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ARTICLE INFO ABSTRACT

Keywords:
Sulphides

The mineral talnakhite, Cu;gFe;¢Ss2, is an n-type semiconductor with low thermal conductivity (average value of
1.5 W m~! K1), making it an attractive candidate for thermoelectric applications. The effect of partial cation
n-type . . substitutions and of deviations from the ideal Cu:Fe ratio on the thermoelectric properties of this material, has
Thermoelectric H_‘a_tenal been investigated through synthesis of Cu;7.58Mo o2Fe17.6S32 (M = Ag, In, Zn) and Cuy7.6+xFe17.6.xS32 (—0.03 < x
Thermal conductivity . . s
Substitution < 0.03) by high-temperature methods. The results demonstrate that talnakhite exhibits a narrow range of
compositional stability for substitution at the cation sites. X-ray photoelectron spectroscopy (XPS) measurements
indicate that all compositions contain Fe>" and Fe?" cations, together with Cu®. The electrical and thermal
transport properties show two anomalies, at approximately 460 and 510 K, which can be related to structural
phase transitions. The maximum value of the thermoelectric figure of merit occurs at the temperature of the first
structural phase transition, making talnakhite a potential n-type candidate for near room-temperature thermo-
electric applications. While substitution with silver, zinc or indium does not lead to any significant improvement
in thermoelectric performance, changes in the Cu:Fe ratio result in significant reductions in the total thermal
conductivity. This is likely to be associated with increased point defect scattering due to the presence of additional
vacancies at the cation sites over which iron and copper are partially ordered. For copper-poor phases, the
combination of a slightly improved power factor with a reduced thermal conductivity results in an increase in the
figure-of-merit by approximately 20% when compared to the stoichiometric phase.

1. Introduction Recently, ternary and quaternary copper sulphide minerals have
attracted much interest owing to their abundance, low cost and prom-
ising TE performance [4]. Several p-type sulphides with excellent TE

performance have been identified following suitable doping, including

Growing concerns about sustainable energy sources have stimulated
considerable research efforts into efficient and cost-effective thermo-

electric (TE) devices, to enable the conversion of waste heat into elec-
trical power [1-3]. To facilitate widespread adoption of TE energy
recovery, the discovery of non-toxic, earth-abundant materials with good
TE performance is essential. The efficiency of a TE material is related to a
dimensionless figure-of-merit, 2T :(SZGT)/K, which is dependent on the
Seebeck coefficient (S), electrical conductivity (¢) and thermal conduc-
tivity (x) [3]. In order to achieve a high figure-of-merit, a material re-
quires a high electrical conductivity, like that of a metal, combined with a
large Seebeck coefficient and low thermal conductivity; properties nor-
mally associated with insulating materials. Construction of TE devices
requires p- and n-type materials.

bornite, CusFeS4 (2T ~ 0.79 at 550 K) [5], colusite, CuzeVoSngSss (2T ~
0.9 at 675 K) [6], and tetrahedrite, Cu;2Sb4S13 (2T ~ 1 at 720 K) [7].
However, there is a dearth of the n-type counterparts with comparable TE
performance required for the construction of a TE device. Examples of
n-type copper sulphides with moderate figures of merit include CuFe,Ss3
(2T~ 0.14 at 700 K) [8], CupZnSnS4 (2T ~ 0.35 at 700 K) [9], CusSnsS;6
(2T ~ 0.27 at 700 K) [10] and CuFeS,, (2T ~ 0.21 at 573 K) [11]. Of these,
chalcopyrite (CuFeS,), which is the most common copper-bearing min-
eral, is an attractive candidate, as it contains Earth-abundant elements
only. However, the high thermal conductivity in chalcopyrite limits its TE
performance [12-15].
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In the region of the Cu-Fe-S phase diagram where chalcopyrite is
located, a number of structurally-related phases exist, in which the
elemental ratios deviate from the 1:1:2 stoichiometry of chalcopyrite.
These phases include talnakhite, mooihoekite and haycockite [16,17].
Talnakhite (CujgFe;6S32) is a metal-rich mineral, with a structure closely
related to that of chalcopyrite. While chalcopyrite adopts a zinc blende
superstructure in which ordering of copper and iron atoms results in a
doubling of the unit cell along the c-axis, talnakhite adopts a “stuffed”
zinc blende superstructure (Fig. 1), in which the excess cations are
accommodated in interstitial tetrahedral sites. This results in short
metal-metal distances of ca. 2.7 A, and hence the crystal structure of
talnakhite contains octahedral metal clusters (Fig. 1 (b)), similar to those
found in colusites [18] and tetrahedrites [19], two families of materials
with remarkably low thermal conductivities. Bonding heterogeneity,
such as the coexistence of covalent metal-sulphur bonds and metal-metal
bonds, that is common to talnakhite, tetrahedrites and colusites, has been
identified as a characteristic that can increase phonon scattering and
therefore lower the lattice thermal conductivity [20,21]. Indeed, a recent
study has shown that talnakhite is an n-type semiconductor which ex-
hibits a low lattice thermal conductivity, of ca. 0.6 W m™! K™! at 625 K
[22]. Despite this highly promising thermal conductivity, and in contrast
to the extensive doping studies carried out on chalcopyrite [14,15,
23-25], the optimization of the charge carrier density of talnakhite to
maximize zT has not been explored.

In this work, we investigate the effect of a range of metal substituents
on the thermoelectric properties of talnakhite. In order to reduce the
thermal conductivity further, we have explored isovalent substitution of
Cu" with larger Ag" cations, which for the closely related chalcopyrite,
has led to a reduction in lattice thermal conductivity [26]. To increase the
power factor, we have investigated aliovalent substitution of Cu™ with
trivalent In®" and divalent Zn?' in talnakhite, since for chalcopyrite
those substituents have led to increases in charge carrier concentration
[23,27]. Furthermore, we also sought to investigate adjustments to the
Cw:Fe ratio in talnakhite, given the remarkable enhancements in the
figure of merit (up to 44% increase) that have been achieved in bornite
(CusFeS4) by adjusting both the Cu:Fe ratio and vacancy concentration

[5].
2. Experimental details

Although the nominal composition of the mineral talnakhite has been
reported as CujgFe;6S32 [28], a previous study indicates that synthesis of
single-phase talnakhite requires a stoichiometry of Cujy gFej76Ss2 [22].
This composition was therefore used for the work described here, with
the materials with the nominal composition Cuj7 ¢Fe;76Ss2 designated

(a)

® Cu
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‘unsubstituted talnakhite’. Polycrystalline materials of composition
Cui7.6+xFe17.6xS32 (—0.03 < x < 0.03) and Cuy7.58Mo.02Fe17.6S32 (M =
Ag, In, Zn) were prepared by solid-state synthesis. Elemental copper
(99.5%), iron (99.9+%) and sulphur (99.99%) were sealed into evacu-
ated (<10™* mbar) fused-silica ampoules. The sealed ampoules were
heated to 573 K (at a rate of 0.5 K min’l) and held for 6 h at this tem-
perature. The temperature was then increased to 1173 K at the same rate,
held for 48 h and reduced slowly to room temperature (at a rate of 0.1 K
min~1). The solid products were ground into a fine powder and consol-
idated into densified pellets by hot pressing at 823 K and 70 MPa for 30
min. The density of the hot-pressed pellets was determined by the
Archimedes' method, using an AE Adam PW 184 balance. All the pellets
have a density greater than 96% of the crystallographic density of
talnakhite.

Powder X-ray diffraction (XRD) patterns were collected using a
Bruker D8 Advance Powder X-ray diffractometer, operating with Ge-
monochromated Cu Koy (4 = 1.54046 [o\) radiation. Unit-cell parame-
ters were determined by Le-Bail refinement, performed using the Fullprof
package [29]. Energy dispersive spectrometry (EDS) analysis was carried
out on a FEI Quanta FEG 600 ESEM, operating with a voltage of 20 kV in
high vacuum mode. Heat flow (differential scanning calorimetry) data
over the temperature range 300 < T/K < 575 were collected under a
flowing Ny atmosphere using a TA-Q2000 DSC instrument. X-ray
Photoelectron Spectroscopy (XPS) data were acquired using a Kratos Axis
Ultra DLD using monochromatic Al K, (1486.69 eV) radiation and an
analysis area of ca. 700 x 300 pm. Spectra were charge corrected to the
main line of the carbon 1s spectrum (adventitious carbon) set to 284.8
eV. All data were recorded at a pressure below 1 x 10~° Torr and at a
temperature of 294 K. XPS data were analyzed using CasaXPS v2.3.24
[30], with the elemental sensitivity factors as supplied by the manufac-
turer. Peaks were defined using a Shirley background prior to component
analysis.

Thermoelectric properties were measured over the temperature range
300 < T/K < 575. The electrical conductivity and Seebeck coefficient
were measured simultaneously using a LINSEIS LSR 3 instrument under a
helium atmosphere. A current of 20 mA was used for the conductivity
measurements and a gradient of 50 K was maintained between the upper
and lower electrodes for measurement of the Seebeck coefficient.
Graphite-coated circular pellets with a diameter of 12.7 mm and thick-
ness ~1.5-2 mm were used for the thermal diffusivity (D) measurements
using a NETZSCH LFA 447 NanoFlash system. Data were analyzed using
Cowan's model with a pulse correction applied. The thermal conductivity
(x) was then calculated from the relation, x = DdC, where d is the density
of the material and C,, is the specific heat capacity. Here, the Dulong Petit
limit for C, (example, C, for Cu;7 ¢Fe17.6S32 = 0.535J g’1 K1) has been

(b)

Fig. 1. (a) Crystal structure of talnakhite CujgFe;6S3,. Blue spheres represent Cu atoms, brown spheres represent Fe atoms and yellow spheres represent S atoms. (b)
The three-dimensional network of cation-centered octahedra arising from metal-metal bonding (sulphur atoms omitted for clarity). Pastel blue octahedra represent
Cu/vacancy-centered octahedra; brown octahedra represent iron-centered octahedra.
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Fig. 2. (a) Powder X-ray diffraction pattern for unsubstituted talnakhite (Cu;7¢Fej76S32), together with analysis by the structure-independent Le Bail method.
Comparison of lattice parameters between unsubstituted talnakhite (x = 0) (b) copper-rich and (c) copper-poor series.

used in the calculations. The electronic part of the thermal conductivity
(xe) was calculated using the Wiedemann-Franz law (k. = LoT where L is
the Lorenz number) and the lattice thermal conductivity x; as the dif-
ference (x — k). The Lorenz number (L) was obtained assuming a single
parabolic band approximation (SPB) and numerically solving a set of
equations involving the Seebeck coefficients (obtained from the transport
measurements) and the reduced chemical potential [3] (details are pro-
vided in the Supplementary Material). The carrier concentration of the
materials was measured using an ECOPIA HMS-3000 Hall effect mea-
surement system. A magnetic field of 0.56 T and currents between 1 and
10 mA were used for the Hall measurements. The effective mass of car-

8n%k2_ «

riers (m*) was calculated following the Mott formula S = AUl T(ﬁ)%.

3. Results and discussion
3.1. Structural characterization and phase behaviour

Powder X-ray diffraction data (PXRD) for all materials reported here

reveal the formation of a cubic phase (Fig. 2(a) and Supplementary
Material Fig. S1), which can be indexed in the space group [43m adopted
by talnakhite [16]. Lattice parameters determined using Le Bail re-
finements (Fig. 2(b and c) and Supplementary Material Table S1) are in
good agreement with those of talnakhite [22]. Substitution with indium
and silver results in the formation of small amounts of chalcopyrite, while
no additional peaks are found in the powder diffraction pattern of the
Zn-substituted sample. For Cuj7eixFe17.6xS32 (—0.03 < x < 0.03),
single-phase behaviour is retained for —0.02 < x < 0.01. At higher levels
of substitution (x > 0.01 and x < —0.02), trace amounts of a tetragonal
chalcopyrite-type phase can be observed in the diffraction data. Unit-cell
parameters of the substituted phases are slightly reduced (< 0.5%) from
those of the ternary Cu;7 cFe17.6S32 phase, while variations in the Cu:Fe
ratio have a similar effect (Fig. 2(b) and (c), Supplementary Material
Table S1).

The overall compositions of all prepared materials (Supplementary
Material Table S2), determined using energy dispersive spectrometry
(EDS), are in agreement with the respective nominal compositions. Due
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Fig. 3. X-ray photoelectron spectra for unsubstituted talnakhite showing (a) S 2p3,» and 2p; 5, (b) Cu 2ps3,» and 2p; 5, and (c) Fe 2p3,» and 2p;/; core states.
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300

to the lack of atomic number contrast, the chalcopyrite trace impurity is
not apparent in the EDS maps measured on hot-pressed pellets for
different compositions (Supplementary Material, Figure S2, S3 and S4).
However, these maps indicate that the metal substituents are uniformly
distributed throughout the ingots. SEM images for pellets with different
compositions (Supplementary Material, Figs. S5 and S6) suggest that
there are no significant changes in morphology with composition.

XPS measurements (Fig. 3) result in binding energies for S 2p3/2 and
2p1,2 at 161.6 eV and 162.8 eV respectively, typical for the sulphide S2~

255

I
Cu, Fe, .S :
17.6 17.6 732 | [ 240

{closed symbol: heating i
-125 Hopen symbol: cooling |

ot

e 130 ¥

-165
-150
-135

300 350 400 450 500 550 600
T (K)

-225

e

£210 ‘g

o
195 ¢
£180 b

Journal of Solid State Chemistry 314 (2022) 123425

anion [31]. A weak feature, centered at 168.7 eV and which can be
attributed to $°*, is found in some of the samples. This is likely to be the
result of oxidation of the surface, to form SO3 . The binding energies for
Cu 2ps,» and 2pj/ peaks are centered at 932.5 eV and 952.4 eV
respectively, indicating that Cu is primarily in the Cu™ state [31,32]. In
some samples, a very weak shake-up satellite peak, centered at 941.2 eV,
can be assigned to the presence of trace amounts of Cu®* [33]. The
presence of this peak, together with the weak feature corresponding to
S may indicate that oxidation of the surface results in the formation of
CuSOy.

Analysis of the XPS data for the iron cations in talnakhite (Fig. 3 (c))
reveals that the Fe 2ps,, peak is centered at 711.1 eV and the corre-
sponding 2p; » peak is centered at 724.2 eV. These values are consistent
with the presence of Fe*!. A very weak satellite peak located at 718.8 eV
has a binding energy comparable to those previously observed in XPS
studies of iron oxides [34]. Moreover, the agreement between the
calculated and observed XPS spectra improves upon introducing a
component centered at 708.2 eV into the analysis. This suggests that Fe
exists in both +3 and + 2 oxidation states, consistent with charge
balancing requirements of the nominal composition of talnakhite,
(Cu)1g(Fe®")14(Fe®M)5(S% )30, Mossbauer spectra collected on talna-
khite are also consistent with the presence of mixed-valent iron cations;
the change in the isomer shifts of ca. 60% of the iron ions towards higher
values when compared to those of Fe>" in chalcopyrite are indicative of a
lower average oxidation state [22]. In copper-rich materials, Cui7 6.
Fe17.6.4Ss32 (0.01 < x < 0.03), the Cu to Fe ratio increases, hence the
nominal Fe>" content must also increase while Fe>" content decreases. In
copper-poor materials, Cuj7¢ixFe17.6xSs2 (—0.03 < x < —0.01) the
opposite occurs. Although XPS data confirm that both Fe>t and Fe?" are
present in all compositions investigated, the variation in the relative
Fe®': Fe" ratio expected on the basis of the nominal compositions is
small, and hence the ratio cannot be determined reliably by XPS.
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Fig. 5. Temperature dependence of the thermoelectric properties of Cuy7 ¢Fe17.6Ss2: (a) Electrical conductivity (6) and Seebeck coefficient (S), (b) power factor, (c)
thermal conductivity, and (d) figure-of-merit. Black vertical lines indicate the temperatures of the phase transitions in Cu;7 ¢Fej7.6S32.
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Previous studies indicate that talnakhite undergoes phase transitions
at 460 and 503 K, before transforming into a sphalerite-like phase at 793
K [17]. However, the crystal structures of the phases present above room
temperature have not been determined [17]. DSC data collected on
unsubstituted talnakhite (Fig. 4) shows two endothermic peaks at ca. 423
K and 509 K on heating, with hysteresis occurring on cooling. While the
peak at 509 K can be attributed to the second phase transition reported by
Cabri [17], there is a significant difference between the temperature
(423 K) of the first transition in the DSC data presented here, and those
previously reported (460 K) by Cabri, on the basis of Guinier X-ray
powder diffraction data [17]. An electron microscopy study by Putnis
[16] indicates that the formation of partially-ordered and fully-ordered
phases of talnakhite is governed by the kinetics of the processes
involved. Given the different heating rates between the DSC and the
X-ray diffraction measurements, this may be the origin of the discrepancy
between the transition temperatures determined by DSC and by X-ray
diffraction. Compositional changes are also likely to affect the tempera-
ture of the transition. A detailed structural study by powder X-ray and
neutron diffraction is currently underway, to enable us to elucidate the
origin of such transitions.

3.2. Thermoelectric properties

The thermoelectric properties of unsubstituted Cu;; ¢Fey7.6S3z are
presented in Fig. 5. The negative values of the Seebeck coefficient (S)
(Fig. 5(a)), over the entire temperature range, indicate that electrons are

the dominant charge carriers. The absolute value of the Seebeck coeffi-
cient reaches a maximum value of ca. 147 pV K~! around 373-420 K.
Thereafter, |S| decreases, suggesting that this may correspond to the
onset of bipolar conduction. The thermal band gap was estimated to be
~0.11 eV using the Goldsmid-Sharp relation, E; = 2e|S|maxTmax [35]. The
band gap determined using this expression is not exact and significant
deviations from the real band gap value can occur [35]. However, our
attempts to determine the optical band gap by diffuse reflectance, over
the wavelength range 200 < A/nm < 2500, were unsuccessful, indicating
that the optical absorption edge of talnakhite occurs below 0.5 eV. This is
broadly consistent with the estimated band gap of 0.11 eV.

Table 1
Hall Carrier concentration (n), Hall mobility (4) and effective mass (m*) of the
materials measured at room temperature.

Nominal Composition  n ( x 10'° u (em? V1 Effective mass (m*/
em ) s mp)
Cuy7.6Fe17.6532 5.8(1) 16.3(2) 1.29
Cuy7.s8Zno.o2Fe17.6532  6.2(1) 15.0(2) 1.38
Cuy7.58In0.02F€17.6532 4.9(1) 15.3(2) 1.11
Cu17.58A80.02F€17.6532  4.0(1) 14.8(2) 1.01
Cuy7.61Fe17.50532 5.4(1) 18.4(2) 1.22
Cuy7 62Fe17.58532 4.25(2) 19.5(5) 1.01
Cuy7 63Fe17.57532 4.15(1) 17.6(2) 1.00
Cuy7.50Fe17.61532 4.7(2) 15.9(6) 1.12
Cuy7.58F€17.62532 5.80(2) 14.1(1) 1.14
Cuy7.57Fe17.63532 6.2(2) 16.1(1) 1.40
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The electrical conductivity () of unsubstituted Cu;7¢Fej7.6S32 in-
creases with increasing temperature, as would be expected for a non-
degenerate semiconductor, but shows two anomalies at 460 and 510 K,
which correspond to the temperatures of the two phase transitions, ac-
cording to a Guinier X-ray powder diffraction study of talnakhite [17].
The hysteresis observed between the heating and cooling cycles
(Fig. 5(a)) is likely to be associated with the phase transitions. The
highest power factor (Sza) (Fig. 5(b)) of 0.44 mW m~! K2 is obtained at
460 K, the temperature at which the first phase transition occurs.

As illustrated in Fig. 5(c), the principal contribution to the total
thermal conductivity is the lattice term (xp). It should be noted that the
total thermal conductivity of unsubstituted talnakhite prepared using SPS
at 873 K for 5 min [22] is 1.56 Wm ™! K~! at room temperature, which is
lower than the value of 1.77 W m™'K ! obtained here for samples
hot-pressed at 823 K for 30 min. This difference is more marked at higher
temperatures, with the SPS sample reaching a value of ca. 1.0 Wm ™' K}
at 570 K. It has been previously found that, in the case of colusite
(CugeV2SneSs32), the thermal conductivity varies markedly depending on
the consolidation method and conditions [6]. This variation has been
attributed to sulphur volatilization and the formation of disordered do-
mains when higher temperatures are used for consolidation. Electron
microscopy data collected on talnakhite consolidated by SPS indeed in-
dicates the presence of Cu-rich and Fe-rich areas on the micro- and
nanoscale [22], which are likely to reduce the thermal conductivity.

Unlike CuFeS; [14,15,23-25], talnakhite exhibits an intrinsically low
thermal conductivity, with an average value of ca. 1.5 W m™' K~ (for

hot-pressed samples), leading to a figure-of-merit (2T) of 0.14 at 460 K
(Fig. 5(d)). The origin of such low thermal conductivity has been
attributed to weaker metal-sulphur bonds which, according to phonon
calculations, lead to anharmonicity and the presence of low-energy op-
tical modes [22]. Moreover, disordering of copper and iron cations and
cation vacancies also results in point defect scattering and mass fluctu-
ation scattering.

The temperature dependence of S, o, and « in the metal-substituted
phases (Cuj7.58Mop.02Fe17.6S32 where M = Zn, In and Ag) is similar to
that of unsubstituted talnakhite, Cuj7cFej76S32 (Fig. 6). Aliovalent
substitution of Cu® with Zn?" increases the Seebeck coefficient
throughout the measured temperature range, whereas substitution with
In®* reduces the Seebeck coefficient. Moreover, the electrical conduc-
tivity is unchanged upon Zn-substitution, while In-substitution lowers
the electrical conductivity at temperatures below the first phase
transition.

Hall coefficient measurements (Table 1) indicate that Zn-substitution
increases the Hall carrier concentration from that of the parent unsub-
stituted talnakhite phase, in agreement with formal charge consider-
ations. Zn2?" is therefore an effective electron donor, as previously
reported for chalcopyrite [23]. Both the Hall carrier concentration and
electrical conductivity are reduced on indium substitution, which is
contrary to expectations based on formal charge considerations. This
could be the result of indium substituting at iron sites rather than at
copper sites. In talnakhite, this would correspond to isovalent substitu-
tion of (mainly) Fe>* by In®', accompanied by the introduction of
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vacancies at the copper sites, which would be consistent with the
observed reduction in charge carrier concentration. Moreover, the pres-
ence of heavier In>" will lead to alloy scattering of the charge carriers,
and hence decrease their carrier mobility, in agreement with our
experimental observations. In the case of chalcopyrite, substitution at
both the copper and the iron sites has been explored, through preparation
of Cuy_,In,FeS, [27] and CuFe;,In,Sy [36]. In the case of Cu;_,In,FeSs,
Xie et al. [27] have carried out DFT calculations to show that incorpo-
ration of In™ is energetically favorable when compared with In®* sub-
stitution at the Cu™ site. As this would correspond to isovalent
substitution of Cut by In™, the effect on the charge carrier concentration
would be negligible. To the best of our knowledge, calculations to
establish whether indium substitution is more favorable at the copper or
at the iron sites have not been performed. Ionic radii [37] considerations
would suggest that In>* (0.62 A) would replace Cu* (0.6 A), rather than

the smaller Fe®" cation (0.49 A), and that In™, with an estimated ionic
radius of 1.32 A [38] would be too large. However, the electrical trans-
port properties of Cuj7sglngo2Fe17.61S32 appear to be consistent with
isovalent substitution of In>* by Fe3", accompanied by the introduction
of copper vacancies, rather than with aliovalent substitution of Cu ™ by
3.

Isovalent substitution of silver at the copper sites has little effect on
the Seebeck coefficient at temperatures up to that of the first phase
transition. Silver substitution reduces the carrier concentration (Table 1)
and electrical conductivity in this temperature range. Similar results have
been reported for Cuj,AgGaTes (0 < x < 1) [39] which, like
Cu17.58A80.02Fe17.6532, behaves as a non-degenerate semiconductor. The
lower electrical conductivity for the Ag-substituted material may reflect
increased scattering of charge carriers due to the presence of disordered
Ag™ cations, resulting in localised structural distortions, as they are larger
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than the Cu™ cations they replace. This is consistent with the observed
reduction in mobility (Table 1). The power factor shows little change
from the parent talnakhite phase (Fig. 6 (c)).

Substitution of copper with heavier and larger cations would be ex-
pected to increase point defect scattering for phonons, due to mass and
strain field fluctuations, and therefore reduce the lattice thermal conduc-
tivity. Surprisingly however, substitution with the heavier silver and in-
dium cations has little impact on the thermal conductivity (Fig. 6(d)).
Previous work on silver substitution in chalcopyrite suggests that re-
ductions in thermal conductivity occur only at higher levels of substitution
than reported here [26,39]. Unfortunately, this compositional region is
inaccessible in talnakhite as secondary phases already present at the lower
levels of substitution investigated here, become appreciable. Overall, there
is no statistically significant improvement in the figure-of-merit on the
introduction of metal substituents, as illustrated in Fig. 6 (e), with the
introduction of indium leading to a slight reduction in 2T.

Based on our previous work on the copper-iron sulphide, bornite
(CusFeSy) [51], a different approach for tuning the thermoelectric prop-
erties was adopted, whereby the Cu:Fe ratio was varied through prepa-
ration of series of materials Cuy7.6.xFe17.6.xS32 (—0.03 < x < 0.03). Since
iron is likely to act as an electron donor, an increase in iron content can
increase the electrical conductivity, as previously observed for iron-rich
chalcopyrite [40].

As x increases, holes are doped into the system and the magnitude of
the Seebeck coefficient decreases (Fig. 7 (a) and (b)) with a corre-
sponding drop in the power factor (Fig. 7 (c)). The Hall carrier concen-
tration (Table 1) also decreases in a systematic manner from 5.8 x 10'°
em ™ for x = 0 (Cuyz.¢Fe17.6S32) to 4.15 x 10'° em™ for x = 0.03. The
reduction in charge carrier concentration is accompanied by a small in-
crease in Hall mobility (Table 1) in the Cu-rich talnakhites when
compared to the unsubstituted phase. Higher mobility suggests a lower
effective mass for the carriers resulting in lower Seebeck coefficients.
Using the Mott formula, we found that the effective mass of the carriers
decreases from 1.29 mg for x = 0 to 1.00 mg for x = 0.03. Therefore, the
simultaneous decrease in electrical conductivity and Seebeck coefficient,
which at first appears to be counterintuitive, is a consequence of a
reduction in effective mass concomitant with the decrease in charge
carrier concentration.

For the Cu-poor talnakhites, an increase in electron concentration is
expected on substituting copper with iron. However, low levels of sub-
stitution result in a slight decrease in the charge carrier concentration
(Table 1). Hence the electrical conductivity for materials corresponding
tox = —0.01, —0.02 (Fig. 7 (d)-(f))) decreases when compared to that of
the unsubstituted talnakhite. At higher levels of substitution (x = —0.03),
both the electrical conductivity and the absolute value of the Seebeck
coefficient increase from that of the parent phase, throughout the tem-
perature range over which measurements were conducted. This results in
a small improvement in the power factor, of ca. 5%, to 0.46 mW m ™! K2
at 460 K for x = —0.03.

In marked contrast with the behavior on cation substitution, changes
in the Cu:Fe ratio result in significant reductions in the total thermal
conductivity: up to 20% in the Cu-rich series and up to 13% in the Cu-
poor series (Fig. 8 (a) and (b)). For the composition with x = 0.02, the
thermal conductivity approaches a minimum of ca. 1.12 W m~K! at
473 K while for x = —0.03, k ~ 1.24 W m~'K~! at 473 K. This reduction
in thermal conductivity may arise from an increase in point defect scat-
tering due to the creation of vacancies. Although the total metal content
in the series Cuy7 6. xFe17.6.xS32 remains the same, in the complex crystal
structure of talnakhite, iron and copper are partially ordered over five
distinct crystallographic sites. The interstitial site 2a is occupied exclu-
sively by iron, while the interstitial site 6b, which is partially occupied,
contains only copper. Of the three cation sites forming the zinc blende
superstructure (12e, 12d and 8c), 8¢ is occupied exclusively by copper,
while 12e and 12d contain iron and copper [22,28]. Changes in x can
create vacancies at sites that are preferentially occupied by iron (2a) or
by copper (8c and 6b), resulting in a reduction in lattice thermal
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conductivity. Moreover, the secondary phases present at x > 0.02 and x
= —0.03 can also act as additional phonon scattering centers, contrib-
uting to reducing the thermal conductivity. It is interesting to note that,
although the electrical conductivity of the composition with x = —0.03 is
increased over that of unsubstituted talnakhite, the total thermal con-
ductivity for the substituted phase is lower. This is a consequence of a
significant reduction (by 10%) in the lattice contribution for x = —0.03
when compared to that of unsubstituted talnakhite. The combination of
an improved power factor and a lower thermal conductivity, results in a
figure of merit for Cuy757Feq7.63S32 of 2T = 0.17 at 473 K. This corre-
sponds to an increase of ca. 20% over that of the parent phase (2T ~ 0.14)

(Fig. 8 (c)-(f).
4. Conclusions

The effect of a range of isovalent and aliovalent substituents, and of
changes in the Cu:Fe ratio, on the phase behaviour and thermoelectric
performance of talnakhite has been investigated. The talnakhite phase
exhibits a narrow stability range, with impurities starting to appear at
relatively low levels of substitution, up to x ~ 0.02. The electrical and
thermal transport properties of all talnakhite-type phases investigated
show two anomalies, at approximately 460 and 510 K, which may be
attributed to two successive structural phase transitions. The thermo-
electric power factor and the figure-of-merit of all samples reaches a
maximum value at 460 K, the temperature at which the first phase
transition occurs. This makes talnakhite a potential n-type candidate for
near room-temperature thermoelectric applications. However, the nar-
row compositional range of the talnakhite structure, limits the capacity to
increase the charge carrier concentration beyond ca. 6 x 107° em™3
through substitution at the cation sites. The highest charge carrier con-
centration achieved in this study is two orders of magnitude lower than
the optimal value of ca. 6-8 x 10%! cm ™3 suggested by theoretical cal-
culations for the closely-related CuFeS; [41]. Given the scarcity of n-type
thermoelectric sulphides, and that talnakhite is a cost-efficient material
with low thermal conductivity, further doping studies are required to
achieve a significant increase in the charge carrier concentration. For the
series Cuy7.61xFe17.6x532 (—0.03 < x < 0.03), changes in the Cu:Fe ratio
led to significant reductions in the total thermal conductivity, of up to
20% in the Cu-rich series and up to 13% in the Cu-poor series, which arise
as consequence of reductions in the lattice thermal conductivity. This
reduction may be associated with increased point defect scattering due to
the presence of additional vacancies at the cation sites over which iron
and copper are partially ordered. Controlled introduction of vacancies at
the cation sites, through preparation of materials in which the total metal
content is varied from that of unsubstituted talnakhite, may facilitate
further reductions in thermal conductivity.
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