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Abstract:

Following the discovery of a promising thermoelectric (TE) material: tetrahedrite - Cul0.5Ni1.5Sb4S13 various studies were carried out
in order to reveal the beneficial role of Ni on the TE properties, purity and phase stability using NPD1. Recent investigations have
shown that stannoidite compounds (Cu8(Fe, Zn)3Sn2S12) exhibits similar TE properties. However, the origins of these electrical
properties together with the low thermal conductivity are still unclear. Numerous assumptions have correlated those properties to mixing
in the valence of Cu and Fe or by a rattling effect induced by the Cu atoms. Unfortunately, our lab equipment does not allow confirming
or rebutting these hypotheses. In parallel, we have also shown that the bornite compound (CuSFeS4) also exhibits very low intrinsic
thermal conductivity related to its complex (modulated) structure. This latter compound evidences two structural transitions at 473 K and
543 K; resulting in drastic modifications of the TE properties. In order to determine accurately the thermal evolution of both crystal
structure and to provide a better understanding of the associated electrical properties, we need HT in situ NPD data.
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1. Introduction

Recently, copper-containing ternary sulphides have enticed much attention for thermoelectric (TE) applications due
to their high figure of merit ZT = S?T/px values associated with the higher earth abundancy, and lower cost and toxicity
of their elements compared to metal tellurides such as PbTe, Bi.Te; and AgSbTe,. From the viewpoint of
thermoelectricity, two classes of copper-based sulfides CuxM,S, can be distinguished, exhibiting n-type and p-type
conductivities, respectively. The n-type class is obtained for lower copper content materials (Cu/M ratio < 1) as
chalcopyrite CuFeS,-type sulfides such as CuFeixInsS; [1] and CuixZnxFeS; [2], cubic isocubanite CuFe,S; [3], and
CusSnsSi6 [4,5]. The p-type class of copper-based sulfides covers a broad range of compositions, from Cu/M ratio equal
or close to 1 as in stannites Cu2ZnXS4 (X = Sn, Ge) [6,7], to copper-rich sulfides, with Cu/M ratios > 1 as in Cu,SnS;
[8] and in derivatives of stannoidite CugFesSn2Si2 [9], tetrahedrite Cu12ShaSi13 [10-12], colusite CuzsV2SneSsz [13-15],
and bornite CusFeS, [16-18].

A common feature of these TE phases is their intrinsically low thermal conductivities k originating from high
structural complexities. Hence, a perfect knowledge of the crystal structure is necessary to explain the high TE properties
of these materials. In complement to X-rays diffraction and transmission electron microscopy, neutron powder
diffraction is a useful technique to determine accurately the crystal structure and the phase stability at high temperature
of these TE materials.

2. Bornite CusFeSs and CusFeS36Seo 4

2.1. Structural details

The thermal analysis of the structural behavior of CusFeSs and CusFeS3sSeos has been characterized by high
temperature in situ neutron powder diffraction. The analysis of the experimental data requires to take into consideration
that the bornite exhibits three structural forms [19-22], depending on the temperature: the high temperature disordered
cubic form C (Fm-3m, ac ~ 5.50 A), the intermediate semi-ordered intermediate cubic form IC (Fm-3m, aic ~ 2ac) and
the ordered orthorhombic form O (Pbca, ao ~ 10.95 A, bo ~ 21.86 A, co ~ 10.95 A). The high temperature cubic form
exhibits a metal-deficient anti-fluorite type of structure (Fig. 1a) with iron, copper and cationic vacancies distributed at
random in the tetrahedral sites formed by the cubic face centered framework of sulfide ions according to the formulation
[CusFel[12]Ss, where [ represents vacancy. The two other forms, intermediate cubic and orthorhombic, correspond to
a complex ordering of the transition elements and cationic vacancies and can in fact be considered as superstructures of
the high temperature form. Their structures can be described as the combination of two cubic sub-cells. In one of these
cubic sub-cells, formulated as [CusFe2]S4 the tetrahedral sites are fully occupied at random by copper and iron (Fig. 1b).
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In the second sub-cell, the S4 tetrahedra are half occupied by copper and the latter are distributed in an ordered way with
cationic vacancies according to the formula [Cus[14]Ss (Fig. 1c). As a consequence the two forms, orthorhombic and
intermediate cubic, are built up of similar [CusFe2]Ss and [Cua[14]S4 sub-cells and only differ by the ordered distribution
of these sub-cells (Fig. 2). The three structures are very closely related, the IC form being a superstructure of the C form,
and the structural transitions are topotactic [20].

o Cu N + 1 %%
¢ Fe Ei -&Ji @ e o

o Vac [CusFe,]S,  [Cu,0,1S, (o) : b s

f ol Fig. 2: Distribution of the cubic [CusFe2]Sa
@ (e ' e and [Cus[J4]Sa sub-cells in (a) the
G g s intermediate cubic and (b) orthorhombic
gl el L - ordered forms of bornite [18].
— — (Edl.

2.2. High temperature neutron powder diffraction

High temperature NPD data collected on pristine CusFeS4 from room temperature up to 673 K (Fig. 3a) show that
SPS process enables the stabilization of the intermediate cubic (IC) semi-ordered form at the expense of the ordered
orthorhombic (O) form in the 300-475 K temperature range. It also highlights that the intensities of the superstructure
reflections corresponding to the O form increases with the temperature up to ~ 460 K, indicating an improvement of the
crystallinity of the phase with the temperature, especially in the range 420-460 K (Fig.3b and c). At higher temperature
NPD data show that the intensity of the diffraction peaks of the O form decreases rapidly above 460 K at the benefit of
the IC (+C) forms and that above 580 K, the IC form is totally transformed into the C form (Fig. 3d and e) and other
phases related to the chalcopyrite-type CuFeS; (Fig. 3a).
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Fig. 3: 2D-plots of (a) neutron powder thermo- Fig. 4: 2D-plots of (a) neutron powder thermo-
diffractogram, and (b to e) thermal evolution of some diffractogram, and (b and c) thermal evolution of some
characteristic diffraction peaks of CusFeS. recorded characteristic diffraction peaks of CusFeSsSeq.4 recorded
between 300 K and 673 K (A = 2.52 A). The diffraction between 300 K and 673 K (A = 2.52 A). The diffraction
peaks of vanadium sample holder and thermocouple are peaks of vanadium sample holder and thermocouple are
labelled as V and TC, respectively. labelled as V and TC, respectively.




The neutron powder thermodiffractograms of the CusFeSs¢Seo.4 sample recorded from 300 K to 673 K (Fig. 4a)
highlights some significant differences compared to the data recorded from the pristine sample. In the low temperature
range, i.e. 300 < T/K < 540 K, only the diffraction peaks of the IC (+C) forms are observed. In contrast to the pristine
compound, the diffraction peaks typical of the orthorhombic form are not detectable by increasing the temperature. It
confirms that the Se for S substitution plays a crucial role in the structural stability of the cubic forms at low
temperatures. The IC form is stable from RT to about 475 K (Fig. 4b and c), indicating that the cubic phase probably
starts to be formed from this temperature. Beyond 540 K, the high temperature cubic form coexists with other phases
related to the chalcopyrite-type structure (Fig. 4a).

Thus, the results highlight that, in both CusFeSs and CusFeSs6Seo.s compounds, the IC (+C) form is stabilized
at lower temperature with respect to the ordered orthorhombic phase due to the specific SPS sintering conditions.
Moreover, they clearly show that the structural transition from IC to C starts for both compounds at about 475 K, and is
extended up to ~580 K and ~540 K for CusFeSs and CusFeSz6Seo.s, respectively. These results are already published
in Dalton Transactions [18].

3. Stannoidite Cug(Fe,Zn)3Sn»S1.

Neutron diffraction patterns of stannoidite Cug(Fe,Zn)sSn,S12 samples were recorded at room temperature, but for a
full characterization of the complex crystal structure of these materials extra high resolution NPD measurements are
needed. It will be done in the next few months on D2B thanks to the accepted proposal 5-21-1112.
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