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Abstract

The excellent thermoelectric properties of colusite are known to be closely related to the nature of
the cations at the core of the tetrahedral-octahedral complexes. Here, we demonstrate that cation
over-stoichiometry decreases the carrier concentration and also generates structural disorder,
which modify the conduction mechanism in a way that resembles the effect of cation-size
mismatch. This functionalization of the “Cu26S32” conductive network leads to a high figure of
merit of 1.0 at 700 K. This study highlights the importance of'the cationic arrangement and furthers

our understanding on the fascinating transport properties in colusite.



Thermoelectricity (TE) has been considered as a potential source of energy for the past decades,
in particular following the reports of materials with relatively high efficiency.! This efficiency can
be characterized by the figure of merit, Z7 = $?T/px, which needs to be maximized by balancing
conflicting electronic and thermal transport properties: a high Seebeck coefficient, S, a low
electrical resistivity, p (to maximize the power factor PF = S$%p), and a low thermal conductivity,
x. Unfortunately, most performing materials involve difficult synthesis routes and/or toxic and
expensive elements that critically limit their large-scale production.>~* There is nonetheless a host
of potential applications that can be reached if we can obtain good performances in bulk materials
prepared from earth-abundant elements.> Among the promising groups of materials, ternary and
quaternary copper sulfides have attracted considerable attention,® with many reports of favorable
raw material cost-to-efficiency ratio. Promising compositions include bornite CusFeSa,
germanite derivative Cux2FegGesS32,'%1! stannoidite  Cus.sFe2 sSmS12,'2 CuSnS3,!'? kesterite
CwZnSnS4,'*15 CuwsSn7S16,!¢ CuFeS2'7, tetrahedrites Cui2-x7xSbaS13 (T = Mn, Fe, Ni, Zn)'8-2! and
colusites Cur6T2MsS32 (I'=V, Nb, Ta, Cr, Mo, W; M = Sn, Ge).22-30

In previous reports, the peculiar behavior of the electrical transport properties in colusite, in
particular in Cu26Cr2-xTxGesS32 (T'= Mo, W)?%3% and Cu26(V,Nb)2SnsS322527 was investigated in
details and revealed the importance of cationic ordering/disordering on the electrical and thermal
transport properties. In Cu6Cr2GesS32, exceptional transport properties (PF =1.94 mW nr! K2 at
700 K) were recently reported and explained by the presence of mterstitial Cr cations forming
mixed tetrahedral-octahedral [CrS4]Cus complexes, which influence the geometry of the
conductive “CupeS3,” framework. Our previous analysis of the colusite structure?® showed that it
derives from the sphalerite and consequently offers various tetrahedral cavities for hosting

additional cations. Such structural properties should make possible the realization of cationic over



stoichiometry with disorder and consequently has a great potential for changing its transport
properties. The effect of deviation from ideal stoichiometry was shown in Cuz6(V,Nb)2SneS322527
by sulfur volatilization using high-temperature sintering processes: cationic over-stoichiometry
associated with atomic-scale defects/disordered states, including interstitial defects, anti-site
defects, and site splitting was achieved. In particular, a high concentration of antisite defects
decreases the thermal conductivity drastically, and consequently increased the ZT significantly. ¢
However, this sulfur volatilization process cannot be applied to Cu26Cr2GesS32 due to its lower
thermal stability.?® For this reason, we have investigated samples with global cationic composition
larger than that corresponding to the ideal formula but working at lower temperature.

We report herein on the effect of the cationic over-stoichiometry in the series [Cu26Cr2Ges |1+5S32
on the carrier concentration and conduction mechanism together with the formation of structural
defects. Our results, supported by first principles calculations, indicate that excess cations are
likely to be mterstitial Cu with the overall consequence of moderately improving the
thermoelectric efficiency.

Samples with composition [Cu26Cr2Ges]i+5S32(8=0,0.0159, 0.0240 and 0.0323), were prepared
via mechanical alloying ofthe precursors followed by Spark Plasma Sintering (SPS). Mechanically
alloyed powders show no obvious traces of secondary phases and overall poor crystallinity. After
consolidation at 600°C using SPS, the crystallographic structure of colusite has been confirmed
by Rietveld refinement of high-resolution Powder X-ray Diffraction (PXRD) data (Fig. S1-S2 and
Table S1-S2 of the supporting information). Analysis of the patterns revealed traces (ca. 2 wt%)
of a CusGeSs (Pmn21, a =7.04 A, b =697 A, ¢c = 9.87 A) secondary phase only in the off-
stoichiometric samples [Cu26Cr2Ges]1+5S32, where 6 = 0.0159 and 0.0323. Rietveld refinements

(Fig. S1-S2) indicate equivalent unit cell parameters and atomic coordinates for both pristne and



off-stoichiometry colusites (Table S1-S2). Consequently, no obvious deviation from the structural
model of pristine colusite can be established for the [Cu26Cr2Ges]1+5S32 series using PXRD only.
SEM/EDS analyses on polished surfaces confirmed the presence of Cu-S bmary mmpurity in
[Cw26Cr2Ges]1+5S32 (6 = 0.0159 and 0.0323) and the otherwise good homogeneity in the cationic
ratios for all samples (Fig. S3-S6, Table S3). It is unlikely that sulfur deficiency in the mitial
composition would translate into sulfur vacancies in the crystallized phase. Rather, it is more
sensible to consider the off-stoichiometric colusite as a cation rich phase where the many available
mterstitials are randomly occupied by a small fraction of excess cations. The presence of such
partially filled interstitials, combined with the presence of disordered domains, has been
demonstrated recently by Suekuni et al.?” in CuzsNb2SneS32 and a more thorough investigation of
the cationic repartition in high-performance Cu6V2SneS32 colusite is currently on-going. To
support the experimental evidence, we have computed with first principles method the formation
energy for sulfur vacancies as well as for Ge, Cr, and Cu interstitial. The results (Table 1) indicate
that easy-to-form defects are Cu mnterstitials while S vacancies and other interstitials are less
favored.

Table 1 Formation energy (in eV) of defects with respect to the formation energy of the pristine
crystal. The values were computed assuming one defect per cell (comparable to 6 = 0.0323).
Effects associated to defect-defect interaction were nvestigated but found not significant. The two
values associated with each defect correspond to different position for the vacancy or the interstitial

within the unit cell.

S vacancy  Cu interstitial ~Cr interstitial ~ Ge interstitial

241/8e 1.825/3.018 - - -
2416d - 0.694/0.789  1.907/2.288  1.993/2.405




Figure 1. High resolution HAADF-STEM image of [Cu26Cr2Ges]i.024S32 (cubic, P43n) for the
[001] zone with the corresponding electron diffraction (ED) pattern, enlarged ordered domain and
simulated HAADF-STEM image. The regions marked as A and B correspond to disordered and

relatively ordered domains respectively with corresponding FT patterns given as insets.

In order to get insights in the level of disorder induced by cation over-stoichiometry at a local
scale, transmission electron microscopy (TEM), including electron diffraction analysis (ED) and
high-angular annular dark field scanning TEM (HAADF-STEM) were performed. When
comparing HAADF-STEM micrographs taken on the pristine sample reported previously?® and
the over-stoichiometric [Cu26Cr2Ges]1.024S32, we noticed the presence of ordered (see B region in
Fig. 1) but also additional areas exhibiting significant levels of disorder (see A region in Fig. 1).
Furthermore, i the ordered B domains, while no mterstitial cations could be observed
unequivocally, clear variations in the contrast, and particularly in brightness of atomic columns,
evidence significant levels of cationic rearrangement, as opposed to pristine Cu26Cr2GesS32. These

findings echo the observations made on Cu26V2SnsS32 when sulfur deficiency was induced by high



processing temperatures>® and confirm that temperature-induced cationic disorder could be
somehow reproduced in the less thermally stable Cu26Cr2GesS32. A noticeable difference is found
n the evolution of the lattice parameter, a, that remains unchanged in the present study, in
opposition with the large increase observed in CusV2SnsS32 with sintering temperature. Very
recently, we demonstrated that the large reduction in thermal conductivity in Cu26V2SneS32, while
it is temperature-induced, is caused by a higher concentration of anti-site defects rather than
mtroducing vacancies or interstitial atoms. The rather unchanged lattice parameter here might

suggest that the concentration of anti-site defects is lower than in thermally disordered

Cu26V2SneS32.26
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Figure 2. Temperature dependence of the (a) electrical resistivity (o), (b) Seebeck coefficient (S), (c) thermal conductivity (x), (d)

lattice thermal conductivity (xz), (e) power factor (PF), and (f) figure of merit Z7 in the [Cu26Cr2Ges]1+5S32 series.

The electrical and thermal transport properties of [Cu26Cr2Ges]1+5S32 (6 =0, 0.0159, 0.024 and

0.0323), over the temperature range 300 < T (K) < 700, are compiled in Fig. 2. With cation over-



stoichiometry, the Seebeck coeflicient steadily increases over the investigated temperature range
and reaches a maximum of 175 pV K- at 700 K for 8 >0.024, Fig. 2(b). All samples thus retain a
p-type character with holes as majority charge carriers. Meanwhile, the electrical resistivity
evolves with cation over-stoichiometry in a way reminiscent of that of Cuz26Cr2-x7xGesS32 (T= Mo,
W) solid solutions.3? Indeed, the presence of an excess cation dramatically changes the temperature
behavior of the electrical resistivity, in particular with the apparition of an upturn from a
semiconducting to a metallic T-dependence at ca. 400-500 K, Fig. 2(a). This effect was linked to
the disorder caused by cation-size mismatch on the 2a site;3? however, in the present case, there is
also a change in the charge carrier concentration from the filling ofinitially vacant interstitial sites
by extra cations in the off-stoichiometric samples. As aconsequence, the amplitude ofthe electrical
resistivity and the Seebeck coefficient also changes significantly, as opposed to converging toward
the same values as it was the case with isovalent substitution.?? Instead, both the Seebeck
coefficient and the electrical resistivity increase with cation over-stoichiometry, resulting in a
power factor that steadily decreases with increasing off-stoichiometry over the whole investigated
temperature range (Fig. 2(e)). Nonetheless, the electrical performance remains high for a copper-
based sulfide with a maximum power factor of ca. 1.9 mW mr! K-? and ca. 1.4 mW nr! K-2 at 700
K for pristine Cr-Ge colusite and [Cu6Cr2Ges]1.0323S32, respectively.

Such high performance in a thermoelectric sulfide is scarce and the transport mechanisms in
colusite are well worth investigating. Hence, low-temperature Seebeck coeflicient and electrical
and thermal conductivities were measured down to 5 K for [Cu26Cr2Ges]1+5S32 (6 = 0, 0.0159,
0.024) (Fig. S7). As expected from the presence of cation interstitials, the simultancous increase
of the Seebeck coeflicient and the electrical resistivity in [Cu26Cr2Ges]1+5532 (6 = 0.0159, 0.024)

compared to pristine compound is consistent with a reduced charge carrier concentration. This is



confirmed by low-temperature Hall effect measurements (inset in Fig. 3) with a 3 times lower
concentration at 5 K for the cation-rich colusites. The temperature dependence of the electrical
resistivity is semiconducting for [Cu26Cr2Gee]1+5S32 (6 = 0.0159, 0.024) down to ca. 100 K (Fig.
S7(a)) as expected from the trend observed in Fig. 2 (a). Below 100 K, the temperature dependence
of both Seebeck coeflicient and electrical resistivity changes radically for [Cu26Cr2Ges]1+5S32 (6 =

0.0159, 0.024) while pristme Cu26Cr2GesS32 remains in a typical metallic regime (Fig. S7).
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Figure 3. Temperature dependence of the Hall mobility for Cuz6Cr2GesSs2, [Cuz6Cr2Ges|1.0159S32

and [Cwe6Cr2Ges]1.024S32 with the charge carrier concentration shown as an inset.

Once again, this behavior resembles that of Cux6Cr7GesS32 (77 = Mo, W) compounds with a
nonetheless clear change in the temperature dependence of the Seebeck coefficient at 112 K, 3 that
may have been revealed by the lower carrier concentration in the present study. Indeed, in the case
of the aforementioned solid solutions, the isovalent doping in samples had kept the low-
temperature Seebeck coefficient rather low, close to (or lower than) that of pristine Cr-Ge
colusite.3® The low resulting Seebeck coefficient followed a nearly linear temperature dependence

below 300 K that may have been occulting the transition. This further suggests that the observed



change in conduction mechanisms is unrelated to microscopic features such as grain boundary, as
we would not expect the Seebeck coefficient to exhibit such a marked transition. The peculiar
behavior of the electrical resistivity between ca. 100 K and ca. 500 K can be associated (as it was
demonstrated for the solid solutions) to chemical disorder, chemical localization, and/or variable
range hopping (VRH) conductivity.?? Indeed, the temperature dependence of the Hall mobility,
Fig. 3, switches over 100 K from typical acoustic phonon scattering (oc 7-32) for pristine colusite
to an ionized impurity scattering type dependence (oc T%/?) for the offstoichiometric compound.
Additionally, the signal from Hall effect measurements at temperatures around the transition is
disturbed by an anomalous contribution that is responsible for the few data pomnts missing in Fig.
3. The relationship between this contribution and the changes in transport properties is
undoubtedly complex and well worth further investigation that falls outside the scope of'this study.
As with the solid solutions, the slope of dp/dT changes sign around 100 K for the samples with
extra cations, suggesting that the change in scattering mechanism also leads to an intermediate
state between an insulating and metallic regime.

As pointed out beforechand and in our previous work,3? the cation-size mismatch in the 2a
position is responsible for a similar change of mechanism, only this time it is accompanied by a
change in the charge carrier concentration. This suggests that cations occupying other initially
empty interstitial sites, with chemical environment rather similar to that of the 2a position, and
cationic disorder are extremely efficient in altering the conduction mechanism. The electrical
transport properties of colusite, insured by the “Cu26S32” conductive framework,??-3% can therefore
be altered in a relatively similar fashion by either cation-size mismatch on the 2a site or cation

over-stoichiometry. In other words, the cationic arrangement necessary to ensure a metallic
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behavior and classical acoustic phonon scattering in pristine Cu26Cr2GesS32, is markedly upset by
a slight cationic over-stoichiometry.

In order to complete the investigation of the thermoelectric performances of [CuweCr2Ges]i1+5S32,
the thermal conductivity was determined (Fig. 2(c)) and the lattice contribution was extracted
using Wiedemann-Franz law (Fig. 2(d)). Overall, a clear diminution in the thermal conductivity
was obtained from cation over-stoichiometry, in particular at the lower end of the mvestigated
temperature range. A minimum at room temperature was determined for [Cu26Cr2Ges]1+5S32 (6 >
0.024) with ca. 1.5 W m K-!, a nearly 100 % decrease from pristine Cu26Cr2GesS32. At700 K, the
total thermal conductivity is decreased to ca. 1.1 W m K-! for [Cu26Cr2Ges]1+5S32 (8 > 0.024). The
orign of this dimnution is rather clear with no apparent change i the lattice contribution to the
thermal conductivity (Fig. 2(d)). The diminution in the electrical resistivity is thus mainly
responsible for the observed reduction. This is also true at low-temperature where the significant
drop in thermal conductivity is mainly attributed to a decrease in the electronic contribution (Fig.
S7c). This contrasts with the observations made on the V-Sn colusite, where order/disorder
domains observed by HAADF-STEM, similar to those observed in [Cu26Cr2Ges]1.024S32 (Fig. 1)
were intially held responsible for a large decrease in the lattice contribution to the thermal
conductivity.?> This suggests that the disorder induced by cation over-stoichiometry, in contrast
with high-temperature treatment, does not modify the distribution of cations enough so that the
concentration of anti-site defects increases significantly, and thus does not shorten the acoustic
phonon lifetimes. This is further supported by the absence of significant evolution in the unit cell
parameter, a, in [Cu26Cr2Ges|1+5S32. While some traces of secondary phase were found in some
samples, they do not seem to have any impact of the lattice thermal conductivity at high

temperature. Consequently, the calculated figure of merit is mildly improved at high temperature
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with a maximum ZT of 1.0 at 700 K for [Cu26Cr2Ges]1.024S32, (Fig. 2f), the highest reported value
in colusites to date. It is important to note that achieving ultra-low lattice thermal conductivity (xia
~0.2W m'! K1) in Cr-Ge colusite, as we demonstrated was possible in Cuz6V2SnsS32, remains an
open challenge and would lead to figure of merit values well over unity.

We have demonstrated that the presence of a slight excess of cations had an impact on the
“Cwe6S32” conductive framework by simultaneously altering the charge carrier concentration and
the conduction mechanism in colusite, [Cuz26Cr2Ges]1+5S32. Many interstitial sites are available for
the additional cations with a chemical environment similar to the 2a position, namely a particular
tetrahedral-octahedral complex with competing ionic and metallic bonds. Additionally, this excess
cation causes significant level of cationic rearrangement, as evidenced by HAADF-STEM.
However, the exact nature of the cations in the interstitial positions and their possible repartition
is yet to be elucidated using powerful structural investigation tools such as synchrotron and/or
neutron diffraction. Overall, along with a moderate improvement in the thermoelectric response,
these findings open new ways for improvement via simultaneous charge carrier doping and

transport mechanism modulation in copper sulfides.
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