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ABSTRACT: A copper—antimony—sulfide phase known as
famatinite (Cu;SbS,), with desirable properties for photovoltaic
and thermoelectric applications, has been synthesized using a
solution-phase technique that is energy-efficient and surfactant-
free. The modified polyol process produced phase-pure nano-
particles (20—30 nm diameter) and allowed the facile incorpo-
ration of a range of Cu-site dopants (Fe, Ni, Zn, and Mn).
Synthetic optimization identified the ideal reaction time and
temperature to produce phase-pure famatinite and revealed
covellite (CuS) as the primary growth intermediate. The effect
of Cu-site dopants and nanostructuring on the thermal and optical
properties was investigated. Thermogravimetric analysis and
differential scanning calorimetry showed that doping the nano-
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particles on the Cu-site improved thermal stability to be comparable with larger particles. Decomposition analysis by X-ray
diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS) further demonstrated the stability of famatinite with Cu-site
dopants and identified sulfur loss as a major factor in the phase transition of famatinite to tetrahedrite (Cu,,Sb,S;;) upon annealing.
Optical characterization of famatinite revealed a direct ~0.9 eV band gap regardless of dopant. Dispersibility of famatinite
nanoparticles was tailored for different solvents by post-synthetic surface functionalization. The combination of thermal stability,
favorable optical properties, and processability demonstrated herein affords famatinite materials with tunable properties for

application in solar cells and thermoelectric devices.

B INTRODUCTION

Power generation is a major source of CO, emissions, so the
development of materials for solar energy conversion and
thermoelectric power generation is a key avenue towards more
sustainable energy. Crystalline silicon is the dominant solar cell
technology in use with a single-junction conversion efficiency
(17) of up to 26.3%." Due to the high costs of the silicon solar
cell manufacturing process, other options are being inves-
tigated.” Furthermore, the indirect band gap of silicon results
in lower light absorption, which decreases the suitability for
thin film applications.” Efforts to identify alternatives have
focused on direct band gap chalcogenide materials like
Culn,_,Ga,Se, (CIGS) and Cu,ZnSnS, (CZTS), with n =
22 and 10%, respectively."”® The low elemental abundance
and high material cost are drawbacks of CIGS, whereas
challenges that plague the synthesis of CZTS include the
production of multiple competitive phases and cation
disorder.”® Chalcogenide materials are also studied for
thermoelectric applications, with promising examples including
PbTe (ZT = 2.5 at 923 K) and Bi, ;Sb, ;Te; materials (ZT =
1.86 at 320 K).'”"" The dimensionless figure of merit Z is
given as ZT = (8%6/k)T, where S is the Seebeck coefficient, &
is the electrical conductivity, k is the thermal conductivity, and
T is the absolute temperature.'' Derivatives of PbTe and
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Bi,Te; have demonstrated high efficiency as thermoelectrics
and have seen commercial adoption,'”"” but the low elemental
abundance, cost, and toxicity of these products continue to
limit their widespread use.'” The copper—antimony—sulfide
(CAS) subset of materials is composed of low-cost, earth-
abundant compounds with properties rendering them suitable
for photovoltaic and thermoelectric applications.'*™"? The
CAS system features four main compounds: tetrahedrite
(Cu;,Sb,S;3), chalcostibite (CuSbS,), skinnerite (Cu,SbS;),
and famatinite (Cu;SbS,).” Famatinite features key properties
that have a potential to benefit applications in solar cells and
thermoelectric devices.

Famatinite has been classified as a superabsorber, featuring
an optical absorption coefficient greater than 10* cm™
visible region.”””” The direct optical band gap of famatinite
has been computationally determined to be 0.98 eV,** while
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experimental results have shown indirect and direct band gaps
ranging from 0.46 to 1.2 eV.”***~*" This range of values is
likely due to differences in synthetic methods as well as the
presence of structural defects or secondary phases.”* Coupling
the strong solar absorption coeflicient and direct band gap with
a high carrier mobility of 0.05—2 cm? V! 57128 famatinite has
the potential to significantly impact solar cell technologies both
as a hole transporter and as a light absorber. Initial efforts to
produce thin films of famatinite as a p-type solar absorber
incorporated famatinite by sputter deposition followed by
thermal annealing. This produced solar conversion efficiencies
of less than 1%,”° which are postulated to be the result of
elemental Cu and other CAS impurities produced by an
annealing process.”’ Famatinite is conventionally synthesized
by solid-state methods such as mechanical alloying coupled
with either hot pressing or spark plasma sintering.'”** >
Nanoparticles have been synthesized using surfactant-mediated
solvothermal and hot-injection routes, generally producing
polycrystalline famatinite between 10 and 200 nm in
sige 255741

Famatinite has also been studied for its thermoelectric
properties, as the bulk phase has been shown to possess a low
lattice thermal conductivity (k;) and large Seebeck coef-
ficient."" Undoped famatinite has a reported ZT of 0.14 at
623 K" but researchers have utilized synthetic and doping
strategies to improve famatinite ZT, with Sb-site doping being
the most investigated strategy. A Bi and Sn co-doping strategy
yielded a ZT of 0.76 at 623 K,** while a Ge and P co-doping
strategy resulted in a ZT of 0.67 at 673 K.** The only
demonstration of Cu-site dopant incorporation is Cu,ZnSbS,,
which was produced by solid-state methods with secondary
phases and did not undergo optical or thermal character-
ization.”> The pure-phase incorporation of Cu-site dopants
remains an underexplored avenue toward the tuning of
famatinite optical properties and thermoelectric properties.

Within the CAS phases, tetrahedrite is the most highly
studied. Tetrahedrite and famatinite are closely related to each
other, and direct conversion between famatinite to tetrahedrite
has been observed.””*®*’ Tetrahedrite has shown great
promise as a thermoelectric owing to its low thermal
conductivity value of 0.5 Wm™ K™' when nanostruc-
tured,"”*™>° which stems from a comglex unit cell and lattice
anharmonicity from the Sb lone pairs.”"** Doping with Zn to
produce nanostructured Cu,;ZnSb,S;; (ZT = 1.09 at 723 K)
further decreases the total thermal conductivity to 0.3 Wm™
K™' and is an example of a high-performing thermoelectric
material synthesized by solution-phase methods.'”** Chalcos-
tibite and skinnerite are less studied but also attract interest for
potential thermoelectric and photovoltaic applications.” >

This research investigates the synthetic versatility of
nanostructured famatinite and explores both its growth
mechanism and thermal decomposition pathway. Using a
solution-phase modified polyol method, synthesis of famatinite
nanoparticles is demonstrated without ligands or surfactants.
This solution-phase method is facile in its capacity to
incorporate dopants and has produced phase-pure nano-
particles of Cu;_,M,SbS, (M = Ni, Zn, Mn, Fe) for the first
time. Nanostructured materials enhance solar energy harvest-
ing due to larger optical absorption coeflicients and lower
reflectivity’” and improve the ZT of thermoelectric devices via
increased phonon scattering originating from a greater number
of grain boundaries and compositional inhomogeneities.”® The
effects of ligand-free nanostructuring and Cu-site dopants on
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the thermal and optical properties of famatinite were
ascertained following synthetic optimization. Post-synthetic
surface modification of famatinite nanoparticles was demon-
strated, which can improve the solution-phase dispersibility of
the nanoparticles and further tune material properties. Analysis
of the structural, thermal, and optical properties of these new
doped famatinite species was carried out by X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDS), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and solid vis—NIR absorption
spectroscopy. This study presents a solution-phase method for
producing famatinite nanoparticles, shows the first pure-phase
incorporation of Cu-site dopants, demonstrates the potential
tunability of Cu-site dopants, characterizes the size of undoped
and doped nanoparticles, quantifies the elemental composition
of nanoparticles, determines the nature and size of the band
gap of each Cu-site doped famatinite species, provides an in-
depth analysis of thermal stability that maps out compositional
and structural changes as a function of annealing, and examines
surface functionalization as a method to improve nanoparticle

processability.

B EXPERIMENTAL SECTION

Materials. For the synthesis of undoped and doped famatinite
nanoparticles, Cu(C,H;0,),-H,0 (>98%), Sb(C,H;0,),
(299.99%), sulfur powder (99.98%), Zn(C,H;0,), (99.99%),
Fe(C2H3OZ)2 (95%), Ni(CzH3Oz)z (98%), and Mn(C2H3Oz)2
(98%) were procured from Aldrich Chemical Co. and used as
received. Sodium borohydride (>98%, Aldrich Chemical Co.) was
used as a reducing agent in the synthesis. Tetraethylene glycol (99%,
Alfa Aesar) was used as the primary solvent, and anhydrous ethanol
(200 proof, USP grade, Pharmco-Aaper) was used to isolate the final
product. 1-Octadecanethiol (ODT) (>97.5%, Fluka Analytical), 11-
mercapto-1-undecanol (MUD) (97%, Aldrich Chemical Co.), and n-
hexane (95%, Pharmco-Aaper) were used to investigate post-synthetic
surface functionalization of nanoparticles.

Synthetic Procedure. A typical reaction for Cu;SbS, produced
approximately 440 mg (1.0 mmol) of nanostructured materials from a
one-pot reaction. Reagents were added into a 250 mL round-bottom
flask in the following stoichiometric ratios: Cu(C,H;0,),-H,0 (0.60
g, 3.0 mmol), Sb(C,H;0,); (0.30 g, 1.0 mmol), and sulfur powder
(0.13 g, 4.0 mmol). These precursors were subsequently dissolved in
30 mL of tetraethylene glycol, yielding a blue coloration. The resulting
mixture was stirred and sparged with N, gas. Approximately 0.60 g
(1S mmol) of sodium borohydride was dispersed in 20 mL of
tetraethylene glycol, sonicated, and then slowly added to the round-
bottom flask upon the completion of sparging. Following the
introduction of sodium borohydride, the temperature increased, and
reduction was observed to begin as the solution became darkly
colored. Under nitrogen flow, the reaction was heated to 175 °C, held
for 1 h, and then allowed to cool to room temperature. The resulting
mixture was loaded into centrifuge tubes and centrifuged at 4000 rpm
for 10 min. This was followed by removal of the supernatant, a wash
of the remaining pellet with anhydrous ethanol, sonication, and
another round of centrifugation. This process was repeated four times,
with the final product left to dry overnight in a vacuum desiccator.
The resulting Cu;SbS, powder samples appeared black. All products
were characterized by XRD and SEM with EDS to confirm phase
purity and determine elemental composition.

In a reaction to produce Cu-site doped Cu;SbS,, the same steps
were followed with slight variations. For each synthesis, an additional
0.40 mmol (10% excess) of sulfur powder was added. Each dopant
was added in at a stoichiometric ratio corresponding to the desired
dopant concentration, while the amount of copper precursor was
decreased by the same amount. Cu;_,M,SbS, (M = Zn, Ni, Mn, Fe)
were all synthesized with added sulfur in the reaction. All resulting
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powders appeared black, apart from Cu,ZnSbS,, which possessed a
uniform slightly red tinge. Sb- and S-site dopants were produced using
this same synthetic methodology with 10% mol excess sulfur
incorporation. Undoped famatinite synthesized with 0% mol excess
S is identified as Cu;SbS, (1), and undoped famatinite with 10% mol
excess S is identified as Cu;SbS, (2).

To optimize the synthesis and better understand the reaction
pathway, the polyol synthesis of famatinite was performed and
characterized as a function of temperature and time. For the
temperature-based study, nanoparticles were synthesized and washed
as indicated above, with the reaction temperature varied from 100 to
200 °C and held for 1 h. To optimize the reaction time at this
temperature, the hold-time of the synthesis was varied between 0 and
90 min. Characterization by SEM, EDS, and XRD was conducted.
The temperature and time studies identified the optimal time and
temperature to be 60 min at 175 °C.

Post-synthetic surface modification of famatinite nanoparticles was
undertaken using alkanethiols. The hydroxyl-terminated alkanethiol
(MUD) and the methyl-terminated alkanethiol (ODT) were
employed to impart the nanoparticles with hydrophilic and hydro-
phobic surface properties, respectively. To prepare 100 mL of 5.0 mM
ethanolic solution, 0.10 g (0.50 mmol) of MUD or 0.15 g (0.50
mmol) of ODT was massed and dissolved. Subsequently, SO mg (0.1
mmol) of Cu;SbS, was massed and placed in 10 mL of the 5 mM
alkanethiol solution. This mixture was sonicated for 20 min. To
remove the solvent and excess ligand, the mixture was loaded into
microcentrifuge tubes and centrifuged at 13,000 rpm for 10 min, with
the supernatant discarded and the solid retained at the end of each
centrifugation. This process was repeated four times with consol-
idation of the pellets. The final pellet was kept overnight under
vacuum desiccation. A control was also made using the same process,
but no ligand was introduced. To test nanoparticle dispersibility, 2 mg
of either functionalized nanoparticles or control nanoparticles was
placed into a glass vial that was then filled with 15 mL of anhydrous
ethanol, deionized water, or n-hexane. Photos were taken across 32
days to assess the impact of the ligand functionalization on solution-
phase stability of the nanoparticles. These functionalized particles
were not characterized by optical spectroscopy or thermal analysis.

Characterization Methods. The structure and composition of
the famatinite nanoparticles were investigated by XRD, SEM, EDS,
and TEM. The thermal properties were investigated by DSC and
TGA, and the optical properties were studied by solid vis—NIR
absorption spectroscopy.

Powder XRD patterns were obtained by a Rigaku Miniflex II
benchtop diffractometer over a 26 of 10—70° via Cu Ka radiation of
30 kV and 15 mA. Pattern collection was completed with a scan speed
of 3° per min and a sampling width of 0.03°. Rietveld refinements on
each pattern were undertaken utilizing the PDXL2 analysis software
to calculate lattice constants, crystallite size, and crystallite strain.
Famatinite®® (Cu;SbS,) PDF#01-071-0555, tetrahedrite®®
(Cu,,Sb,S;;) PDF#01-074-0270, covellite®® (CuS) PDF#03-065-
3928, and valentinite®” (Sb,0,) PDF#00-001-0729 reference patterns
were utilized in data analysis.

SEM images and EDS spectra were gathered using a JEOL JSM IT-
200LA equipped with a JEOL JED-2300 Dry SDD EDS detector. An
accelerating voltage of 15 keV was used to acquire the images and
spectra, with each sample characterized at a minimum of three
locations to affirm sample homogeneity. Averages and standard
deviations were obtained from these multiple locations and are
reported throughout. Samples were prepared by adhering nanoparticle
samples to a carbon tape and placing in a vacuum chamber for at least
1 h prior to analysis.

TEM images were taken using an FEI Talos F200X with an
accelerating voltage of 200 keV. Each sample was prepared for analysis
by placing the nanoparticles in ethanol, sonicating, and subsequently
drop-casting the solution onto lacey carbon coated TEM grids.

The thermal properties of the as-synthesized famatinite nano-
particles were investigated by TGA and DSC. TGA analysis was
performed from 25 to 700 °C using a TA TGA QS500. Approximately
10 mg of the material was heated under nitrogen flow in an alumina
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ceramic pan at a heating rate of 10 °C min~" and a sampling time of

2.00 s per point. Results were replicated to confirm the reproducibility
of the result. DSC analysis was performed from 50 to 550 °C using a
TA DSC Q2000. Approximately 10 mg of the material was placed in a
graphite pan with a graphite lid. The heating rate was 10 °C min™"
with a sampling time of 0.20 s per point. DSC characterization was
replicated to confirm the reproducibility of the phase transitions.

The optical properties of the famatinite nanoparticles were
investigated by vis-IR spectroscopy. Spectra were collected using a
Perkin-Elmer Lambda 950 spectrometer featuring an integrating
sphere with PMT and InGaAs detectors. Solid samples were drop-cast
from ethanol, sandwiched between NIR-transparent quartz plates
(Spectrocell, Oreland, PA), and analyzed at the reflectance port of the
integrating sphere. Spectra were collected in the range of 2200 to 300
nm in 1 nm increments. Detector response settings were 0.40 s. The
InGaAs detector gain was 15 with a servo-controlled slit width. The
PMT detector used autogain and a 1.5 nm slit width. Prior to sample
measurement, the instrument was auto-zeroed with sandwiched
quartz plates in front of a Spectralon reference. Spectral analysis was
carried out with the Origin 9.1 software. Band gaps were assessed
using Tauc plots in which normalized absorbance (A) was used
because the thickness (t) of the drop-cast samples and thus the
absorptivity (@) were unknown. The relationship between absorb-
ance, film thickness, and absorptivity is described by A = ¢ X 2.303 X
a. Substituting normalized absorbance for absorptivity affects the
magnitude of the slope and does not impact the linearity and x-
intercept, which are utilized to identify if the band gap is indirect or
direct and to determine the magnitude of the band gap, respectively.
Optical characterization by Raman spectroscopy was also conducted
(details in the Supporting Information (SI)).

Thermal Analysis Methods. The thermal stability and
decomposition pathway of Cu;SbS, and Cu;_M,SbS, (M = Zn,
Ni, Mn, Fe) were investigated to identify the source of TGA mass loss
and DSC phase changes. Samples of each powder (10 mg) were
annealed to a temperature of 100, 200, 300, 400, or 500 °C at a rate of
10 °C min™' while under continuous nitrogen flow. After the
annealing temperature was achieved, heating ceased, and the powder
returned to room temperature under nitrogen flow. XRD, SEM, and
EDS were performed on each product to determine structural and
compositional changes that occurred during the annealing process.

B RESULTS AND DISCUSSION

The reaction pathway for famatinite was studied by XRD,
SEM, EDS, and TEM to determine optimal synthetic
parameters and key intermediates. Dopants were incorporated
into the lattice to tune the optical properties and alter thermal
stability. Optical studies were conducted on each doped
species using vis—NIR absorption spectroscopy to determine
the nature and size of the band gap. TGA, DSC, XRD, and
EDS results were gathered in a systematic thermal analysis
study that investigated the mass loss, phase transitions,
structural properties, and elemental composition as a function
of temperature. To improve the processability of famatinite
nanoparticles, post-synthetic surface functionalization studies
were completed. The synthetic versatility of the modified
polyol process and the effects of nanostructuring and dopant
incorporation on optical and thermal properties are presented
herein.

Synthetic Optimization and Characterization of
Famatinite. Famatinite was previously observed as a growth
mechanism intermediate in the modified polyol process
developed to produce nanoparticles of tetrahedrite
(Cuy,Sb,Sy3)."” Herein, the reaction pathway for famatinite
was investigated as a function of temperature and time. To
determine the optimal synthetic parameters of famatinite
synthesis, the reaction temperature was varied between 100
and 200 °C, holding for 1 h, then the phases present were

https://doi.org/10.1021/acs.chemmater.2c01888
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characterized by XRD and EDS (Figure 1 and Table S1). At
100 °C, the products were primarily amorphous, but by 125
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Figure 1. (a) The unit cell of famatinite is tetragonal with the space
group 142m.° (b) XRD patterns of samples produced after reacting at
the indicated temperature for 1 h. Cu;SbS, (#01-071-0555),%° CuS
(#03-065-3928),°" and Cu,,Sb,S;; (#01-074-0270)*° provided as
reference patterns. (c) Representative TEM image of Cu;SbS,
nanoparticles.

°C, famatinite was formed as a primary phase alongside a
secondary phase of covellite (CuS). At 150 and 155 °C,
covellite persisted as a minor secondary phase with its most
intense peak (at ~32°) significantly decreased and broadened
at 165 °C. By XRD, this covellite peak was eliminated at 175
°C, although thermal analysis and Raman data suggest that
slight impurities may remain (described in the Thermal
Analysis section). By EDS (Table S1), the average elemental
ratio of antimony increased from a deficiency of 0.88 + 0.01 at
125 °C to a slight excess of 1.098 + 0.005 at 175 °C, which
further supports the conclusion that the secondary covellite
phase is no longer detectable at 175 °C. Considering both the
elemental analysis and crystalline purity, the product
synthesized at 175 °C was closest to the desired famatinite
target ratio, with an elemental composition determined by
EDS to be Cuj33540.035b1.008+0.005S4.00+0.03 At 200 °C,
tetrahedrite (Cu,,Sb,S;;) emerged as a significant phase,
with EDS corroborating this conclusion by a decrease in sulfur
ratio (Table S1). Tetrahedrite and famatinite are known to be
interconvertible phases, and the change from famatinite to
tetrahedrite at high temperatures is consistent with previous
studies.”>*

With EDS and XRD results suggesting 175 °C to be the best
reaction temperature to obtain phase-pure Cu;SbS,, a time-
based study at 175 °C was conducted where the hold time of
the reaction was varied (Figure S1 and Table S2). At 0 and 15
min, phases of famatinite, covellite, and valentinite (Sb,0;)
were all observed. From 30 to 90 min, famatinite is the only
product observed by XRD. EDS results (Table S2) indicate
that, at 30 min, the product is 20% Cu enriched and 5% Sb
enriched. At 60 min, the result is 10% Cu enriched and 10% Sb
enriched, while the 90 min result is 20% Cu enriched and 20%
Sb enriched. Thus, the product formed at 60 min was selected
as the most favorable reaction time. This elemental analysis
supports the hypothesis that CuS and Sb are the key drivers of
famatinite formation. At the hold time of 0 min, the product is
Sb deficient because the Sb in the reaction has not had
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sufficient time to fully reduce and react; therefore, it was
removed with the supernatant in the wash process. The
presence of Sb,Oj; at 15 min is an indicator that reduced Sb is
available for the reaction but has not yet fully incorporated
with CuS. The Sb,O; impurity observed at this time is likely
formed by the reaction of elemental Sb with oxygen during the
centrifugation wash process postsynthesis. The limiting step of
the reaction is hypothesized to be the reduction of Sb that then
reacts with covellite in the presence of excess S to form
famatinite.

While exploration of reaction time and temperature
identified that phase-pure famatinite was obtained with
reactions for 60 min at 175 °C, the relative copper and
antimony excess led to additional attempts to improve the
phase purity of famatinite. The effect of sulfur addition to the
reaction mixture was examined. An excess of 10% mol S was
added to the synthesis, which is consistent with other synthetic
approaches that used excess sulfur during an anneal of their
product under sulfur vapor to improve phase purity and
elemental composition.””*"*> The result was pure-phase
famatinite by XRD (Figure 2) with an average elemental
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Figure 2. XRD patterns for phase-pure undoped and doped species of
famatinite along with the reference famatinite pattern (#01-071-
0555).” Cu,SbS, (1) and Cu;SbS, (2) represent 0 and 10%
additional sulfur in the reaction, respectively.

ratio by EDS of Cu;10,00:5b1.04500194001002 (referred to as
Cu,;SbS, (2)). This is an improvement over the composition
obtained at the optimal conditions without the additional
sulfur, which possessed an average elemental ratio by EDS of
CU33240.035D1.09520.00sS 001003 (referred to as CusSbS, (1)).
This 10% mol excess resulted in an enrichment of less than 5%
for Cu and Sb, which is more than half the enrichment
observed without excess sulfur. The famatinite stoichiometry
reported herein of Cuj040025b1.04:0019400+002 has excellent
fidelity relative to the target composition when compared to
compounds in the literature values that have ratios from
Cu,5oSb; 458400 (16% Cu deficient) to Cuy 4,Sb 3154_00 (48%
Cu enriched) and are phase-pure by XRD.'”***>¢*

The morphology and size of Cu;SbS, (2) nanoparticles were
characterized by TEM and analyzed by Rietveld refinements of
XRD patterns. Nanoparticles were shown to be heterogeneous
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Table 1. Elemental Analysis of Famatinite Compounds as Determined by EDS, with Average Atomic Ratios and Standard

Deviations Provided”

atomic ratios determined by EDS

target Cu dopant Sb S
Cuy 7oMng 30SbS, 291 + 0.06 0295 + 0.005 1.066 + 0.007 4.00 + 0.7
Cu7oNig 30SbS, 2.88 + 0.04 025 + 0.03 1.08 + 0.01 400 + 0.3
Cu, 7oFeq10SbS, 2.84 + 0.01 0250 + 0.008 097 + 0.01 4.00 £ 02
Cuy 00Z1; 0oSbS, 2.09 + 0.06 0.96 + 0.04 0.96 + 0.01 4.00 + 0.7
Cuy 70Z30SbS, 2.80 + 0.03 032 + 0.01 1.044 + 0.007 400 + 0.2
Cu,Sbs, (2) 3.10 + 0.02 1.04 + 0.01 400 + 0.2
Cu;SbS, (1) 3.32 + 0.03 1.098 + 0.00S 4.00 = 0.3

“Atomic ratios are determined by normalizing S to 4. Cu;SbS, (1) and Cu;SbS, (2) represent 0 and 10% additional sulfur in the reaction,

respectively.

in size and shape, ranging from 20 to 30 nm in size (Figure lc
and Figure S2). This variability is anticipated because the
synthetic method is surfactant- and ligand-free. Ligand-free
nanoparticles are advantageous for thermoelectric applications
because ligand shells decrease electrical conductivity.”® As
described later, these particles can be post-synthetically
modified with selected ligands to tune solubility and other
material properties. Cu;SbS, (2) nanoparticles are polycrystal-
line with Rietveld refinements showing individual crystallites
ranging between 8 and 11 nm (Table S3).

Dopant Incorporation. Prior approaches to doping
famatinite have primarily focused on the Sb-site and used
solid-state fabrication methods.'”****°° Utilizing the opti-
mized synthesis developed here, famatinite was shown to
integrate Mn, Ni, Fe, and Zn as dopants on the Cu-site. All Cu-
site-doped materials are single-phase by XRD (Figure 2) and
possess elemental ratios determined by EDS that adhere
closely to the target stoichiometry (Table 1). With the addition
of dopants, the proximity to the target chemical formula was
maintained with the sum of the Cu and the Cu-dopant in the
atomic ratio revealing an enrichment above the target between
2 and 7%, which is consistent with what was found for the
optimized undoped famatinite. The calculated standard
deviations for the chemical formulas determined by collecting
EDS data at multiple sample locations were small (typically
less than 2% relative standard deviation), indicating a high
degree of homogeneity throughout the sample. TEM images of
doped samples are similar in the general size and shape of the
nanoparticles in comparison to the undoped samples with a
diameter of ~20 nm (Figure S2). XRD Rietveld refinements
show that the individual crystallite size of doped samples
ranged from 4 to 9 nm in comparison to undoped samples that
ranged from 8 to 11 nm in size (Table S3).

This study marks the first time Mn or Fe has ever been
incorporated into famatinite, and it is the first time
incorporating Zn and Ni phase-pure. Doping of Cu;_,Zn,SbS,
with stoichiometries ranging from x = 0.3 to 1.0 represents the
first demonstration that Cu-site dopants are tunable. The Zn
dopant was selected for this tunability study because it had
been shown for the related compound of tetrahedrite that Zn
doping resulted in the largest ZT.'"”** Other dopants were
successfully incorporated, including Ag on the Cu-site; In, Bi,
and Sn on the Sb-site; as well as Se on the S-site (Figure S3
and Table S4). This is the first demonstration of Ag and In
doping into famatinite.

Thermal Stability. For photovoltaic and thermoelectric
applications, it is important to evaluate the thermal stability of
a material due to its proximity to moderate or high heat during
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device usage. Some previous TGA and DSC studies have
investigated famatinite synthesized by traditional solid-state
methods,"”****** but this is the first thermal analysis of
famatinite nanoparticles made by solution-phase methods and
the first to look at famatinite with Cu-site dopants. To
accompany TGA and DSC analysis, samples were annealed
systematically, and products were studied by XRD, SEM, and
EDS as an in-depth study of the annealing process and
decomposition products.

As-synthesized famatinite nanoparticles with and without
Cu-site dopants were subjected to thermal analysis by TGA
and DSC (Figure 3 and Figures S4—S5). Cu;SbS, (1) and
Cu,SbS, (2) had similar thermal decomposition TGA traces
(Figure 3a and Figure S4), indicating that the excess amount of
sulfur added for the reaction of Cu;SbS, (2) did not alter the
thermal stability of the nanoparticles. Both samples lost
approximately 17% of their total starting mass by 700 °C.
The undoped samples are best characterized by their
prolonged continuous mass loss from 200 to 440 °C, but the
mass of the sample is then steady to 700 °C. This type of mass
loss is shared by the Ni- and Fe-doped species, with
Cu, 7Ni 30SbS, losing 17% by 700 °C and Cu,,4Feq3,SbS,
losing 21% by 700 °C. The Cu,-Zn,3,SbS, sample does not
share the same continuous mass loss feature from 200 to 440
°C, but instead displays the greatest thermal stability up to 350
°C with a mass loss of only 4%. Above 350 °C, there is then a
steady mass loss that ends approximately equal to Cu,ZnSbS,
by 500 °C. Cu,~Zng3,SbS, and Cu,ZnSbS, have the smallest
mass loss overall of 10% at 700 °C. However, Cu,ZnSbS, has a
slow mass loss of 2 to 8% from 200 to 440 °C unlike
Cu, 70Zng 30SbS,. Cu, ,oMng 50SbS, has little mass loss from 200
to 440 °C, and by 440 °C, it has the smallest overall mass loss
of 6%. A significant mass loss then begins at around 500 °C,
and at 700 °C, there is a total mass loss of 13%. All samples
displayed a small mass loss of 1—3% at low temperatures (50—
250 °C), which could stem from residual polyol solvent.

Both undoped famatinite samples have the same transitions
by DSC and have more observed phase transitions than all
doped famatinite species (Figure 3b and Figure S5). A
potential reason for the number of transitions that occurs in
the undoped samples is the presence of a small amorphous
CuS impurity detected by Raman spectroscopy, as shown in
Figure S6. The largest transition is endothermic at 400 °C, and
all undoped as well as doped famatinite samples have a
transition at or near this temperature, although the magnitude
varies. Cu,-oFe(3SbS, has the largest mass loss by TGA and
has more DSC transitions than the other doped samples.
Cu, 7oNig3oSbS, shares a similar intensity in its 400 °C
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Figure 3. Thermal analysis of undoped and doped famatinite samples by (a) TGA and (b) DSC. Legend corresponds to both graphics. Cu;SbS,
(1) and Cu;SbS, (2) represent 0 and 10% additional sulfur in the reaction, respectively. DSC curves are stacked for clarity, and each increment on

the y axis is 0.5 W/g.

transition to the undoped famatinite species, but it occurs at a
slightly lower temperature. Both Zn-doped samples have
results that show stability from 100 to 400 °C with minimal
phase changes in contrast to the undoped, Ni-doped, and Fe-
doped samples. Cu,ZnSbS, has a small endothermic transition
at approximately 400 °C as most other samples do, but it is
broader and less intense. In contrast, the transition in
Cu,70Zng3,SbS, is shifted to a slightly higher temperature
and appears to be composed of two broad features over the
range of 425 to 475 °C. Cu,;oMng3,SbS, has a small 400 °C
endothermic transition with a major endothermic transition
that occurs at 500 °C and is not shared by any other species.
Considering the DSC and TGA results, it is concluded that
doping famatinite with Zn and Mn improves the thermal
stability of the nanoparticles by decreasing the amount of mass
lost and reducing the number of phase transitions.

For famatinite (Cu;SbS, and Cu;Sbgg,M sS4 M = Sn, Ge)
made by mechanical alloying with hot pressing at 300 °C, mass
loss by TGA of approximately 8—10% was observed after
heating to 700 °C."**** Additionally, for these samples, two
endothermic DSC transitions were observed between 530 and
615 °C in all cases.'””>* For the famatinite samples produced
by the polyol method herein, this mass loss is greater for all
samples (13—21%) relative to the solid-state precedent, with
the exception of Zn-doped famatinite samples (10%). All
samples made by the modified polyol method had an
endothermic transition at the lower temperature of ~400 °C.
The solution-phase method utilized in this study produced
nanoparticles, which are likely the cause of the decreased
thermal stability. One study that produced famatinite
(Cu;Sbg goBigg6SngosSs) by mechanical alloying and spark
plasma sintering at 400 °C produced particles of around 100
nm in size.”> TGA and DSC of this material are very
comparable to those of the famatinite made by the modified
polyol method, with a TGA mass loss of around 10% by 475
°C and an endothermic DSC transition at 438 °C. The
aforementioned solid-state methods employed an annealing
process prior to characterization that likely eliminated the low
temperature (50—300 °C) DSC transitions and TGA mass loss
that were observed for most of the as-synthesized polyol
samples.

To investigate the composition and structure of famatinite in
parallel with the thermal properties revealed by DSC and TGA,
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XRD, SEM, and EDS characterization was undertaken for the
species produced by annealing under nitrogen gas at set
heating intervals (100 °C from 100 to 500 °C). XRD results
for the samples annealed at 100 and 200 °C were consistent
with those of the as-synthesized products and the 300 °C
products (Figure S7). At 300 °C, all products remain phase-
pure by XRD (Figure 4a) despite the mass losses ranging from
2.5 to 11% observed in the TGA (Figure 3a). This shows that
the famatinite nanoparticles made by the modified polyol can
be annealed to 300 °C, which will likely further stabilize the
phase for thermoelectric or solar cell applications. By 400 °C,
all XRD patterns (Figure 4a) reveal crystalline decomposition
products (primarily tetrahedrite). This observation of a new
phase correlates with the endothermic transition that occurred
at approximately 400 °C for all samples by DSC. This finding
is consistent with the ease of transformation between
famatinite and tetrahedrite phases reported in prior liter-
ature.””**’ Tetrahedrite is the primary phase after heating to
400 °C for all samples except Cu,,,Mng;,SbS, and
Cu,70Zng30SbS, (Figure 4a), which suggests that doping
stabilized famatinite and results in the transformation between
phases. In both of the aforementioned samples, famatinite is
still observed as a dominant phase. At 500 °C, famatinite is still
present in the Cu,,,Mn3,SbS, sample as a secondary phase,
while all other doped famatinite species have been converted
to tetrahedrite phases (Figure 4a). At 400 and 500 °C for
Cu,ZnSbS, and Cu,;yZn,3,SbS,, respectively, a color change
from black to brick red occurs. This supports the XRD finding
that tetrahedrite has formed based on prior research that
reported the red color of Cu,¢Zn,Sb,S;3 and Cu;;ZnSb,S,;."”
In both undoped species, a color change to gray is observed
after heating to 500 °C, and a second tetrahedrite phase is
observed by XRD that represents a copper-rich tetrahedrite
phase as previously reported.”” Consistent with TGA data,
XRD results demonstrate that Cu,,oMng4,SbS, and
Cu,79Zny 3,SbS, possess phase stability that is greater than
that of the undoped and other doped species.

To investigate by EDS the compositional change upon
heating, the atomic percent after annealing is subtracted from
the atomic percent of the as-synthesized product (atomic
percentages provided in Table SS). For the EDS data graphed
in Figure 4b, this change in the atomic percent is graphed
relative to the annealing temperature. The undoped samples
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the reaction.

lose S at a much greater rate than any of the other samples. In
comparison to Mn and Zn dopants, this S loss is nearly
doubled. For the Fe- and Ni-doped samples that possessed
similar TGA mass loss to the undoped, the sulfur loss is less
than the undoped samples and more than the Mn- and Zn-
doped samples. The conversion from famatinite to tetrahedrite
observed by XRD is directly linked to sulfur loss, and samples
with the lowest sulfur loss displayed the greatest famatinite
stability by XRD. The increase in the atomic percentage of Cu,
Sb, and the dopant is inversely linked to the sulfur loss. Note
that Cu,ZnSbS, has a greater increase in the dopant
percentage from the as-synthesized number because it contains
a greater absolute atomic percentage of the dopant relative to
the other Cu,;0M;30SbS, ¢y compositions.

For the decomposition analysis by XRD and EDS, it was
shown that the retention of sulfur correlates with the phase
stability of famatinite. The stronger bonding character between
each transition metal tetrahedrally coordinated to four S atoms
in the lattice would inhibit S volatilization. The improvement
in the thermal stability of the Mn- and Zn-doped samples likely
stems from the strength of their sulfur interaction. For the
initial interrogation of this observation, melting points of
binary sulfides are here compared as a substitute for bond
strength. MnS and ZnS have the highest melting points at 1610
and 1850 °C, whereas NiS, CuS, and FeS have lower melting
points of 797, 500, and 1194 °C.09773 Relatedly, it is notable
that the MnS phase diagram is less complex than the phase
diagrams of CuS and FeS in particular.”* Additionally, the
thermal stabilities observed for Cu-doped famatinites are
consistent with those previously observed for Cu-doped

9092

tetrahedrites. Zn-doped tetrahedrite was found to have the
largest shift in the phase transition temperature observed by
DSC, and Mn-doped tetrahedrite was found to have the least
mass loss by TGA.”>’® As Cu-site dopants on these CAS
phases (famatinite and tetrahedrite) have been shown to
improve thermal stability and tune material properties,”*”°
further research using electron pair resonance and X-ray
photoelectron spectroscopy is planned to better understand
bonding characteristics within the structure.

Optical Properties. The solution-phase synthesis here
produces famatinite samples with direct band gaps that are
little altered by Cu-site doping. The normalized vis—NIR
absorbance spectra for undoped and doped famatinite are
given in Figure Sa. All absorption curves for famatinite have
similar slopes, with the undoped samples having the steepest
change at approximately 1300 nm. These absorption spectra
are converted into Tauc plots as shown in Figure Sb and
Figure S8. Comparing the plots of (Ahy)'? (Figure S8) and
(Ahv?) (Figure Sb) versus photon energy shows that the plot
(Ahz?) yields good linear fits unlike (Ahv)'/%. This indicates
that the band gap is predominantly direct; if (Ahv)'/* were
linear, the band gap would be indirect.”” The lack of linearity
demonstrated in the indirect plotting of the result coupled with
the high linearity of the direct band gap result is evidence that
the undoped and doped famatinite nanoparticles synthesized
by the modified polyol method have a direct band gap.

In the literature, a variety of synthetic strategies have
produced famatinite, but the nature of the band

gap has varied between direct and indirect (Table
15,22,24—26,28—32,35—37,39,40,46,63,64,66,78—85 .
S6). For solution-
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Figure S. Normalized absorption spectra (left) and associated Tauc
plot (right) of undoped and doped famatinite samples. Tauc plot
contains photon energy (eV) versus (Ahv)?, where A represents
normalized absorbance, and reveals a linear relationship indicative of a
direct band gap. Dashed lines represent linear fits for the data and
indicate the x-intercept. Legend corresponds to both graphics.
Cu,SbS, (1) and Cu;SbS, (2) represent 0 and 10% excess sulfur in
the reaction, respectively.

phase methods that produce materials with indirect band gaps,
annealing has been identified as a remedy to shift the dominant
mode of charge excitation to be direct.”” All famatinite
nanoparticles produced herein by this solution-phase,
surfactant-free modified polyol method possessed a direct
band gap without the need for an annealing step.

To investigate the band gaps of doped and undoped
samples, the x-intercepts of the best-fit-line through (Ahv)?
were compared. Band gaps of each famatinite species ranged
from 0.85 to 0.95 eV, with each dashed line plotting the linear
region of each dopant back to the x-intercept (Figure Sb).
These values are in line with the reported literature based on
computational and experimental findings.”**~>” The band gap
of Cu;SbS, (1) was approximately 0.91 eV, while the band gap
of Cu;SbS, (2) was around 0.87 eV. Cu,,oFeq30SbS,,
Cu,70Zng 3,SbS,, and Cu,;,Mng3,SbS, all have band gaps
higher than either undoped famatinite. All other dopants were
found to be in-between the values of the undoped famatinites.
These doped famatinite samples, which displayed improved
thermal stability, maintained similar band gap properties to the
undoped with some being slightly blue shifted, which is more
favorable for photovoltaic applications. This is in contrast to
the red-shifting of the band gap previously reported when
famatinite was doped on the Sb-site. Undoped famatinite
produced by a solid-state process yielded a direct band gap of
0.88 eV, while Cu;Sby¢75Sn(,5S4 demonstrated a direct band
gap of 0.68 eV.° This trend is continued for Bi and Sn co-
doping, where a direct band gap of 0.85 eV for
Cu;Sby ggBig ¢,S; was decreased to 0.73 eV for
Cu;Sby gsBig06Sng00Ss~~ Doping on the Cu-site of other
multinary chalcogenides, such as CZTS(e), has been shown
to increase the band gap of the species.*>®” For example, Li-
doping in (Li,Cu,_,),ZnSnSe, with x ranging from 0 to 0.12
widened the band gap from 1.05 to 1.18 eV, while Ag-doping
in (Cuy_,Ag,),ZnSnS, with x between 0 and 1 increased the
band gap from 1.5 to 2.01 eV.*”** The findings here suggest
that the band structure of famatinite is only slightly altered by
Cu-site doping, and the distinctive nature of this famatinite
system merits further investigation.

Ligand Surface Functionalization. Surface functionaliza-
tion can be a valuable strategy to tune the surface properties to
improve carrier transfer and nanoparticle dispersibility for
solution-phase processability. To modify the surface properties
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of the famatinite nanoparticles, alkanethiols were utilized for
the sulfur coordination with the copper. Octadecanethiol
(ODT) and 11-mercapto-1-undecanol (MUD) were chosen
specifically for their difference in polarity given the methyl
terminus of ODT and the hydroxyl terminus of MUD. The
difference in polarity allowed for experimentation to test the
surface functionalization through dispersion of the nano-
particles in three solvents of varying polarities: deionized water,
ethanol, and n-hexane. The ODT and MUD coatings were
completed via a facile procedure, and the coated nanoparticles
will be referred to as ODT- and MUD-NPs, respectively. Also
studied was the dispersion of control nanoparticles that were
taken through the ligand functionalization process without the
presence of a ligand. A small amount of each nanoparticle
sample was dispersed in each of the solvents, and pictures were
taken at set time intervals to investigate the solution-phase
stability (Figure 6 and Figure S9).
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Figure 6. Famatinite nanoparticles with surface functionalization by
11-mercapto-1-undecanol (MUD) or 1l-octadecanethiol (ODT)
suspended by sonication in hexanes or water. Images of nanoparticles
suspended in water after 6 days without agitation are also included. A
sample of nanoparticles that underwent the surface functionalization
process without an organic ligand present was tested as a control.

The hydrophobic coating of the ODT-NPs is successful in
dispersing the nanoparticles in n-hexane (Figure 6). ODT-NPs
are more stable than MUD-NPs, which are more stable than
the control. MUD-NPs demonstrate a low capacity to disperse
in n-hexane due to the exposed alkyl chain regions of their
ligand shell. The control nanoparticle with no ligand coating
shows no dispersibility in n-hexane. In deionized water, it is
evident that MUD-NPs demonstrate high solution-phase
stability, while ODT-NPs exhibit poor stability (Figure 6).
MUD-NPs are stable in deionized water for more than 6 days.
Control NPs behave similarly to the MUD-NPs in deionized
water but drop out of the solution at a faster rate. ODT-NPs
displayed little stability in deionized water and instead
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clustered at the top and bottom of the solution. In ethanol, the
dispersibility of the nanoparticles is high even without
functionalization, but MUD functionalization can extend this
suspension to several weeks (Figure S9). Figure S9 displays a
full comparison of all nanoparticle and solvent combinations as
a function of time, with the additional control of an "as-
synthesized” nanoparticle sample included. These nano-
particles were tested for solution-phase stability without any
functionalization steps and were found to behave similarly to
the control nanoparticles. In all cases, MUD-NPs remained
dispersed longer in deionized water and ethanol than the
controls or ODT-NPs. Conversely, ODT-NPs remained
dispersed longer in n-hexane than the controls or MUD-NPs.
This surface functionalization process was successful based on
the significant stability differences between MUD-NPs, ODT-
NPs, and control-NPs.

Conclusions and Future Directions. The modified
polyol process has been shown to rapidly produce famatinite
nanoparticles with high purity in a one-step and energy-
efficient synthesis. A synthetic optimization study determined
the temperature and time to produce phase-pure famatinite.
Addition of 10% mol excess sulfur in the synthesis improved
the Cu and Sb EDS values to within 5% of the expected molar
ratio, which is favorable in comparison to literature examples
with Cu EDS ratios ranging from —16 to 48% of the
target.****** The modified polyol process demonstrated the
capability to incorporate a wide range of dopants into
famatinite on the Cu-site. Cu,;,Mng4,SbS,, Cu,;Nij3,SbS,,
Cu, 70Zng 30SbS,, Cu,ZnSbS,, and Cu,,oFey3,SbS, were
produced phase-pure for the first time, with Mn and Fe
doping having never been shown in the literature before. The
tunability of Cu-site doping was shown for Cu;_,Zn,SbS, (x =
0.3, 0.6, 1) nanoparticles that were all produced with high
purity. Doping on the Sb- and S-sites was also studied, and this
paper reports the first incorporation of In, Bi, Sn, and Se by
solution-phase methods. Synthesized nanoparticles were
generally polycrystalline and nonuniform in shape with particle
sizes that ranged from 20 to 30 nm. Thermal analysis of the
undoped and doped famatinite nanoparticles showed that Mn
and Zn doping improved the stability of the material by
decreasing the amount of sulfur lost upon heating. A direct
transition from famatinite to tetrahedrite was observed while
annealing, highlighting the interplay between tetrahedrite and
famatinite phases. While nanostructuring decreased the
thermal stability of famatinite in comparison to bulk products
studied in the literature, XRD analysis of annealing products
suggests that nanostructured products could be annealed at up
to 300 °C and maintain phase purity. Cu-site dopants, most
notably Mn and Zn, improved thermal stability and maintained
optical properties. Optical studies observed that all undoped
and doped nanoparticles possess a direct band gap of 0.9 eV,
which is in agreement with prior optical studies of undoped
famatinite. The presence of the direct band gap in all samples
suggests that the modified polyol method is predisposed to
forming samples in which the direct transition is dominant,
which is notable over other solution-phase methods. Post-
synthetic surface functionalization studies demonstrated the
promise of utilizing alkanethiols ligands to improve the
processability of nanoparticles that could be spin-coated to
create thin films.

Understanding the synthetic pathway, optical properties,
thermal stability, and ligand functionalization of solution-phase
famatinite nanoparticles is important for future applications in
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photovoltaics and thermoelectrics. Given that doping on the
Cus-site is found to produce a direct ~1 eV band gap and
benefit the thermal stability of the material, it is expected that
these quaternary famatinites will have improved performance
relative to undoped famatinite in photovoltaic devices. Poor
band alignment between intrinsically p-type Cu;SbS, and
commonly used n-type TiO, is cited as a reason for the poor
efficiency of famatinite-based photoelectrochemical devices.*’
The tunability of Cu-site dopants evidenced herein suggests
that famatinite could be doped sufficiently to exhibit an n-type
behavior, which is of interest because n-type CAS phases are
uncommon. This n-type behavior may occur due to divalent
dopants on the monovalent Cu site in Cu;SbS,, which would
increase electron contribution to the material.”> For all
famatinite nanoparticles, the thermal stability of famatinite is
promising for incorporation into alternative energy applica-
tions with threshold temperatures below 300 °C, and the phase
interchangeability between famatinite and tetrahedrite upon
additional annealing is a synthetic approach for further
exploration. Optimization and characterization of the other
doped famatinite species represent another key avenue of
research, as Sb- and S-site doping has not been systematically
studied. Surface functionalization studies suggest that the
processability of famatinite can be tailored, enabling facile thin
film coating. Coating nanoparticles with conductive ligand
shells is a prospect that may improve carrier transport
properties for photovoltaic applications and negate the
disadvantages of nanostructured photovoltaics. The expansion
of synthetic strategies and dopant types serves to enable a
greater degree of control over the properties of famatinite for
enhanced performance in energy applications.
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