxCoxSs
compounds.
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