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High thermoelectric performance of bornite through control of the
Cu(ll) content and vacancy concentration

Sebastian O. J. Long,” Anthony V. Powell*,* Paz Vaqueiro,® Stephen Hull®

a. Department of Chemistry, University of Reading, Whiteknights, Reading, RG6 6AD, UK.
b. ISIS Facility, Rutherford Appleton Laboratory, Harwell, Oxford, Didcot, OXu 00X, UK

The thermoelectric performance of the p-type semiconductor bornite, CuFeS,, is greatly enhanced through
chemical substitution. Non-stoichiometric materials in which the Cu:Fe ratio and overall cation-vacancy con-
tent were adjusted are reported and a figure of merit, ZT = 0.79, is achieved at temperatures as low as 550 K in
Cu,,.Fe, 43S, All materials were synthesised mechanochemically and characterised by powder X-ray diffrac-
tion, DSC and thermal and electrical transport property measurements. Single-phase behaviour is retained in
copper deficient phases, Cu,,FeS,, for vacancy levels up to x = 0.1, while in materials Cu,,,Fe,,S,, in which the
Cu:Fe ratio is varied whilst maintaining full occupancy of cation sites, single-phase behaviour persists for
y=0.08. Adjusting the Cu:Fe ratio at a constant cation-vacancy level of 0.06 in Cu,,,,,Fe,,S,, leads to single-
phases for z <0.04. DSC measurements indicate the temperature of the intermediate- (2a) to high-temperature
(a) phase transition shows a more marked dependence on the Cu:Fe ratio than the lower temperature 4a to 2a
transition. The thermoelectric power factor increases almost linearly with increasing Cu(II) content. The max-
imum figures of merit are obtained for materials with Cu(IT) contents in the range o.10 to 0.15 (corresponding to

2.0 - 2.8 % Cu(II)) which simultaneously contain ca. 1 % of cation vacancies.

Introduction

Thermoelectric (TE) materials have the potential to
generate electrical energy from otherwise waste heat.
This offers opportunities to achieve more efficient use of
precious fossil fuel resources® and also to enhance the
energy recovery from renewable sources such as photo-
voltaic devices>* Of the range of sources of waste heat
available, that produced in industrial processes offers
particularly attractive prospects for large-scale implemen-
tation of TE technology. Over 80% of the waste heat gen-
erated in industrial processes is at temperatures in the
range 373 < T/K < 575,>° suggesting considerable oppor-
tunities exist for the development of efficient TE materials
that operate in this region.

Current commercial thermoelectric devices are based
on bismuth telluride.”® The combination of the low
abundance of tellurium coupled with comparatively low
TE efficiencies has restricted wide-scale adoption of TE
technology. This has led to a major world-wide research
effort to develop new materials for thermoelectric energy
conversion. Whilst significant advances have been
achieved in the figure of merit (ZT = S’°6T/x) at high tem-
peratures, there remains a dearth of materials suitable for
energy recovery from waste heat in the low to mid-range
of temperatures appropriate to industrial processes.

Much of the recent research effort has focused on chal-
cogenides and there has been a growing realisation that
mineral-type phases offer considerable potential as earth-
abundant thermoelectrics.”™ For example, tetrahedrites
have been shown to be promising p-type materials, reach-
ing maximum figures of merit, ZT > 1, at elevated temper-
atures.'”” Similarly, work by Snyder et. al.”® has shown
that a non-stoichiometric cuprous sulphide, Cu,_,S, exhib-
its an exceptionally low thermal conductivity, which re-
sults in a figure-of-merit, ZT = 1.7 at 1000 K. It has been
suggested that this remarkably low value for a crystalline
phase arises from the copper sub-lattice entering a liquid-
like state on heating, due to the high-mobility of the cop-
per cations.” The combination of a liquid-like thermal
conductivity with electrical transport properties deter-
mined by the crystalline sulphide sub-lattice has led this
class of material to be termed Phonon-Liquid Electron-
Crystals (PLECs).”* However, despite the high perfor-
mance, the copper-ion mobility in Cu,,S leads to degra-
dation of the material through ion migration under con-
stant current.”* Therefore there is growing interest in
discovering alternative materials with PLEC characteris-
tics, in which ion migration can be suppressed.

Bornite, CujFeS,, is an abundant copper-iron sulphide
mineral which at high temperatures adopts a cation-
deficient anti-fluorite structure similar to that of Cu,.,S.
Stoichiometric bornite possesses a similarly low thermal
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conductivity to Cu,,S. However, the presence of iron on
the cation sites helps suppress copper ion migration, with
no significant degradation in electronic properties occur-
ring when a test sample is maintained under constant
current.” Bornite-related phases are therefore promising
candidates for TE applications, providing the low power
factor (S*c) of stoichiometric bornite can be improved.

Above 530 K, bornite adopts an anti-fluorite type struc-
ture (Fig. 1) in which the cubic unit cell (space group: Fm

3m) contains two cation vacancies.*** These, together
with the copper and iron cations, are distributed over the
eight available cation sites in a statistical fashion. On
cooling below 540 K, ordering of vacancies results in a
supercell with lattice parameters related to those of the
cubic high-temperature phase (a,) by 24, x 2a, x 2a, (Fig.
1b), termed the 2a structure. Further cooling below 460 K,
leads to an orthorhombic (space group Phca)® 4a, x 2a, x
2a, unit cell, denoted 4a, in which zinc blende and anti-
fluorite sub-cells alternate. Although the distribution of
copper and iron cations in the 4a and 2a structures has
not been established unambiguously, ordering schemes
have been suggested by Ding et. al.””
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Figure 1. View of the vacancy ordering in the three phases of
CusFeS4: (a) high-temperature phase (2a) intermediate-
temperature phase (4a) low-temperature phase. Key: Cu/Fe,
blue circles; S, yellow circles. Zinc-blende and anti-fluorite
unit cells are outlined.

Here, we describe how the electron-transport proper-
ties of bornite may be markedly improved through judi-
cious control of composition and cation-vacancy levels.
We demonstrate that significant enhancements in the
power factor (S*c) may be achieved without impacting on
the thermal conductivity (k). This leads to an increase of
up to 88% in the figure of merit, with a maximum value of
ZT = 0.79 being attained in Cu, y,,Fe, 4sS, at the remarka-

bly low temperature of 550 K: a temperature directly rele-
vant to low-grade waste heat.

Experimental Procedure and Synthesis

2.1 Starting material and synthesis. All samples were
prepared from mixtures of copper, (99.5%, Sigma Aldrich)
iron (99.9+%, Sigma Aldrich) and sulphur (flakes,
99.99%, Sigma Aldrich) of the appropriate stoichiometry.
After grinding mixtures of the powdered elements to-
gether in an agate mortar, the mixture was placed in a 25
mL stainless-steel jar under an argon atmosphere and
6mm stainless-steel balls added (2:5 mass ratio of powder
to balls). Two successive millings, each of 20 h, were car-
ried out using a Retsch PMioo Planetary Ball Mill operat-
ing at 500 rpm with a change of rotational direction every
5 mins, The resulting powder was loaded into a tungsten
carbide mould, sandwiched between graphite foils and
tungsten carbide plungers. The mould was heated to 823
K, under a nitrogen atmosphere, and a pressure of 9o
MPa applied for 30 minutes in order to consolidate the
powder.

Three series of materials were prepared: Cug,FeS, (-
0.08 = x = 0.16) allowed exploration of the impact of vary-
ing copper content at a fixed iron content, whilst Cu,, Fe,
yS, (0.02 =y 0.10) and Cu,,,,.Fe,,S, (0.02 < z < 0.10) ena-
bled investigation of the effect of the substitution of cop-
per for iron at a constant overall cation content, corre-
sponding to a fully occupied or cation-deficient cation
sub-lattice respectively.

2.3 Sample Characterization. Consolidated samples
were polished by hand, producing cylindrical pellets with
a diameter ca. 12.66mm (+0.03 mm) and thickness be-
tween 1-2mm (+0.03 mm). Densities were measured on an
Archimedes ADAM PWi184 balance. Sample densities
were close (> 98%) to the crystallographic density of stoi-
chiometric bornite. Powder X-Ray diffraction data were
collected using a Bruker D8 Advance (Cu-Kq: A = 1.5405A)
diffractometer fitted with a LynxEye linear detector and a
Ge monochromator. All Le Bail refinements using powder
X-ray diffraction data were carried out using the GSAS
software package.”®

Elemental compositions were determined using EDX on
a FEI Quanta FEG 600 Environmental Scanning Electron
Microscope (ESEM) under a high-vacuum, using a maxi-
mum voltage of 20 kV on pelletized samples. An Oxford
Instruments EDX spectrometer was used, calibrated using
a standard block supplied by Micro-Analysis Consultants
Ltd. DSC measurements were carried out on a TA
DSC2000 instrument on powdered samples loaded into
aluminium pans. Data were collected on both heating and
cooling with heating and cooling rates of 10 K min™ and
20 K min™ respectively. The ga->2a (T1) transition tem-
perature was determined from the peak maximum whilst
the 2a->a (T2) transition temperature was determined
from the change in gradient, owing to the glass-like na-
ture of the DSC transition.

2.4 Transport Properties. Thermoelectric property
data were collected over the temperature range 300 < T/K
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< 580. The upper limit for the collection of physical prop-
erty data was selected following the observation by Gue-
lou et al. that stoichiometric bornite (CusFeS,) begins to
lose sulphur above 600 K under a flowing nitrogen at-
mosphere.” The electrical resistivity, (p), and Seebeck
coefficient, (S), were measured simultaneously under a
slight over pressure of He using a Linseis LSR-3 instru-
ment. A gradient of 50 K was maintained across the sam-
ple for the measurement of the Seebeck coefficient. The
resistivity was measured using a 4-probe DC method,
with the two central thermocouple probes (8 mm separa-
tion) aligned perpendicular to the terminal Pt electrodes.

The thermal diffusivity of graphite coated pellets was
measured using a Netzsch LFA 447 NanoFlash system
over the temperature range 300 < T/K < 580. Higher tem-
perature measurements (573 < T/K < 700 K) were per-
formed using an Anter Flashline 3000 instrument. Data
were analysed using Cowan’s model with a pulse correc-
tion applied.> The thermal conductivity was determined
using the calculated Dulong-Petit heat capacity for
Cu,FeS, (Cp=0.497 ] K" g").

Results and Discussion

3.1 Structural Characterisation and Phase Behav-
iour. Powder X-Ray diffraction data for the product of
hot pressing a ball-milled mixture of composition CuFeS,
are indexable on the basis of an orthorhombic unit cell,
a=10.953(1) A, b=21.8694(16) A, c=10.9464(10) A, consistent
with the formation of a single phase of the low-
temperature (4a) phase of stoichiometric bornite. Whilst
HRTEM studies by Ding et. al. suggest that domains of 1a,
2a, 4a and 6a may exist at room temperature,” analysis of
the powder X-ray diffraction data presented here (Fig. 2)
provide no evidence for the presence of domains of this

type.

Cu,Fes, R,, = 2.36%

Intensity/ a.u.

TOERm T |‘|T|'\;|'|m|‘;\|"|’\|‘|ll\ll "‘" |.|||\.| |||||.|T|\ ||‘;|'1
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20/°
Figure 2. Powder X-ray diffraction data for Cu,FeS,, together
with analysis by the structure-independent Le Bail method,
where the observed, calculated and difference profiles are
denoted by crosses, the red solid line and the lower full line
respectively. Markers represent the reflection positions for
the low-temperature phase of Cu,FeS, (space group Pbca).

Powder X-ray diffraction data for materials in the series
Cu,.FeS, (-0.08 < x <0.16) show the presence of a bornite-

Chemistry of Materials

related phase, indexable on an analogous unit cell to that
for the stoichiometric phase, at all compositions. Reflec-
tions arising from a chalcopyrite (CuFeS,) impurity are
evident at x > o.10 (Fig. 3a). Within the detection limits of
powder X-ray diffraction, samples with x < o0.10 are single
phase. The lattice parameters of the bornite-type phase
(Supplementary Information) are relatively insensitive to
the total copper content; variations of < 1% being ob-
served in the orthorhombic lattice parameters across the
entire range of compositions investigated.
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Figure 3. Powder X-Ray Diffraction patterns for selected
bornite samples in the series (a) CusFeS,, (b) Cus.Fe.S,
and (c) Cu,g,,.,Fe,,S,, over the angular range 25 < 6/° < 65.
Peaks corresponding to a CuFeS, impurity have been marked
with an arrow, and those corresponding to Cu,gS with an
asterix.

Powder X-ray diffraction data (Fig. 3b) for materials in
the series Cus,,Fe,,S, reveal single phase behaviour up to
y = 0.08. At higher values of y, there is evidence for the
formation of trace amounts of a digenite (Cu,gS) impurity.
Lattice parameters (Supplementary Information) show a
similarly low sensitivity to composition as the copper de-
ficient phases described above, with < 1% variation being
observed in each of the orthorhombic unit-cell parame-
ters across the series.

The investigation of the impact of the substitution of
copper for iron in cation-deficient phases (Cu,,..Fe,,S,)
establishes an upper limit of z < 0.04 for single-phase be-
haviour. Powder X-ray diffraction data (Fig. 3c) reveal
that at increasing levels of copper substitution, a chalco-
pyrite impurity is formed, with digenite appearing at the
highest level of non-stoichiometry (z = 0.1). The ortho-
rhombic lattice parameters of the bornite-type phase
(Supplementary Information) again show <1% variation
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across the range of composition. Contrary to the behav-
iour of fully-stoichiometric bornite-type phases (Cu,,Fe,.
+S,4), where impurities appear at Cu:Fe ratios above 5.52, in
cation-deficient phases chalcopyrite formation occurs
above a lower Cu:Fe threshold of 5.9:1. This suggests
there is a complex dependence of the phase behaviour on
the composition and defect concentration in this region
of the copper-iron-sulphur phase diagram.

Table 1. Elemental compositions for selected samples
determined by EDX analysis.

Nominal Experimental
Cu,FeS, Cus 00()F€0.990)S4
Cu, g,FeS, Cuygiz)Fer00wS,
Cu, gFeS, Cu, s56)Fe1050)54
Cus o6FeS, Cusy0FeoqnS,
CugsFe .S, Cus 06(2)F€0.940)S4
Cu, g7.Feq 9655, Cu, s90)F€1.0200S4

The iron and copper contents of selected pelletized
samples, determined experimentally by Analytical Elec-
tron Microscopy (EDX), are in reasonable agreement with
the nominal compositions (Table 1).

-2.6
Cu,Fes, 468

Cu,,FeS,

-2.44
2.2
2.0
-1.84
-1.64
-1.44
1.2
1.0
-0.84
-0.6

Heat Flow/ mW

534

350 400 450 500 550
Temperature/ K
Figure 4. DSC data collected on heating for two bornite
samples. Transition temperatures are shown.

DSC data collected on CujFeS, on heating (Fig. 4) show two
transitions at ca. 470 and 530 K, with a degree of hysteresis.
These features can be assigned to the T1 (4a - 2a) and T2 (2a
- a) phase transitions respectively. DSC data (Supplemen-
tary information) for materials of general formula CugFeS,
reveal that the introduction of cation vacancies has little
effect on the T2 transition for compositions in the range
-0.08 = x < 0.1, whilst the temperature of the lower tempera-
ture T1 transition decreases slightly with increasing x for x =
0.02. In the Cus,,Fe, S, series, DSC data (Supplementary
Information) show that the T2 transition temperature de-
creases from 534 K when y = o to 515 K when y = 0.1, indicat-
ing that, at a constant vacancy concentration, the T2 phase
transition is sensitive to the Cu:Fe ratio. The Ti1 transition
temperature shows a markedly weaker dependence on the
Cu:Fe ratio. The behaviour of the Cu,,,,,Fe,,S, series (Sup-
plementary Information) is similar to that of Cus,Fe.S,,

with the T2 phase transition temperature showing a marked
dependence on the Cu:Fe ratio. The presence of impurities of
Cu,S in the more highly-substituted copper-iron sulphides,
results in an additional transition at ca. 370 K (Supplemen-
tary Information) corresponding to the low-to-high tempera-
ture phase transition of digenite.*** These results are broad-
ly consistent with a previous DSC study on a range of natural
and synthetic samples of bornite, which concluded that the
temperature of the T2 phase transition is linearly dependent
on the Cu:Fe ratio and the Fe content, whilst no correlation
is observed between the T1 phase transition temperature and
the composition.

0.14

0.0

300 350 400 450 500 550 600
Temperature/ K
Figure 5. Temperature dependence of the electrical
transport properties of Cug,FeS, (o < x < 0.12): (a) electrical
resistivity; (b) Seebeck coefficient; (c) power factor. Red ver-
tical lines indicate the temperatures of the T1 and T2 struc-
tural phase transitions in Cu,FeS,.

3.2 Thermoelectric Properties. The physical proper-
ties of the stoichiometric parent compound, Cu.FeS,, are
in excellent agreement with those from previous work on
the TE properties of bornite **?3** and provide a bench-
mark for the investigation of the non-stoichiometric ma-
terials. The Seebeck coefficient of Cu,FeS, exhibits a max-
imum of ca. 350 pV K™ at 460 K (Fig. 5), and remains posi-
tive over the entire temperature range investigated, indi-
cating that holes are the dominant charge carriers
throughout. The temperature dependence of the electrical
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resistivity is consistent with semiconducting behaviour
and shows an anomaly at the temperature of the T1 phase
transition, coinciding with the maximum in the Seebeck
coefficient. By contrast, there is little signature of the
higher temperature T2 phase transition in the electrical
property data. However, the T2 phase transition is reflect-
ed in the minimum in the thermal conductivity (ca. 0.3 W
m” K") of Cu,FeS, (Fig. 6) at 550 K. The maximum value
of the figure of merit for stoichiometric bornite, ZT = 0.44
at 550K, is in good agreement with previous reports of the
figure of merit at 550 K, which indicate values in the
range 0.3 < ZT < 0.55.%%3%

0.5

(a)

/Wm' K"

total

K

0.4 1
kv
‘e

0.3
<

0.2+
0.7

0.6
0.5+
0.4+

zZT

0.3+
0.2+
0.1+

0.0 A=A

Temperature/ K

Figure 6. Temperature dependence of: (a) thermal conduc-
tivity; (b) lattice thermal conductivity; (c) thermoelectric
figure of merit for Cu,FeS, (0 < x < 0.12). Red vertical lines
indicate the temperatures of the T1 and T2 structural phase
transitions in CusFeS,.

Electrical measurements for Cug,FeS, materials with
both increased (x < 0) and decreased (x > 0) copper con-
tents were attempted. However, materials in the former
category exhibit relatively high electrical resistivities (e.g.
p = 86 mQ m at 300 K for x= -0.06), preventing full ther-
moelectric characterisation. Therefore compositions in
the range -0.8 < x < 0.0 will not be discussed further. For
copper deficient materials, Cu,.FeS,, (0.0 < x < 0.12) (Fig.
5), p(T) is consistent with semiconducting behaviour
throughout the compositional range. With increasing

300 350 400 450 500 550 600

Chemistry of Materials

levels of copper deficiency the resistivity and the Seebeck
coefficient decrease. Given the formulation Cu'Fe''S, of
the end-member phase proposed by Townsend et. al.,** on
the basis of Mdssbauer spectroscopic and magnetic data,
reducing the copper content would be expected to result
in an increase in the concentration of holes, which would
account for the observed reduction in electrical resistivity.
The anomaly in both p(T) and S(T) in the region of the T2
transition is less marked for compositions in the middle
of the range investigated.

o

p /mQm

0.14

5%

300 350 400 450 500 550 600
Temperature/ K
Figure 7. Temperature dependence of the electrical
transport properties of Cus, Fe S, (o<y=o.): (a) electrical
resistivity; (b) Seebeck coefficient; (c) power factor. Red ver-
tical lines indicate the temperatures of the T1 and T2 struc-
tural phase transitions in Cu,FeS,.

All materials of general formula, Cu,FeS,, exhibit a low
thermal conductivity for compositions with x < o0.12: val-
ues at room temperature lying the in the range 0.4 - 0.5
W m™ K" (Fig. 6). Materials with x < 0.12 exhibit a mini-
mum in k(T) at temperatures (ca. 550 K) in the region of
the T2 phase transition. Whilst the thermal conductivity
for materials in this compositional range shows little de-
pendence on copper content, the lattice contribution to
the thermal conductivity (k;), determined by subtraction
of the electronic component calculated using the
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Wiedemann-Franz law (L= 2.44x10° W Q K?), suggests
that copper deficiency increases k;, slightly from that of
the stoichiometric parent compound (Fig. 6). All samples
in this series exhibit an increase in thermoelectric per-
formance when compared to the parent bornite phase,”*’
with considerable enhancements in the figure of merit:
0.61 < (ZT) oy < 0.65 (Fig. 6), being achieved for composi-
tions with 0.06 < x < 0.12.

Resistivity data for materials of general formula
Cu,, Fe,,S, are consistent with semiconducting behaviour
(Fig. 7). The resistivity shows substantial reductions with
increasing copper content, as the hole concentration in-
creases. There is a concomitant reduction in Seebeck co-
efficient, which remains positive at all compositions and
temperatures. The decrease in resistivity outweighs the
reduction in Seebeck coefficient and as result the TE
power factor increases with increasing copper content,
exceeding 0.4 mW m™ K™ at x > 0.04 (Fig. 7).

0.6
(a) //<
[
3
¥ /)
(b)
v
€
=
S
0.2
(c) 067
0.5
0.4
',Q 0.3
0.2
0.1
0.0

300 350 400 450 500 550 600
Temperature/ K

Figure 8. Temperature dependence of: (a) thermal conduc-
tivity; (b) lattice thermal conductivity; (c) thermoelectric
figure of merit for Cu,, Fe_ S, (osy=o.1). Red vertical lines
indicate the temperatures of the T1 and Tz structural phase
transitions in Cu,FeS,.

All materials in the Cu,, Fe S, series exhibit a thermal
conductivity below 0.6 W m™ K" (Fig. 8): the value in-
creasing with increasing copper content. This is due to
the increased charge-carrier contribution, k., evidenced

by the reduction in electrical resistivity. There is a mini-
mum in k(T) in the region of the T2 phase transition. The
reduction in the temperature at which this minimum oc-
curs with increasing copper content, is consistent with
the change in the temperature of the T2 transition deter-
mined using DSC. The decreasing thermal conductivity,
as the T2 phase transition is approached, coupled with
the increase in power factor, results in a significant en-
hancement in the figure of merit for materials over the
entire range of compositions studied and maximum val-
ues exceed ZT = 0.59 at compositions corresponding to
x=0.04 and 0.08. This is consistent with the observations
of Qiu et. al.”® who report that slight deviations from a 5:1
Cu:Fe ratio results in improvements in thermoelectric
performance.
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Figure 9. Temperature dependence of the electrical
transport properties for Cu,,.,Fe,,S, (o=z=<0.1): (a) electrical
resistivity; (b) Seebeck coefficient; (c) power factor. Red ver-
tical lines indicate the temperatures of the T1 and T2 struc-
tural phase transitions in CugFeS,. Data for CuFeS, have
been included for comparison purposes.

The substitution of copper for iron concomitantly with
the introduction of cation vacancies in materials of gen-
eral formula Cu,,,.,Fe, S, (0.02 < z < 0.10), produces fur-
ther improvements in TE performance. p-type semicon-
ducting behavior is retained at all compositions (Fig. 9)
and both resistivity and Seebeck coefficient decrease with
increasing copper content, analogous to the behavior ob-
served in Cug,FeS, and Cu,,Fe,,S,. In Cu,,,..Fe, S, there
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is a compositional range over which the balance between
improved electrical conductivity and reduced Seebeck
coefficient is optimised and the power factor maximised
(Fig. 9). In this region, there are significant enhancements
in the power factor when compared to the cation-
deficient (z = o) parent phase, Cu, ,,FeS,: the power factor
at 550 K increasing from 0.29 mW m™ K™® at z = o to 0.42
mW m™ K* at z= 0.04.

>
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Figure 10. Temperature dependence of: (a) thermal conduc-
tivity; (b) lattice thermal conductivity; (c) thermoelectric
figure of merit for Cu,,,..Fe,,S, (0 < z =< o0a). Data for
CusFeS, have been included for comparison purposes. Red
vertical lines indicate the temperatures of the T1 and T2
structural phase transitions in Cu,FeS,.

With the exception of Cuy,,Fe,,S,, the thermal conduc-
tivity of all Cu,,.,Fe,,S, phases remains below 0.5 W m”
K", increasing only slightly with increasing copper con-
tent (Fig. 10). The significantly higher (ca. 0.8 W m™ K™
thermal conductivity of Cu,,,Fe,,S, is attributed to the
presence of appreciable amounts of a chalcopyrite impuri-
ty, for which the thermal conductivity is in excess of 6 W
m” K. Although chalcopyrite has a reasonably high pow-
er factor at relatively low temperatures,® we have found
that samples with high levels of chalcopyrite impurities
have significantly higher thermal conductivities, and
hence the best thermoelectric performances are always
found for samples within the single-phase regions, as de-
termined by powder X-ray diffraction.
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Figure 11. Thermoelectric properties of Cug,,,Fe,,S, at 550K
as a function of nominal Cu(II) content for single phase sam-
ples:(a) power factor; (b) thermal conductivity; (c) figure of
merit. The solid grey line and the dashed grey line indicate
the highest maximum ZT and highest ZT at 550K of thermoe-
lectric bornites that have been reported (Table 2).

In the series Cu,,,.,Fe,,S,, the minimum in k(T) shows
no significant compositional dependence at compositions
with z < 0.04, but shifts to lower temperature for z > 0.04.
This is analogous to the behaviour of Cu,,Fe,S, in
which the minimum in x(T) also moved to lower temper-
atures above a critical Cu:Fe ratio corresponding to y =
0.04 (Fig. 8) and is consistent with the phase transition
temperatures determined by DSC. The persistence of a
negative dk/dT to higher temperatures, where the power
factor continues to increase, results in the highest figures
of merit determined for bornite-related phases. The figure
of merit of Cu,,,.,Fe,,S, exceeds ZT = 0.76 for samples in
the range 0.02< z < 0.04, with the highest value of ZT =
0.79 being realised for Cu, y,,Fe, 43S, (Fig. 10). This repre-
sents an 88% increase over the stoichiometric parent
phase, Cu,FeS,. Moreover this performance is achieved at
the remarkably low temperature of 550 K, suggesting that
these materials are attractive candidates for energy recov-
ery from low-grade waste-heat. The upper temperature
for electrical and thermal transport property measure-
ments was limited to 600 K owing to concerns over sam-
ple stability, including the reported appearance of a chal-
copyrite-type phase above 550 K3* However, in previous
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studies™?*3*% of bornite-related phases, figures of merit at

higher temperatures have been reported (Table 2) and the
maximum value is generally achieved at ca. 700 K. There-
fore the collection of thermal and electrical transport
property data was extended to 700 K for a bornite-type
phase close to the optimal composition, Cu,gFe,,S,,
identified here (Supplementary Information). Between
550 and 700 K, both the power factor and the thermal
conductivity increase with temperature leading to a slight
further improvement, of approximately 8%, in the figure
of merit achieving a value of ZT=0.84.

3.3 Stability and Application. A key consideration in the
application of these materials is long-term stability, given
the reported instability in materials such as Cu,,S which
exhibit PLEC behaviour, arising from the migration of
copper ions under operating conditions.” It has been
proposed that partial substitution of immobile cations
into copper sites may be an effective means of suppress-
ing the degradation of copper-containing PLEC materi-
als.*” This is supported by recent work on improving the
stability of Cu,Se by indium substitution® In order to
assess the success of this strategy in the high-performance
bornite phase, Cu,,.Fe,sS, measurements of electron
transport properties on heating were carried out repeat-
edly over the temperature range 300 = T/K = 575 (Sup-
plementary Information). No significant change in the TE
power factor was observed over the course of eight meas-
urements. This suggests that the presence of the immo-
bile iron cation at tetrahedral sites in the materials re-
ported may indeed suppress diffusion of copper ions by
effectively blocking the diffusion pathway.

Previous magnetic and spectroscopic studies of the par-
ent Cu,FeS, phase are consistent with Cu(I) and Fe(III)
formal oxidation states’*3** and the introduction of
holes requires the oxidation of one of the transition-metal
elements. Whilst the presence of Fe(IV) in a sulphide en-
vironment would be highly unlikely, a number of mixed
valent copper sulphides, containing Cu(I) and Cu(II) are
known, including Cu,,Sb,S;* and Cu,,FesGe,S,,,* There-
fore, the three series of bornite-related phases reported
here may be directly compared by consideration of the
hole content arising from the formation of Cu(Il) as a
result of chemical substitution (Fig. 11). All materials may
be formulated as Cu,.,.,Fe,,S,, with the nominal Cu(I) and
Cu(Il) contents given by (5-2x-y) and (x+2y) respectively.
This illustrates that the substitution of iron by copper has

a greater impact on the nominal Cu(Il) content than does
copper deficiency and therefore a larger hole concentra-
tion(Cu(II) content) may be achieved with smaller devia-
tions from the stoichiometric composition. The power
factor for all three series fall on a common trend line and
increases almost linearly with Cu(II) content up to the
maximum level of 0.2 Cu(II) achievable through chemical
manipulation.

The thermal conductivity shows a more complex de-
pendence on Cu(Il) content. Phases in which full occu-
pancy of cation sites is retained (Cus,,Fe,,S,) exhibit a
progressive increase in thermal conductivity with increas-
ing Cu(II) content, principally due to an increased charge-
carrier contribution. This contrasts with the behaviour of
vacancy-containing phases which exhibit only a weak
dependence on hole concentration up to a Cu(II) content
of ca. 0.15. The combination of an almost compositional-
ly-invariant thermal conductivity and a rising power fac-
tor, leads to maximum figures of merit being achieved at
Cu(Il) contents in the region of o.10 - 0.15. Moreover,
comparison of the two cation-deficient series of materials,
Cuy,FeS, and Cu,,..Fe, S, reveals that in addition to the
hole concentration, a critical level of vacancies, in the
region of ca. 1%, is required in order to achieve the high-
est figures of merit as exemplified by Cu,,.,.Fe,qssS,,
which has a Cu(Il) content of 0.124 and a vacancy concen-
tration of 1%. This is a nominal vacancy level, based on
the ideal formula for bornite, but as shown in Table 1, the
compositions determined by EDX are in good agreement
with the nominal compositions.

This investigation has led to a significant increase in the
maximum ZT of bornite-related phases, as shown in Table
2. A large number of the non-stoichiometric materials
reported here exhibit values in the range 0.59 < ZT < 0.80
at 550K, representing an increase of up to 44%, with re-
spect to previous reports. Although prior to this work, the
impact of transition-metal substitution on the TE proper-
ties of bornites has been little explored,” it has been
shown recently that the partial substitution of sulphur by
selenium has a significant effect on the transport proper-
ties.>* This suggests that anion substitution, combined
with the use of cation substitution coupled with the crea-
tion of vacancies described here, may prove to be a high-
ly-effective approach to achieving further enhancements
in TE performance.

Table 2. Thermoelectric figures of merit for synthetic bornites

Composition (ZT) pay- value Temperature of (ZT) ., /K ZT @ 550K Reference
Cu, grFeq 685, 0.84 675 0.79 This work
Cu,Fe, ,Mn,S,, x=0,0.05,0.1 0.55 540 0.55 29
Cu,FeS, ,Se,, x=0.4 0.66 675 0.51 34
Cu,,.Fe,,S, , x=0.04 0.53 700 0.49 23
Cu,,;Fe, S, 0.56 680 0.50 35
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Figure 12. ZT values at 550 K for a range of copper sulphide

minerals. The highest reported ZT value for each mineral is
given.15’17‘18’43747

The high level of interest in copper sulphides for TE
applications’”"*#™# has been driven by a combination of
promising performance, coupled with the earth-
abundance of the constituent elements.** Although mate-
rials such as those related to tetrahedrite exhibit a higher
absolute maximum figure of merit, the materials reported
here are among the highest performing thermoelectrics at
temperatures appropriate to energy recovery from low- to
mid-range waste heat available in industrial processes
(Fig. 12). Indeed the figure of merit of Cu,,,Fe, S, and
of substituted tetrahedrites are essentially the same in
this temperature range.

Conclusion

The work reported here demonstrates that deviations
from the ideal Cu,FeS, stoichiometry produce significant
enhancements in the electrical transport properties of
bornite, whilst maintaining a low thermal conductivity.
This leads to increases of up to 88% in the TE figure of
merit. Moreover, the presence of iron on tetrahedral sites
appears to suppress the degradation arising from copper
ion-mobility in structurally-related PLEC-type materials.
Thermal cycling data and constant current stress tests™
suggest that reasonable device lifetimes could be achieva-
ble. Whilst impurity formation, principally chalcopyrite,
is evident at higher levels of chemical substitution, this
does not significantly impact on the TE properties at low
chalcopyrite levels. Bornite-related materials remain rela-
tively unexplored as a class of TE material, suggesting that
there is considerable scope to achieve further enhance-
ments in TE performance through chemical substitution.
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