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Abstract Copper-antimony-sulfide compounds have desirable earth-abundant compositions for
application in renewable energy technologies, such as solar energy and waste heat recycling.
These compounds can be synthesized by bottom-up, solution-phase techniques that are more
energy and time efficient than conventional solid-state methods. Solution-phase methods typically
produce nanostructured materials, which adds another dimension to control optical, electrical, and
thermal material properties. This study focuses on a modified-polyol, solution-phase synthesis for
tetrahedrite (Cu;,Sb,S;3), a promising thermoelectric material with potential also for photovoltaic
applications. To dope the tetrahedrite and tune material properties, the utility of the modified
polyol synthetic approach has been demonstrated as a strategy to produce phase-pure tetrahedrite
that incorporates transition metal (Fe, Co, Ni, Zn, Ag) dopants for Cu, Te dopant for Sb, and Se
for S. Six of these reported tetrahedrite compounds have not previously been made by solution-
phase methods. For the bottom-up formation of the tetrahedrite nanomaterials, the evolution of

the chemical phases has been determined by an investigation of the reaction progress as a function
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of temperature and time. Digenite (Cu,;gS), covellite (CuS), and famatinite (Cu;SbS,) are
identified as key intermediates and are consistently observed for both undoped and doped
tetrahedrites. The effect of nanostructuring and doping tetrahedrite on thermal properties has been
investigated. It was found that nanostructured undoped tetrahedrite has reduced thermal stability
relative to samples made by solid-state methods, while the addition of dopants for Cu increased
the thermal stability of the material. Crystallinity, composition, and nanostructure of products and
intermediates were characterized by powder x-ray diffraction, scanning electron microscopy with
energy dispersive x-ray spectroscopy, and transmission electron microscopy. Thermal properties
were investigated by differential scanning calorimetry and thermal gravimetric analysis. This
synthetic study with thermal property analysis demonstrates the potential of the modified polyol
method to produce tetrahedrite and other copper-antimony-compounds for thermoelectric and

photovoltaic applications.

Introduction

With earth-abundant compositions and promising thermoelectric and photovoltaic
properties, copper-antimony-sulfide compounds, such as tetrahedrite (Cu;,SbsS3), are an active
area of research for integration into potential renewable energy technologies.!-!? Tetrahedrite, in
particular, has attracted significant attention in the field of thermoelectrics. Thermoelectric
materials are capable of converting a heat gradient into electrical current and vice versa, and could
therefore recycle waste heat. Devices incorporating these materials require no moving parts or
maintenance, making them optimal for long-term use. Most thermoelectric compounds contain

toxic or scarce elements, such as lead or tellurium, and have high fabrication costs. The quality of
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thermoelectric materials is defined by a dimensionless figure of merit (Z), described by Z=S?c/x,

consisting of thermopower (S), electrical conductivity (o), and thermal conductivity (k).! 13- 14

Tetrahedrite is an attractive thermoelectric material because it has an inherently low
thermal conductivity, due in part to its complex unit cell> 1> and strong lattice anharmonicity
thought to arise from interactions of Sb lone pair electrons with large amplitude copper
vibrations.!¢ Doping of a thermoelectric material aims to improve performance by optimizing the
so-called power factor (S?c) while decreasing the thermal conductivity, which improve the figure
of merit.> 7! Research has shown that nanostructuring further decreases this thermal
conductivity by enhancing phonon scattering at interfaces.!’?! Tetrahedrite synthesized by solid-
state furnace techniques have been extensively studied.!®?>?7 These methods are time and energy
intensive, requiring 48 hours to weeks at temperatures in excess of 650 °C. This reaction time has
been somewhat decreased to approximately 8 hours by methods involving mechanical alloying
and reactive spark plasma sintering.?® 2 Solution-phase methods, such as solvothermal and hot-
injection techniques, require less time and lower temperature to produce tetrahedrite that is
typically nanostructured.> ¢ % 3032 To control size, these procedures generally utilize ligands or
surfactants, which diminish thermoelectric performance. Additionally those methods typically do
not generate product on the gram-scale from a one-pot reaction. Without using surfactant or
ligands, a modified polyol process has successfully produced nanostructured tetrahedrite on the
gram-scale from a one-pot, one-hour reaction.’3-3> The thermoelectric performance of this material
is comparable to or exceeds that of compounds made by solid-state methods, 34 specifically a

maximum ZT of 1.1 at 723 K was found for Cu;;ZnSb,S,5.33

The modified polyol process herein uses metal salt precursors dissolved in a high boiling

point reducing solvent, tetraethylene glycol, with sodium borohydride as an additional reducing
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agent.33-3¢ The first aim of this study demonstrates that the modified polyol method enables the
facile inclusion of a variety of dopants at different concentrations for synthesis of tetrahedrite
nanomaterials. Specifically, this research focuses on dopants for Cu and demonstrates the
capability of incorporating dopants for Sb and S as well as double substitution for Cu and S. Six
of the tetrahedrite compounds described herein have not previously been synthesized by solution-
phase methods. Characterization by powder x-ray diffraction and energy-dispersive x-ray
spectroscopy investigates crystallinity and chemical composition, respectively; while scanning
electron microscopy and transmission electron microscopy examine particle shape and size. This
type of general approach for compositional control and dopant incorporation is often a common
limitation for solid-state and solution-phase synthetic routes. Doping of a material tunes charge
carrier density, which adjusts the Fermi level in the electronic band structure to optimize the power
factor necessary for its integration within energy conversion technologies. The inclusion of
dopants within copper-antimony-sulfide compounds and tetrahedrite, in particular, affects the
aforementioned thermoelectric properties and is pertinent to tune the band gap for integration into

photovoltaic applications.>-!2

To understand the formation of the tetrahedrite nanomaterial from the bottom-up, the
second aim of this study investigates the reaction pathway as a function of time and temperature
was conducted. Understanding the reaction pathway may enable finer compositional control,
which is especially relevant because copper-enrichment is commonly found for synthetic
tetrahedrite. Identification of intermediates is useful to realize the source of potential common
impurities and prevent their presence in the desired final pure product. This information about the
tetrahedrite growth within the solution-phase reaction is key to envision alternative synthetic

routes to further increase the range of dopants incorporated. This foundational knowledge is not
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only broadly useful to those seeking to produce tetrahedrite, but is also of interest for the synthesis

of other copper-antimony-sulfide compounds.

For both thermoelectric and photovoltaic applications, it is important to understand the
effect of heat on the stability of the material. It is expected that nanostructuring would decrease
the melting point of the material and therefore alter thermal material properties relative to the bulk
material. Samples produced by the modified polyol process to demonstrate synthetic versatility
have also been characterized to explore the effect of nanostructuring and doping on their thermal
properties, which is the final aim of this paper. Thermal properties are investigated herein by
differential scanning calorimetry and thermal gravimetric analysis. Recently the effect of doping
on the thermal properties was shown for pure tetrahedrite compounds produced by solid-state
synthesis.’” A series of samples with first row transition metals dopants for Cu were fabricated by
mechanical alloying and hot pressing. It was found that the undoped sample had an endothermic
transition at ~880 K. This transition was observed at higher temperatures for compounds doped
with the different transition metals (x=1 for Cu;,M,;SbsS;3). A decrease in mass was observed
starting at ~850 K for all samples independent of endothermic transition.3” Previous studies have
been plagued by the presence of impurities apparent in the powder x-ray diffraction data.?3-2* This
paper is the first to investigate the thermal properties for nanostructured tetrahedrite.

Research presented herein investigates the reaction pathway and the thermal stability of
tetrahedrite compounds synthesized by a modified polyol solution-phase method capable of
incorporating multiple dopants with tunable compositions. Nanostructure, crystallinity, and
composition are characterized by powder x-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and energy dispersive x-ray spectroscopy

(EDS). The influences of nanoscale size and dopant incorporation on the thermal properties of
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synthetic tetrahedrites are examined using differential scanning calorimetry (DSC) and thermal

gravimetric analysis (TGA).

Experimental Section

Materials. For the modified polyol synthesis of tetrahedrite, the three precursors were purchased
from Sigma Aldrich: copper (II) acetate monohydrate (> 98%), sulfur powder (99.98%), and
antimony (III) acetate (> 99.99%). These reagents were dissolved in tetraethylene glycol (99%)
and the polyol process was modified using sodium borohydride (= 98%), which were purchased
from Alfa Aesar and Sigma Aldrich, respectively. The resulting material was isolated using
anhydrous ethanol (200 proof, ACS/USP grade) obtained from Pharmco-Aaper. For the
incorporation of dopants, the following precursors were obtained from Sigma Aldrich: zinc (II)
acetate (99.99%), nickel (II) acetate tetrahydrate (> 99%), cobalt (II) acetate (99.99%), iron (III)
chloride hexahydrate (= 98%), silver nitrate (= 99%), tellurium dioxide (= 99%). Elemental

selenium powder from Baker Adamson was utilized.

Synthesis. To produce 2 grams of tetrahedrite from a one-pot reaction, precursors were added to
a 1-L round-bottom flask in stoichiometric amounts: Cu(OAc),-H,O (3.99 g, 20.0 mmol),
Sb(OAc); (1.97 g, 6.60 mmol), and sulfur (0.694 g, 21.6 mmol). Dopants were added in
stoichiometric ratios depending on the desired dopant concentration; and the precursor associated
with the substituted element was reduced by the same molar ratio as the dopant being added. These
precursors were dissolved in 200 mL of tetracthylene glycol, stirred, and sparged with N, to
produce a turquoise solution. Sodium borohydride (~4 g, ~100 mmol) was sonicated in 100 mL
of tetracthylene glycol and then slowly added to the solution of precursors. Upon the addition of
sodium borohydride, the reaction immediately increased in temperature and became a dark brown

color, indicating the rapid reduction of precursor reagents. Under a positive N, flow, the reaction

Page 6 of 35



Page 7 of 35

Journal of Materials Chemistry C

was heated with a ramp rate of approximately 10 °C/min to 220 °C and held for one hour. The
solution was then cooled to room temperature, transferred to centrifuge tubes, and centrifuged at
5000 rpm for 10 minutes. The supernatant was discarded, and the resulting pellet of nanoparticles
was washed with ethanol. This process was repeated at least three times, and the resulting
nanoparticle powder was dried in a vacuum desiccator. Most nanoparticle powder samples were
black or gray with the only exception being samples doped with zinc, which appeared brick-red in

color.

The formation of growth intermediates was investigated as a function of temperature as
well as a function of time at the optimized reaction temperature of 220 °C. The preceeding
procedure was followed with variations in the hold temperatures ranging from 20-250 °C. To
determine the reaction progress during the one hour hold at 220 °C, reactions held at the optimized

temperature for 1 min and 30 min were run with all other procedural aspects remaining the same.

To investigate the effect of consolidating powders into dense pellets, tetrahedrite material
underwent processing by spark plasma sintering (SPS) in a Calnano 211-LX Dr. Sinter Spark
Plasma Sintering machine. This is a common procedure for enabling transport measurements of
the fully densified material. Powders were loaded into a 10 mm graphite die, and then this die was
mounted in the SPS machine. Materials were sintered in an argon atmosphere under a pressure of
40 MPa at 400 °C for 10 minutes. The consolidated pellet was removed from the SPS machine
and graphite die, and lastly, the sample was sanded with fine-grit sandpaper to remove surface

graphite. The resulting pellet achieved a density of approximately 95%.

Structural and Compositional Characterization. The size, shape, crystallinity, purity, and
composition of the tetrahedrite nanoparticles were investigated by XRD, SEM, EDS, and TEM.

The XRD patterns for each synthesized tetrahedrite sample were acquired using a Rigaku Miniflex

7
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benchtop diffractometer with Cu Ka (30 kV and 15 mA) radiation. Patterns were collected over a
20 range of 10 to 65°, using a scan speed of 3° per minute and a sampling width of 0.03°. Lattice
constants were calculated for each composition of the tetrahedrite and are included in Table SI.
The following reference patterns were utilized for XRD data analysis: tetrahedrite!> (Cu;>SbyS3)
PDF#01-074-0270, famatinite®® (CuzSbS,;) PDF#01-07-0555, covellite®® (CuS) PDF#03-065-

3928, digenite*® (Cu; gS) PDF#01-075-6407, and valentinite*! (Sb,0;) PDF#00-001-0729.

To obtain EDS spectra and associated SEM images, a Hitachi TM-3000 microscope with
a Bruker EDSXFlash MIN SVE detector as well as a JEOL JSM-IT200LA microscope with a
JEOL JED-2300 Dry SDD EDS detector were utilized. The accelerating voltage was set at 15 kV
and each sample was characterized in multiple regions (minimum of 3 sites) to evaluate
homogeneity within synthesized materials. Additional SEM images were collected using a JEOL
JSM-7200F-LV field emission microscope operating at 2 kV. TEM images were obtained using
a Tecnai G2 20 XTWIN with an accelerating voltage of 80 kV. For EDS analysis, the powder
sample was placed directly onto a carbon tape tab on an SEM stub. For SEM and TEM analysis,
a suspension of nanoparticles was drop-cast from dilute ethanolic solutions onto a carbon tape tab

on an SEM stub and onto a nickel TEM grid (Formvar/carbon 400 mesh), respectively.

Thermal Analysis. The thermal stability of the tetrahedrite nanoparticles were characterized by
DSC and TGA over a temperature range of 325 to 825 K, using a TA Q2000 apparatus and TA
Q500 instrument, respectively. For DSC, approximately 10 mg of sample were placed in graphite
pans. Measurements were carried out in a nitrogen atmosphere with a heating rate of 10 K/min
and a sampling time of 0.20 seconds per point. For TGA, approximately 10 mg of material were
heated in nitrogen atmosphere in alumina ceramic pans on alumina ceramic hangers with a heating

rate of 5 K/min and a sampling time of 2.00 seconds per point.
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Results and Discussion

Synthetic Versatility

This solution-phase synthetic method for tetrahedrite is a general approach for the
incorporation of a wide range of dopants with tunable compositions, permitting multiple dopants
to be incorporated and producing high-purity product. While this research focused on dopants for
Cu, the synthetic process also successfully incorporated dopants for Sb and S as well as double
substitution for Cu and S. Characterization of powder products conducted by XRD and EDS
confirmed crystallinity and quantitatively assessed chemical composition, while SEM and TEM

revealed particle shape and size.

Undoped tetrahedrite was found to be phase-pure by XRD (Figure 1a) with an elemental
composition determined by EDS to be Cu;3.4:02Sb4.4:02S13.0:03 (Table 1). For the EDS analysis,
the atomic ratios were determined relative to S, which was normalized to be 13 S atoms per formula
unit. Although stoichiometric amounts of starting materials were added for the formation of
Cuy,SbyS;3, the tetrahedrite compound formed was always copper-enriched relative to this target
composition. Naturally occurring tetrahedrite has a range of compositions for Cu and Sb, which
respectively is 12-14.5 and 4-4.5.4> Elemental analysis in the literature for tetrahedrite synthesized
by both solution-phase and solid-state methods has found copper-enrichment to be quite
common.?? 33, 3443, 44 Therefore, the typical accepted composition range for tetrahedrite is Cuys.
14.559b4.4.5S13. Copper-enrichment is often attributed to the volatility of the sulfur; and the applied
heat under positive N, flow used in this synthetic method may result in lost sulfur. Additionally,

small amounts of sulfur dissolved in the solvent may be lost during centrifugation cleaning.
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This synthetic method has successfully incorporated Zn, Ni, Co, Fe, and Ag as dopants for
Cu. Although Ag is found in naturally occurring tetrahedrite minerals,* to the authors” knowledge
it has not previously been incorporated for synthetic tetrahedrite made by solid-state or solution-
phase techniques. While Zn, Ni, Co, and Fe have successfully been doped in tetrahedrite using
solid-state methods,?3- 24 26-29, 37, 46,47 thjg is the first published solution-phase synthesis of Ni, Co,
and Ag doped tetrahedrite. In addition to showing the inclusion of dopants, the dopant
concentration can be tuned for these compositions with dopant levels of x=1 and x=2 for Cu,,.
MxSbyS3, as shown in Figure 1b. Additionally, this tunability of dopant levels is highlighted in
Figure la with x=2, 1.5, 1, and 0.5 for Cu;,,Zn,SbsS;3. By XRD, these are all high-quality
tetrahedrite samples without the common impurities of famatinite and digenite regularly seen in

the literature for samples produced by other methods.?3 24 32,46

As determined by EDS analysis, all samples have compositions within the accepted range
of tetrahedrite compositions (Cuj;.1455b445S13). This indicates that there are not significant
amorphous impurities throughout the sample (Table 1). EDS data is collected at 3 or more spots,
and the uncertainties shown in Table 1 are standard deviations representing spot-to-spot
differences across the samples. The average relative standard deviation for all samples is 3%,
which demonstrates quantitatively that the sample has a high degree of homogeneity. Just as Cu
enrichment is found to occur for the undoped tetrahedrite, similar enrichment was found by EDS
for most dopants added for Cu relative to the target concentration (Table 1). The elemental ratio
for Zn was found to be x=2.4, 1.8, 1.2, and 0.7 for samples with target concentrations of x=2, 1.5,
1, and 0.5, respectively. For all compositions found by EDS, the copper plus dopant concentration
was always found to be within the naturally occurring range of 12-14.5 with an average of ~12%

above the target (12 metal atoms per formula unit). It is noteworthy that the Ag x=2 sample is the

10
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only one in which the actual amount of dopant incorporated is less than the target composition.
This was found to be reproducible and is hypothesized to be due to the large ionic radius of Ag"

(~110 pm) versus the other first row transition metal (II) ions (60-75 pm).4

While this study mainly explores dopants for copper, this solution-phase method
demonstrated the successful incorporation of Te for Sb (Cuj,Sb;gTe(,S;3) and Se for S
(Cuy2SbysSe)25S12.75). Additionally, double substitution has been demonstrated with Zn doped for
Cu and Se for S (Cu;1ZnSbySeS;;3). This is the first time that these tetrahedrite composititions
have been synthesized by a solution-phase method. XRD showed high-purity products (Figure
Ic), and EDS confirmed compositions consistent with tetrahedrite (Table 1). The actual dopant
composition for samples with Te for Sb and Se for S matches well with the target composition,
while the Zn for the Cu is enriched consistent with the Cu;;ZnSb,S; sample. This result is
expected, as unfilled Cu interstitial spaces are available for enrichment, while no such vacancies
are present for Sb and S.2>» 43 4 Therefore, these findings support the fluctuation for the Cu
stoichiometric amount in comparison to the more stable stoichiometric range for Sb and S. Doping

of tetrahedrite nanoparticles enables the band gap to be tuned for photovoltaic applications.>- 11-

23,27

The broad shape of the XRD peaks is indicative of nanostructured materials produced by
this solution-phase method. To investigate the shape and size of the samples produced, TEM and
SEM characterization was conducted (Figure 2). TEM images (Figure 2a,b) show the particle size
for undoped and doped samples to be between 50 and 200 nm. The representative SEM image
shown in Figure 2¢ demonstrates this size range for a large number of particles. It is noteworthy
that these nanoparticles do not have an organic capping layer or shell because this is a surfactant-

and ligand-free synthesis. To control particle size and shape, the majority of solution-phase

11
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methods used to produce nanomaterials require this capping layer,> 6 % 31.32.35 which negatively
affects thermoelectric properties.>> Nanoparticles without this organic layer are key for the
improvement of thermoelectric properties by decreasing thermal conductivity, as shown

previously.33 34

It is worth noting that for the incorporation of all the aforementioned dopants, the reaction
temperature was optimized at 220 °C for 1 hour to produce high-purity, ligand-free nanostructured
product on the gram-scale. For all syntheses, starting reagents were added in stoichiometric ratios
according to the target composition and yet the elemental composition by EDS shows that the Cu
(and dopants for Cu) are enriched above this target. While the elemental composition of all
products is consistent with the commonly found synthetic range of tetrahedrite (Cu;.14.55b4.45513),
the ability to reduce this copper and associated dopant concentration may enable even greater
control over properties relevant for their incorporation in thermoelectric or photovoltaic

applications.

Reaction Pathways

The reaction pathway for the formation of undoped and doped tetrahedrite nanomaterials
by the modified polyol process was investigated to further understand the phenomenon of copper
enrichment in synthetic tetrahedrites. To identify key intermediates, reaction temperatures
between room temperature and 250 °C were investigated by heating the reaction mixture to each
respective temperature and holding it there for 1 hour. By holding the temperature for this length
of time, intermediates formed at those temperatures are able to crystallize for identification. For
additional verification of this pathway, the reaction was heated to the optimized temperature of
220 °C and held for less than one hour to confirm that key intermediates were identified. Resulting

powders formed at these different temperatures and times were investigated by XRD and EDS.

12
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For investigation of the reaction progress as a function of temperature for undoped
tetrahedrite, nanoparticle powder from reactions run between room temperature and 250 °C were
characterized by XRD (Figure 3). At room temperature after an hour of stirring, the powder
retrieved was primarily amorphous, and this remained the case for all temperatures until 100 °C.
At 100 and 150 °C, the intermediates formed are digenite (Cu;gS),* covellite (CuS),*® and
valentinite (Sb,03).4! At 175 °C, famatinite (Cu3SbS4)3® forms and digenite remains. From these
two intermediates, tetrahedrite begins to form at 200 °C and is found along with famatinite and
digenite. At 215 °C, a significant amount of tetrahedrite is created with the two key intermediates
of famatinite and digenite remaining present, which are also notably common impurities for
synthetic tetrahedrite.? 24 32,46 At 220 °C, the intermediates are no longer observed and only
tetrahedrite is obtained. When higher temperatures are investigated (250 °C shown in Figure 3),

famatinite is formed.

The reaction pathway was also investigated when a dopant was added, specifically the
formation of Cu;;ZnSb,4S;5. No change in how the reaction progresses was observed. The addition
of a dopant did not alter the growth mechanism (Figure S1). It is anticipated that this result will
be consistent for all the diverse compositions shown in this paper because high quality tetrahedrite

is produced under identical reaction conditions.

To further explore the reaction pathway, the formation of intermediates as a function of
time at the optimized reaction temperature of 220 °C was investigated (Figure 4). After the 30
min ramp from room temperature to 220 °C, the reaction was held at this temperature for 1 min.
Famatinite has formed along with all the other intermediates (digenite, valentinitie, and covellite).
When the reaction was held at 220 °C for 30 min, tetrahedrite was the dominant species with

famatinite, digenite, and valentinite present at low levels. These findings correlate well with the

13
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temperature study. The reaction progresses with Cu-S phases created first, then Sb is incorporated

to form famatinite while some digenite remains, and finally pure tetrahedrite is produced.

EDS data reveals the amount of each elemental component that has been incorporated
within the solid product as a function of reaction temperature or time (Tables S2-S4). The standard
deviation in the spot-to-spot EDS is lowest at the optimized conditions of 220 °C held at 1 hour,
which is congruent with the pure-phase XRD data. At 220 °C, the composition of Cu is within the
range of tetrahedrite, Cuj;.1455b445S13. Yet at all other temperatures studied, the amount of Cu
recovered is in excess of this range. Additionally, the amount of sulfur retrieved from the reactions
below 200 °C is low. It may be that the sulfur is volatilized during the reaction or that unreacted
sulfur dissolved within the supernatant is removed during the washes by centrifugation. For the
sample collected at 220 °C and only held for 1 min, EDS data shows all elemental compositions
within the range of tetrahedrite compositions with low standard deviations regarding spot-to-spot
variation. However for the reaction at 220 °C held for 30 min, the composition of Cu was elevated
above the target range, S was below the target range, and Sb remained within this range. Large
standard deviations nearing 10% were observed after 30 min, representing heterogeneity in the
powder sample due to the presence of tetrahedrite, famatinite, valentinite, and digenite. For the
undoped tetrahedrite, this heterogeneity was reduced to ~0.5% at the optimized reaction

temperature and time of 220 °C for 1 hour, which supports the formation of phase-pure tetrahedrite.

The fact that the copper content of the tetrahedrite is routinely enriched is consistent with
the abundance of copper found in the reaction mixture relative to sulfur throughout the reaction
progress. Attempts to alter the synthesis by adding more sulfur or decreasing copper resulted in
impurities in the final product, namely famatinite and digenite. This is a common impurity found

in the literature and found in samples not run under optimized reaction conditions.?3: 24 32, 46

14
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Research here has shown that these impurities are key intermediates for the formation of
tetrahedrite. It was found that digenite could be selectively etched by sonication in dilute sulfuric
acid. Additionally for samples with small famatinite impurities, the impurity was found to be
removed by reheating the powder in the solvent tetracthylene glycol for 1 hour at 220 °C similar
to previously published solution-phase annealing for this transition.®> Thus, the idea of tailoring
the chemical composition by undertaking this annealing reaction with other reagents, specifically
sulfur, present was attempted. Sulfur powder was added into TEG with a pure sample of
tetrahedrite for 1 hour at 220 °C. Independent of the amount of sulfur powder added, a famatinite
impurity was found consistent with the conversion of tetrahedrite to famatinite upon exposure to
sulfur vapor.® However, this method may be successful with alternative sulfur sources, such as

thiourea and sodium sulfide.

This study shows the evolution of the chemical phases necessary for the formation of pure
tetrahedrite by a modified polyol process. Synthesis of binary sulfide compounds (e.g., copper
sulfide and antimony sulfide) relevant for solar energy applications has been demonstrated to be
feasible by this method.**-32 The ternary famatinite (CuzSbS,), which is an active area of research
for photovoltaic applications,> ¢ 12 can also be produced by the modified polyol method. The
crystal structures of famatinite and tetrahedrite are similar in their atomic arrangement, but
tetrahedrite has a larger and more complex unit cell containing 58 atoms versus the 16 atoms found
in famatinite.!> 3% It is interesting that famatinite has a larger ratio of S to Cu than the tetrahedrite,
and yet, the tetrahedrite resulting from the famatinite intermediate is copper enriched. However,
the tetrahedrite crystal structure (Cu;,SbsS;3) is known to contain interstitial sites, in which the
additional Cu atoms can be located to produce the enriched tetrahedrite composition of

Cuy45SbyS;3.2% 4 44 Regarding the observation of valentinite (Sb,03), it is likely that elemental

15
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Sb nanoparticles formed during the reaction and the oxide subsequently formed during the cleaning
centrifugation. Additionally, it is possible that this may have occurred during the reaction at the
lower temperatures due to the presence of oxygen in the polyol and acetate counter anions.
Previously, the formation of an oxide intermediate has been observed in polyol synthesis, if there
are oxygens in the counter anion.>® In that case, the oxide intermediate was reduced at elevated
temperatures as the reducing power of the polyol increases when temperature increases. Note that
antimony (III) acetate is preferred for the synthesis over other antimony (III) salts because it is less
hygroscopic allowing for more accurate weighing, which is key for the stoichiometric ratios used
for the reaction. With this knowledge regarding the reaction growth pathway, research will
continue to investigate the means by which the copper concentration can be modified as

appropriate for tuning the optical and electrical properties of tetrahedrite.
Thermal Analysis

Thermal analysis by DSC and TGA was conducted from 325-825 K for nanoparticle
samples for the undoped tetrahedrite as well as for all other dopants for Cu. This type of
characterization has been done for solid-state samples with similar dopant types,?* 2+ 37 but it has
not been carried out for samples made by solution-phase methods to produce nanostructured
material. Nanostructuring of material by this method has previously been shown to reduce the
thermal conductivity of the material and improve the thermoelectric figure of merit.3>3% 54 While
this decrease in size dimensions is favorable for scattering the phonons, it is important to
understand the impact on thermal properties. It is anticipated that thermally-induced physical
changes on the nanopowders will occur at reduced temperatures relative to bulk powders produced

by solid-state methods.

16
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For the undoped tetrahedrite, DSC and TGA data were collected for three samples as shown
in Figure 5a. First, the nanopowder as-synthesized was tested. Second, measurements were taken
for the sample after being processed by SPS to form a pellet for thermoelectric characterization,
which has been shown to maintain the nanoscale grain structure.’> Third for parallel
characterization to the SPS processed sample, a second heat ramp on the DSC and TGA was
collected for the nanopowder as-synthesized. In all three cases, an endothermic transition occurred
at ~750 K. This same type of transition is seen for tetrahedrite fabricated by solid-state methods,
but the transition for that bulk material occurs at ~880 K.37 It is noteworthy that for tetrahedrite
synthesized by both solid-state and solution-phase methods, this transition occurs above the max
temperature (~720 K) at which thermoelectric performance is typically characterized for
tetrahedrite. Additionally, a small transition occurs at ~425 K. This transition is consistent with
what has been observed by others for copper-rich tetrahedrite that typically consist of two related
tetrahedrite-type phases with different copper concentrations that coalesce into a single phase at
~400 K.?2 Additionally, it is hypothesized that these two phases may have been more significant
in the as-synthesized undoped tetrahedrite sample resulting in the two overlapping transitions at
~750 K. This feature was reproducible and found for multiple as-synthesized undoped tetrahedrite
samples. After heat treatment, only a single transition is observed at ~750 K for both the sample
processed by SPS and the sample that underwent the second heat ramp in the DSC. For both of
these samples, the small transition at ~425 K persisted. This result suggests that the annealing
may have made the undoped tetrahedrite more uniform, but the copper-enrichment and associated
exsolution transition of the two tetrahedrite-phases at ~425 K remained. Thermal gravimetric
analysis showed that the as-synthesized sample exhibited mass loss beginning at ~675 K. However

after this loss during the first heat, the sample was more stable during the second heat, as observed
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by TGA. The TGA data was consistent for the SPS pellet processed sample and the heat cycle
sample with minimal mass loss beginning around 800 K. For the solid-state samples that were

similarly pellet processed, a decrease in mass is seen around this same temperature.?3- 2437

Tetrahedrite compounds containing first row transition metal dopants (Zn, Fe, Ni, Co) for
Cu did not show an endothermic transition by DSC at ~750 K or within the range measured (325-
825 K) for either the x=1 or x=2 dopant concentration. However, the same small transition at ~425
K is observed for these doped samples just as was found for the undoped sample, which is
consistent with all samples being copper-enriched. Representative data for the cobalt-doped
samples is shown in Figure 5b. The addition of the dopant has increased the thermal stability of
the sample and likely increased the endothermic transition to a temperature above the testing range
of the instrument. This is consistent with previous reports that indicate dopants for Cu stabilize
the tetrahedrite structure.?32*37 For doped tetrahedrite samples made by solid-state methods, an
increase in the temperature at which the endothermic transition occurs was observed to change
from 880 K for the undoped to above 900 K for first row transition metal dopants.3” For all doped
samples, the mass loss observed by TGA was less than that of the undoped tetrahedrite. However,
a similar mass loss beginning at ~675K was observed for these as-synthesized doped samples, but
to a lesser degree. The addition of the dopants seems to decrease the volatility of the sample and

increase thermal stability.

For the Ag-doped tetrahedrite, an endothermic transition is observed at a lower temperature
relative to the copper-based tetrahedrite (Figure 5¢). This transition occurs at a lower temperature
for the x=2 sample relative to the x=1. It is hypothesized that the endothermic transition seen at
~750 K for the copper-based sample has been decreased to ~650 K due to the addition of the Ag

dopant. While the size of the first row transition metal (M?") dopants (~60-75 pm) is on par with
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the copper (~70-80 pm), the Ag* is larger (~110 pm) and is likely decreasing the thermal stability
of the material.#* This conclusion is supported by the finding that the sample with higher Ag
concentration demonstrates a transition peak in the DSC data at lower temperature. While the
endothermic transition was observed by DSC at a lower temperature, the TGA data for this sample

was consistent with the other doped-tetrahedrite samples.

In summary, the nanostructuring of the undoped tetrahedrite does alter the thermal stability
of the compound to induce thermal transitions at temperatures lower than those observed for
undoped tetrahedrite prepared by solid-state methods. The doping of tetrahedrite with first row
transition metals for the Cu stabilized the material by removing the endothermic transition
observed at ~750 K, presumably to temperatures beyond the maximum measurement at 825 K.
This finding is consistent with what has been found for doped tetrahedrites in the literature.’’
While the temperature for the endothermic transition for the Ag-tetrahedrite was lowered for both
composition levels (with the higher dopant level leading to a lower transition temperature), it is
interesting that an increase in mass loss by TGA was not associated with these compounds. It
would be worthwhile to correlate these findings for the novel Ag-doped tetrahedrite with
thermoelectric performance evaluation to see if the transition affects thermoelectric properties.
Future experiments will investigate higher temperatures by DSC to determine at what temperature
the transitions occur for the first row transition metals and to investigate the effects of dopant

concentrations as the Ag-tetrahedrite data suggests.

Conclusions

With the capability of incorporating a range of dopants with tunable concentrations,
tetrahedrite nanomaterials can be synthesized by a solution-phase process that is more energy and

time efficient than conventional solid-state techniques. For all compounds synthesized, a copper-
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enriched tetrahedrite composition, within the typical range of Cu;.145Sbs45S3, was observed.
Investigation of the bottom-up nanomaterial formation by EDS revealed that this is consistent with
copper enrichment found in powders collected at all stages of the reaction progress. Key
intermediates identified within the growth process are associated with common impurities found
in the literature for tetrahedrite synthesized by solid-state and solution-phase methods. Thermal
stability studies for these samples showed that the nanostructured materials produced by the
modified polyol method have lower thermal stability than the bulk, but the nanomaterial is stable
below the typical range at which tetrahedrite is investigated. Additionally, the incorporation of

first row transition metal dopants within the compound increased thermal stability.

This research focused on tailoring the concentration of dopants for Cu with doping also
demonstrated for Sb and S, as well as doping for multiple elements simultaneously. Within the
synthetic versatility study, six tetrahedrite compositions not previously demonstrated by solution-
phase techniques have been achieved by the facile synthetic method described herein.
Nanostructured material is produced on the gram scale in a single batch via this surfactant- and
ligand-free synthetic method. The solution-phase reaction pathway studies identified digenite,
covellite, and valentinite as the first intermediates produced. Throughout the reaction, these
species are converted to famatinite with digenite remaining. Finally, tetrahedrite is produced at
the optimized reaction temperature (220 °C) and time (ramp 30 min, hold 1 hr). These optimized
conditions were consistent for all compounds represented here. An investigation of the pathways
for the undoped and Zn-based tetrahedrite demonstrated that these pathways were similar,
suggesting that the evolution of phases in tethradrite synthesis do not depend on dopant

incorporation. The key intermediates preceding the formation of tetrahedrite (famatinite and
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digenite) are the most common impurities found for synthetic tetrahedrite samples reported

previously.

Nanostructuring and doping were shown to impact the thermal stability of the tetrahedrite
compounds, as shown by DSC and TGA. The undoped compound had an endothermic transition
at ~750 K, which is less than that observed for bulk material at ~880 K.37 This endothermic
transition for the first row transition metal dopants for Cu was not observed below the 825 K
maximum temperature tested. This is consistent with thermal stability studies for tetrahedrite
synthesized by solid-state methods that showed dopants increased the temperature at which the
endothermic transition occurred by ~50+ degrees. The Ag-doped tetrahedrite had an endothermic
transition that occurred at a lower temperature (~650 K) relative to the undoped compound. The
significantly larger ionic radius of the Ag® relative to the first row transition metals likely
destabilizes the compound with the larger dopant concentration of Ag*, resulting in an endothermic
transition at a slightly lower temperature. For all compounds, a transition was observed at ~400
K, which is consistent with a copper-enriched tetrahedrite compound. TGA for all compounds
showed a decrease in mass that began at ~675 K with the as-synthesized undoped tetrahedrite
having a greater mass loss. This mass loss is likely due to the vaporization of sulfur, but could
also be due to residual organic solvent from the synthesis. This is unlikely because the more
significant mass loss was observed only for the undoped sample and therefore is most likely due
to undoped sample being less thermally stable. However after this as-synthesized sample
undergoes a heat treatment (or pellet processing by SPS), the thermal stability measured by TGA
is improved and becomes comparable to the doped tetrahedrite samples. For the as-synthesized
undoped tetrahedrite, the endothermic transition observed by DSC at ~750K persisted at the same

temperature after heat treatment.
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Understanding the synthetic versatility, reaction pathway, and thermal stability for the
solution-phase formation of tetrahedrite nanomaterials is relevant for their future incorporation in
thermoelectric and photovoltaic applications. Future research will investigate temperatures above
825 K to confirm that the endothermic transition for the first row transition metals was elevated
and not eliminated. Additionally, this will investigate if the dopant level also impacts the
temperature at which this transition occurs. Further exploration of the growth mechanism and
sample stability could be explored via in-situ high-temperature XRD. Optimization of the
synthetic procedure to control the Cu concentration (reduce the Cu enrichment) will be a focus of
future research. This synthetic method and study of the reaction pathway presents insight
necessary to tune the concentration and expand the different types of dopants incorporated,
enabling material properties (e.g., band gap, thermopower, etc.) to be tailored for optimal

performance in renewable energy technologies.
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Figure 1. XRD patterns collected for a variety of tetrahedrite samples synthesized by modified
polyol process: a) Undoped and Zn-doped tetrahedrite (Cu,.4Zn,SbyS;3) samples, b) Ni-, Co-,
Fe-, and Ag-doped tetrahedrite (Cu;,xMySbsS;; with dopant=M) samples, and c) Te-substituted
tetrahedrite, Se-substituted tetrahedrite, and doubly substituted Zn-doped and Se-substituted
tetrahedrite (CusMSbsyM,S;3,M, samples). Reference pattern for tetrahedrite found in c.!®
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Table 1. Elemental analysis of tetrahedrite compounds by EDS. Average atomic ratios given with
standard deviation. Atomic ratios determined relative to S, which was normalized to 13 S atoms
per formula unit. In the case of multiple dopants, the first dopant to appear in the target composition

1s listed first.

Journal of Materials Chemistry C

Target

Composition Cu Sb S Dopant

Cu25bsSya 13403 | 44402 | 13.0:03
Cu10ZnzSbaS13 112403 | 3.9+02 | 13.0+02 | 2.40+0.03
Cu10sZn1sShsSys | 11.7+03 | 4.0+02 | 13.0+0.2 | 1.80+0.02
Cu11ZnSbsSq3 12.0+0.4 |4.04+0.04 | 13.0+05 | 1.21+0.07
Cu15ZngsShsSy3 [12.42+40.05|3.92+0.07 | 13.0+0.5 | 0.71+0.02
CuygNizSbsS+a 12303 | 45402 | 13.0+02 | 2.32+0.05
Cu1NiSh:S13 12.9+0.1 |4.40+0.05| 13.0+02 | 1.17+0.02
CuygC025bsS13 | 11.740.2 | 4.20+0.03 | 13.0+0.2 | 2.02+0.02
Cuy1CoShsSy3  [12.99+0.09| 4.34+0.02 | 13.0+0.1 | 1.37+0.03
Cuyg FesSheSyz | 105207 | 4103 | 13.0205 | 2.1+02
Cuy1FeSbsSys 11602 | 4101 13.0+0.3 | 1.07+0.02
Cu10Ag2SbaS13 11602 | 3.8+02 | 13.0:02 | 1.78+0.08
Cu11AgSb:Si3 128405 | 4.3+0.1 13.0:0.3 | 1.0£02
Cu2SbagTegsSis | 14.5+0.3 | 3.70+0.05 | 13.0£0.2 | 0.21+0.01
Cu12SbsSep2sSi27s| 13.3+0.2 | 4.1+0.1 12.7+0.1 | 0.2320.04
Cu11ZnSbs5eSy3 [12.37+0.09 | 4. 44+0.04 |12.08+0.09| 1.17+0.05
0.91+0.06
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Figure 2. TEM images of a) undoped and b) Zn x=1 doped tetrahedrite samples. SEM image of
c¢) undoped tetrahedrite powder. Particle sizes range from 50-200 nm.
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(Cu;3SbySy3),1 famatinite (CuzSbSy),?® digenite (Cu, gS),* valentinite (Sb,O3),*! and covellite
(CuS).»

33



Journal of Materials Chemistry C

a) 16

e —»
—Z 100
12 e i
08 Cuy,SbyS,5 as-syn po
’ Cuy,Sb,S45 heat cycle 80
04 CunSbiSis SPS
"
—= P —
60
04
16
b) — 100
o 12 = =
E Cu11C04Sb,sSy3 9 8§
S 08 CUmCOng‘;SH E
= 80 @
g 04 2
= i 70 &
Q 0]
z :
60
04
9 —> 100
1‘2 \
Cu;1Ag:1SbySi3 90
08 Cu1pAg2SbsS13
80
04
0
60

-0.4
325 425 925 625 725 825

Temperature (K)

Figure 5. DSC and TGA data for a) undoped tetrahedrite, b) Co-doped tetrahedrite, and c) Ag-
doped tetrahedrite. In all graphs, DSC data is plotted at the bottom and associated with left axis
and TGA data is plotted at the top and associated with right axis. Arrows are provided on graph
for clarity. a) Data provided for undoped tetrahedrite after synthesis (as-syn), after a single heat
cycle in the instrument, and after pellet processing by spark plasma sintering (SPS). b,c) Data
provided for Co and Ag doped samples after synthesis.
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