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Abstract: The optimal conditions for synthesizing a pure chalcopyrite CuFeS, phase were thor-
oughly investigated through the combination of mechanical alloying (MA) and hot pressing (HP)
processes. The MA process was performed at a rotational speed of 350 rpm for durations ranging from
6 to 24 h under an Ar atmosphere, ensuring proper mixing and alloying of the starting materials.
Afterward, MA-synthesized chalcopyrite powder was subjected to HP at temperatures between
723 K and 823 K under a pressure of 70 MPa for 2 h in a vacuum. This approach aimed to achieve
phase consolidation and densification. A thermal analysis via differential scanning calorimetry (DSC)
revealed distinct endothermic peaks at the range of 740-749 K and 1169-1170 K, corresponding
to the synthesis of the chalcopyrite phase and its melting point, respectively. An X-ray diffraction
(XRD) analysis confirmed the successful synthesis of the tetragonal chalcopyrite phase across all
samples. However, a minor secondary phase, identified as Cuj ;Fe; 1S, (talnakhite), was observed
in the sample hot-pressed at the highest temperature of 823 K. This secondary phase could result
from slight compositional deviations or local phase transformations at elevated temperatures. The
thermoelectric properties of the CuFeS, samples were evaluated as a function of the HP temperatures.
As the HP temperature increased, the electrical conductivity exhibited a corresponding rise, likely
due to enhanced densification and reduced grain boundary resistance. However, this increase in
electrical conductivity was accompanied by a decrease in both the Seebeck coefficient and thermal
conductivity. The reduction in the Seebeck coefficient could be attributed to the higher carrier concen-
tration resulting from improved electrical conductivity, while the decrease in thermal conductivity
was likely due to reduced phonon scattering facilitated by the grain boundaries. Among the samples,
the one that was hot-pressed at 773 K displayed the most favorable thermoelectric performance. It
achieved the highest power factor of 0.81 mWm~'K~! at 523 K, indicating a good balance between
the Seebeck coefficient and electrical conductivity. Additionally, this sample achieved a maximum
figure-of-merit (ZT) of 0.32 at 723 K, a notable value for chalcopyrite-based thermoelectric materials,
indicating its potential for mid-range temperature applications.

Keywords: thermoelectric; chalcopyrite; solid-state synthesis

1. Introduction

AMX; chalcogenide compounds (A = Cu and Ag; M = Al, Ga, In, and Fe; X =5,
Se, and Te) are versatile materials with applications in photoelectronic conversion and
nonlinear optical properties [1-3]. These properties can be fine-tuned through ion sub-
stitution, particularly with M or X ions. Recent investigations have extended the utility
of AMX; compounds to thermoelectric applications due to their favorable structural and
electronic characteristics [4-6]. Among these, chalcopyrite (CuFeS,), with a band gap of
approximately 0.53 eV, stands out as a promising n-type thermoelectric material [7]. Its
negative Seebeck coefficient allows for carrier concentration adjustment through doping,
offering potential for optimizing thermoelectric performance [5,6].
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Chalcopyrite is not only abundant and eco-friendly but also possesses a low toxicity
profile, making it an ideal candidate for sustainable material applications. It crystallizes
in the tetragonal space group I 42d (a = 0.5289 nm, ¢ = 1.0423 nm, c/a = 1.971) and
the constituent atoms occupy the following Wyckoff positions: Cu at 4a (0, 0, 0), Fe at
4b (0,0, 1/2), and S at 8d (1/4, 0, 1/2) [8], which is associated with its thermoelectric
and semiconductor properties [9-11]. Given the increasing focus on environmentally
friendly thermoelectric materials for large-scale production, the sulfide family holds great
promise [12]. Several copper sulfides, such as Cu,S [13], CusFeS4 [14], and Cu,pSnS; [15],
have been explored for their thermoelectric properties due to their p-type behavior, typically
driven by copper vacancies (V,,), which promote hole conductivity [16].

For the realization of full thermoelectric devices, both p-type and n-type materials
are required. While many copper sulfides exhibit p-type characteristics, chalcopyrite
(CuFeS,) is an intrinsic n-type semiconductor. The n-type behavior arises from sulfur
vacancies (V5'), which introduce free electrons as charge carriers [17,18]. Furthermore,
CuFeS; exhibits antiferromagnetic behavior due to the magnetic moments of Fe**, with a
Neéel temperature of 823 K, making it interesting not only for thermoelectricity but also for
magnetic applications [19]. Some studies suggest that hybridization between the d-orbitals
of Fe and the sp-orbitals of S leads to the formation of additional bands near the valence
band, potentially enhancing carrier mobility [20].

In this study, CuFeS; was synthesized using mechanical alloying (MA), a technique
known for its ability to prevent chalcogen loss, which can occur during high-temperature
melting processes. Despite the possibility of generating undesired crystalline defects
and amorphous particles, MA is particularly advantageous for synthesizing chalcogenide
compounds as it is energy-efficient and time-saving. The MA process was followed by hot
pressing (HP) to consolidate the powder into dense specimens. This approach allowed
for a detailed investigation into the effects of MA and HP processing conditions on phase
transitions and the resulting thermoelectric properties of CuFeS;. By optimizing these
processes, it is possible to fine-tune the microstructure and thermoelectric behavior of
chalcopyrite, paving the way for its use in practical thermoelectric devices.

2. Experimental Procedure

To synthesize CuFeS,, Cu (purity 99.9%, particle size < 45 um, Kojundo, Japan),
Fe (purity 99.9%, particle size < 53 um, Kojundo, Japan), and S (purity 99.99%, particle
size < 75 um, Kojundo, Japan) powders were weighed according to the stoichiometric ratio,
with a total weight of 20 g. A planetary ball mill (Pulverisette5, Fritsch, Pittsboro, NC,
USA) consisting of stainless steel balls and vessels was utilized. The mixed powders were
placed in a hardened steel jar along with 400 g of steel balls, and MA was carried out at a
rotational speed of 350 rpm under an Ar atmosphere for durations ranging from 6 to 24 h.
Thermal analysis of the synthesized MA powder was performed using thermogravimetric
and differential scanning calorimetry (TG-DSC; TGA /DSC1, Mettler Toledo, Columbus,
OH, USA) at temperatures ranging from 300 to 1273 K with a heating rate of 5 K min~!.
The HP process was applied to the MA powder, which was placed in a graphite mold with
an inner diameter of 10 mm. HP was conducted under vacuum, applying a pressure of
70 MPa, at temperatures ranging from 723 to 823 K for 2 h to consolidate the powder. The
specimen names prepared in this study, along with the MA and HP processing variables,
are provided in Table 1.

Phase identification and lattice parameter analysis were performed on both MA pow-
ders and HP specimens using X-ray diffraction (XRD; D8-Advance, Bruker, Billerica, MA,
USA) with Cu Ka radiation. The results were further analyzed using Rietveld refinement
software (TOPAS ver. 4.1). Microstructural observations of the HP samples were carried
out using scanning electron microscopy (SEM; Prisma E, Thermo Fisher Scientific, Waltham,
MA, USA), and their compositions were assessed through energy-dispersive spectroscopy
(EDS; Quantax 200, Bruker, Billerica, MA, USA). The sintered body was cut into a rectangu-
lar parallelepiped with dimensions of 3 x 3 x 9 mm to measure the Seebeck coefficient and
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electrical conductivity, and then it was cut into disks with dimensions of 10 mm (diameter)
x 1 mm (thickness) for thermal conductivity. The Seebeck coefficient () and electrical
conductivity (o) were measured using the DC four-probe method in a helium atmosphere
with a ZEM-3 (Advance Riko, Yokohama, Japan) instrument. The thermal diffusivity (D) of
the specimens was determined using the laser flash method (TC-9000H, Advance Riko).
Thermal conductivity () was then calculated based on the equation, k = D-cp-d, where ¢p
is the specific heat and d is the density of the material. The specific heat of the sample was
0.52 Jg~'K~! [16]. Subsequently, the power factor (PF = «?>0) and the dimensionless figure
of merit (ZT = PF-k™!.T) were evaluated over the temperature (T) range of 323-723 K to
assess the performance of the synthesized CuFeS; material.

Table 1. Specimen designations and processing variables for chalcopyrite CuFeS, prepared via
MA-HP process.

Specimen Mechanical Alloying Hot Pressing
MA350R6H at 350 rpm for 6 h -
MA350R12H at 350 rpm for 12 h -
MA350R18H at 350 rpm for 18 h -
MA350R24H at 350 rpm for 24 h -
HP723K2H at 350 rpm for 12 h at 723 K for 2 h under 70 MPa
HP773K2H at 350 rpm for 12 h at 773 K for 2 h under 70 MPa
HP823K2H at 350 rpm for 12 h at 823 K for 2 h under 70 MPa

3. Results and Discussion

Figure 1 presents the TG-DSC curves and thermal analysis of CuFeS, powders as
a function of the MA time. The thermal behavior of the powders shows two distinct
endothermic peaks, one between 740 and 749 K and another between 1169 and 1170 K.
These peaks signify the decomposition and melting of CuFeS, due to sulfur volatilization
at higher temperatures. The endothermic peak at 740-749 K corresponds to the synthesis of
CuFeS, from residual elements during the heating process, while the peak at 1169-1170 K
indicates the melting point of CuFeS;. Barton [21] and Frenzel et al. [22] studied the phase
diagram of the Cu-Fe-S system; they found many kinds of phases (FeS,, CusFeSy, and
CuFeS,) and discovered that CuFeS; decomposes at 830 K.
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Figure 1. Thermal analysis plots via (a) TG and (b) DSC of CuFeS, powders synthesized by MA.
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Previous studies, such as that by Xie et al. [5], reported that CuS formed at around
393 K and reacted with S and Fe to produce CuFeS, at approximately 758 K, with
oxidation-reduction reactions occurring above 781 K. Similarly, Li et al. [11] suggested
that during the early stages of MA, the energy from ball collisions was insufficient for
Fe to react immediately with Cu and S, resulting in the initial formation of CuS, which
then transformed into CuFeS; as the milling time and energy increased. However, in
the current study, the direct synthesis of CuFeS, was achieved without the formation of
intermediate phases like CuS. This suggests that sufficient energy was provided during
MA for Cu, Fe, and S to react directly, resulting in the immediate formation of CuFeS,.
Li et al. [21] also observed that the vaporization and decomposition of CuFeS, began at
around 800 K in the DSC analysis. Ge et al. [16] reported that in their TG analysis, no
significant weight loss occurred for CuFeS; up to 760 K, but above this temperature, sulfur
volatilization began. However, given the high specific surface area of the fine powders
in this study, it is anticipated that volatilization will occur and intensify with increasing
temperature. Ge et al. [16] performed thermal analyses on sintered compacts rather than
powders. Their findings indicate that the weight loss due to volatilization was lower at
elevated temperatures compared to our powder samples, and the phase decomposition
temperature was also higher.

Figure 2 shows the XRD patterns and phase analysis of the synthesized MA powders
processed at varying milling times. It was observed that as the MA time increased, the
average particle size decreased. Using the TOPAS program to measure the Lorentzian
crystallite size, it slightly decreased from 14.5 nm (MA350R6H) to 12.8 nm (MA350R24H)
as shown in Table 2. However, compared to the particle sizes of the raw elemental powders,
the sizes of the MA-synthesized powders were significantly reduced. Notably, for the
sample milled for 6 h (MA350R6H), the chalcopyrite phase (CuFeS;; PDF# 01-075-6866) was
successfully synthesized, with no detectable secondary phases. This observation suggests
that a 6 h milling duration is adequate for the complete formation of the chalcopyrite
structure, indicating an efficient alloying process. Further extending the milling time to
24 h (MA350R24H) did not yield any additional phase transformations.
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Figure 2. XRD patterns of CuFeS, powders synthesized using MA.

The absence of new phases or structural alterations under prolonged milling condi-
tions demonstrates the stability of the CuFeS, phase. This consistency in phase composition
across different milling times suggests that additional milling beyond 6 h does not sig-
nificantly impact the structural integrity or lead to the decomposition of the chalcopyrite
phase. The findings underscore the importance of optimizing milling parameters to achieve
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the desired phase without unnecessary energy expenditure. However, in this study, the
chalcopyrite phase was synthesized after 6 h of MA, while the powders used for the HP
process underwent 12 h of MA. This extended processing time was implemented to account
for potential undetected residual elements that may not have fully reacted, considering the
limitations of the XRD analysis. In conjunction with the thermal analysis results obtained
from DSC and the XRD phase analysis, the optimal conditions for MA were determined to
be 350 rpm for 12 h. These optimized conditions were subsequently employed as a baseline
for further investigations into the effects of subsequent HP conditions on both the phase
evolution and thermoelectric properties of the synthesized CuFeS, material.

Table 2. Relative density, crystallite size, and lattice parameters of tetragonal chalcopyrite CuFeS;
prepared via MA-HP process.

Specimen Relative Density =~ Crystallite Size Lattice Parameter
[%] [nm] a [nm] ¢ [nm] c/a
MA350R6H - 14.5 0.5283 1.0375 1.9638
MA350R12H - 14.0 0.5280 1.0364 1.9630
MA350R18H - 13.5 0.5282 1.0365 1.9623
MA350R24H - 12.8 0.5288 1.0380 1.9630
HP723K2H 96.9 36.9 0.5289 1.0419 1.9699
HP773K2H 98.9 112.6 0.5292 1.0438 1.9724
HP823K2H 99.2 135.8 0.5289 1.0418 1.9697

Figure 3 depicts the XRD patterns of the sintered specimens as a function of the
HP temperature. The specimens sintered at 723 K (HP723K2H) and 773 K (HP773K2H)
exhibited a single-phase chalcopyrite structure (CuFeS;), which confirms the successful
preservation of the desired phase during the sintering process at these temperatures. This
is significant, as it indicates that appropriate control of HP conditions can effectively
maintain the integrity of the chalcopyrite phase. In contrast, when the HP temperature
was elevated to 823 K (HP823K2H), a secondary phase, talnakhite (Cuy 1Feq 1S,; PDF# 01-
070-3054), was detected. The emergence of this secondary phase implies that the increased
sintering temperature instigated sulfur volatilization, which consequently facilitated the
transformation of the chalcopyrite phase into the talnakhite structure. This observation
aligns with the findings of Li et al. [23], who reported that a decrease in the sulfur content
is a driving force behind the transformation of CuFeS; from its tetragonal chalcopyrite
structure to a cubic phase. The volatilization of sulfur at elevated HP temperatures was
pivotal in triggering this structural change, leading to a partial transformation from the
tetragonal chalcopyrite phase to the cubic talnakhite phase. Such transformations could
potentially adversely affect the thermoelectric properties of the material, as the unique
electronic and thermal transport characteristics of chalcopyrite may not be retained in
the talnakhite phase. Therefore, it can be concluded that to maintain the integrity of the
chalcopyrite phase, the optimal HP temperature should not exceed 773 K.

The lattice parameters of CuFeS; synthesized via MA-HP are summarized in Table 2
as follows: a = 0.5289-0.5292 nm, c = 1.0419-1.0438 nm, and tetragonality (c/a ratio)
ranging from 1.9697 to 1.9724. These values exhibit a close agreement with the standard
diffraction data for chalcopyrite (PDF# 01-075-6866), which specifies lattice parameters
of a = 0.5289 nm, ¢ = 1.0423 nm, and a tetragonality of 1.97069. This similarity indicates
that the synthesized CuFeS, successfully retains the characteristic tetragonal structure of
chalcopyrite. Li et al. [11] emphasized that CuFeS; can exist in both tetragonal (space group
I 42d) and cubic (space group Pn3m) forms, with the lattice parameter a = 0.5289 nm being
applicable to both structures. Ge et al. [16] also reported analogous lattice constants for
CuFeS,, specifically a = 0.5289 nm and c = 1.0420 nm, resulting in a tetragonality of 1.9701.
The close correspondence between these findings and the lattice parameters observed in
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this study reinforces the successful synthesis of the tetragonal CuFeS, phase. The slight
variations in the lattice parameters reported across different studies can be attributed
to differences in synthesis methods, starting materials, and processing conditions. Such
variations are common in the characterization of complex materials like CuFeS,, reflecting
the nuances of how specific parameters can influence crystal growth and structural stability.
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Figure 3. XRD patterns of CuFeS, compacts prepared using the MA-HP process.

Figure 4 presents the microstructures of the CuFeS, specimens sintered at different
HP temperatures. The sintered samples exhibited high relative densities, ranging from
96.9% to 99.2%, with no visible pores or cracks, as summarized in Table 2. The high
relative densities indicate effective densification, which is directly correlated with the
sintering temperature. Notably, the theoretical density of pure CuFeS; is reported as
4.19 gem ™3 [24]. As the HP temperature increased, the densification improved, suggesting
a more compact microstructure. In particular, the samples sintered at 723 K (HP723K2H)
and 773 K (HP773K2H) exhibited only the chalcopyrite phase (CuFeS,), consistent with
a fully densified and homogenous structure. However, a different microstructure was
observed for the sample sintered at 823 K (HP823K2H), where backscattered electron
imaging revealed distinct dark and bright regions. These microstructural differences
indicate the formation of multiple phases at higher sintering temperatures, likely due to
elemental redistribution or decomposition.

HP723K2H. | HP823K2H

" |HP773K2H .

Figure 4. SEM images of CuFeS; synthesized using the MA-HP process.

The EDS analysis, shown in Figure 5, confirmed phase segregation in the HP823K2H
sample. The dark regions (A) were identified as chalcopyrite (CuFeS;), while the bright re-
gions (B) corresponded to talnakhite (Cuj 1Fe; 1Sp), characterized by a lower sulfur content.
This phase separation can be explained by sulfur volatilization at elevated temperatures,
which led to the transformation of the chalcopyrite phase into talnakhite. The formation of
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talnakhite was further corroborated by an XRD analysis (Figure 3), where the presence of
the Cuj 1Fe; 1S, phase was detected in the HP823K2H sample. The observation of phase
transformation at higher temperatures is consistent with previous reports. Li et al. [23]
described that sulfur volatilization could induce a phase transition in CuFeS,, leading
to the formation of cubic phases such as talnakhite, particularly when the sulfur content
decreases. This study aligns with these findings, as sulfur loss during high-temperature
HP resulted in the partial transformation of the tetragonal chalcopyrite phase to the cubic
talnakhite phase. Furthermore, Li et al. [11] discussed the influence of sulfur vacancies
on structural stability, showing that when sulfur deficiencies become significant, phase
transformation from a tetragonal structure to a cubic structure can occur. The results of
this study provide additional evidence for this mechanism, as sulfur volatilization likely
triggered the observed transformation in the HP823K2H sample.

HP823K2H

A A

27.34

28.16 27.88

46.15 44.79

I4IEEEI Chalcopyrite| Talnakhite

Figure 5. EDS elemental analysis of HP823K2H specimen.

Figure 6 illustrates the electrical conductivity of CuFeS; as a function of temperature
and HP conditions. As the measurement temperature increased, a slight increase in electri-
cal conductivity was observed. Notably, the electrical conductivity exhibited a significant
increase with rising a HP temperature, escalating from 1.50 x 10% to 1.51 x 10* Sm~! at
323 K and from 2.51 x 10% to 1.92 x 10* Sm~! at 723 K. This pronounced enhancement
in electrical conductivity is attributed to an increase in carrier (electron) concentration,
which is likely due to sulfur deficiency arising from the elevated sintering temperatures.
Li et al. [11] noted that in CuFeS; produced by spark plasma sintering (SPS), sulfur vacan-
cies contribute to an increase in carrier concentration, although they also lead to intensified
carrier scattering, reducing mobility. As sintering temperatures rise, the loss of sulfur
leads to the formation of vacancies, thus raising the number of available charge carriers
and enhancing electrical conductivity. In their investigations, Li et al. [23] reported that
the electrical conductivity of CuFeS, exhibited a T3/ dependence, indicative of dominant
carrier scattering by ionized impurities within the temperature range of 300-700 K. Their
findings highlight that ionized impurities create long-range Coulomb potential fields that
scatter electrons, significantly diminishing mobility, which is a critical factor in conductiv-
ity. Conversely, Xie et al. [25] observed a negative temperature dependence of electrical
conductivity in CuFeS,, attributing this phenomenon to a sharp decrease in electron mobil-
ity. They documented conductivity values in the range of (5.3-3.5) x 10> Sm~! between
300 and 630 K, illustrating variability in the reported electrical conductivity as a func-
tion of temperature and processing conditions. Further corroborating these observations,
Ge et al. [11] provided an electrical conductivity range of (4.5-2.5) x 10® Sm~! at tempera-
tures spanning 300-723 K. These variations in reported electrical conductivity across different
studies highlight the complex interplay between synthesis methods, structural characteristics,
and thermodynamic conditions influencing the electronic properties of CuFeS,.
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Figure 6. Electrical conductivity of CuFeS, with different HP temperatures.

Figure 7 shows the Seebeck coefficient of CuFeS, across various samples, revealing
that all measured values are negative. This negative sign indicates that chalcopyrite
behaves as an n-type semiconductor. The Seebeck coefficient demonstrated a negative
temperature dependence, which is typically inversely proportional to carrier concentration.
Consequently, as the measurement temperature increased, the Seebeck coefficient exhibited
a decreasing trend, contrasting with the behavior observed for electrical conductivity. In
general, the Seebeck coefficient is expected to rise with increasing temperature, reaching a
peak value before declining due to intrinsic transitions in the material’s electronic structure.
Among the samples tested, the HP723K2H displayed the maximum Seebeck coefficient
of —507.8 pLVKfl at 323 K. However, the HP823K2H showed a significant decline in
the Seebeck coefficient across the entire temperature range. This sharp decrease can be
attributed to the elevated carrier concentration resulting from sulfur deficiency and the
presence of the talnakhite phase. Li et al. [11] reported a similar trend, indicating that
the Seebeck coefficient of CuFeS, diminished with increasing temperature during SPS.
Specifically, when sintered at 873 K, the Seebeck coefficient decreased from —589 uVK~! at
323 K to —449 uVK’l, and further decreased to below —400 pVK’1 at 573 K when sintered
at 923 K. This observation supports the notion that higher processing temperatures can
adversely affect the Seebeck coefficient due to the resulting changes in carrier dynamics.
Furthermore, Carr et al. [9] noted a reduction in the Seebeck coefficient of CuFeS, from
a peak of —525 pVK ! at 475 K to —365 nVK ! at 670 K within the temperature range
of 80-670 K. This indicates that while there is a tendency for the Seebeck coefficient to
initially rise with temperature, it can decline sharply as the temperature increases beyond
a certain threshold due to an increased carrier concentration. In contrast, Xie et al. [25]
reported a minimum Seebeck coefficient of —362 uVK—1 at 470 K, after which it increased
with temperature, reaching —380 uVK~! at 630 K. This behavior suggests the possibility
of complex carrier dynamics and phase transitions influencing the Seebeck coefficient in
CuFeS,. Moreover, Ge et al. [16] observed an opposite temperature dependence, with
the Seebeck coefficient peaking at —375 wVK~! at 573 K, before declining to —300 pVK !
at 723 K. This discrepancy emphasizes the intricate nature of the Seebeck coefficient’s
response to temperature and processing conditions, indicating that factors such as the
carrier concentration, material phase, and processing history play significant roles.

Figure 8 presents the PF values of CuFeS,, revealing that the PF reaches its maximum
within the temperature range of 423-523 K. This peak can be attributed to the interplay
between the temperature-dependent electrical conductivity and the Seebeck coefficient.
Notably, the sample hot-pressed at 773 K (HP773K2H) exhibited consistently high PF values
across the entire temperature range, culminating in a maximum PF of 0.81 mWm ~1K~2
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at 523 K. This performance significantly surpasses previously reported PF values for
CuFeS;. For instance, Li et al. [11] reported a PF of 0.13 mWm1K~2 at 573 K, while
Carr et al. [9] found a value of 0.30 mWm 1K ~2 at 570 K. Ge et al. [16] obtained a higher
PF of 0.45 mWm~1K~2 at 523 K, yet this is still lower than the values observed in the
current study. Moreover, Xie et al. [25] reported PF values of 0.69 mWm ~'K~2 at 300 K and
0.51 mWm~1K~2 at 630 K, both of which are also lower than the maximum value achieved
in this work.
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Figure 7. Seebeck coefficient of CuFeS, with different HP temperatures.
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Figure 8. Power factor of CuFeS; with different HP temperatures.

The enhancement in the power factor observed in the HP773K2H sample is indicative
of effective optimization in the thermoelectric properties of CuFeS, through careful control
of the HP conditions. The significant improvement in the PF can be linked to the favorable
balance between high electrical conductivity and Seebeck coefficient, which is critical for
achieving superior thermoelectric performance.

Figure 9 shows the thermal conductivity of CuFeS;, highlighting a notable trend: as
both the measurement temperature and HP temperature increased, the thermal conductiv-
ity exhibited a decrease. The minimum thermal conductivity recorded was 1.36 Wm~1K~!
at 723 K for the HP823K2H sample. Despite the HP823K2H sample exhibiting the highest
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sintered density and electrical conductivity, its lower thermal conductivity can be attributed
to the coexistence (composite) of the chalcopyrite and talnakhite phases, which likely en-
hances lattice scattering (phonon scattering). Thermal conductivity is a combination of the
contributions from the phonon transports (lattice thermal conductivity) and the charge-
carrier transports (electronic thermal conductivity), which can be separated using the
Wiedemann-Franz law [26]. The HP823K2H sample displayed the lowest lattice thermal
conductivity of 1.33 Wm~!K~! at 723 K. The reduction in thermal conductivity with in-
creasing temperature is a common phenomenon in thermoelectric materials, primarily due
to enhanced phonon scattering mechanisms. Li et al. [23] noted a sharp decrease in thermal
conductivity with rising measurement temperatures, attributing this behavior to strong
Umklapp phonon scattering, which becomes more pronounced at elevated temperatures.
This is consistent with the observations made by Carr et al. [9], who found that the thermal
conductivity of CuFeS, above room temperature followed a T~! trend due to Umklapp
scattering, with a minimum value of approximately 2 Wm~'K~! at 670 K. Furthermore,
Xie et al. [25] and Ge et al. [16] reported minimum thermal conductivities of 2.33 Wm1K!
at 630 K and 1.3 Wm 1K1 at 723 K, respectively. Additionally, Li et al. [11] emphasized
that as the SPS temperature rose, the sulfur content in CuFeS; diminished, resulting in the
introduction of more defects. These defects play a significant role in phonon scattering, thus
lowering thermal conductivity. Their findings indicated minimum thermal conductivity
values ranging from 5.5 to 2.5 Wm~!K~! in the temperature range of 323-573 K for samples
sintered at 923 K. These results corroborate the trends observed in this study, reinforcing
the idea that increased temperatures and defect concentrations contribute significantly to
phonon scattering mechanisms in CuFeS;.
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Figure 9. Thermal conductivity of CuFeS, with different HP temperatures.

Figure 10 illustrates the ZT values of CuFeS,, exhibiting a significant enhancement
in thermoelectric performance as the temperature increased. Initially, at 323 K, the ZT
values were relatively low, ranging from 0.01 to 0.09. However, due to the optimized HP
conditions and the increase in measurement temperature, the HP773K2H sample achieved
a notable improvement in ZT, reaching 0.32 at 723 K. The ZT value is a critical parameter
for assessing the efficiency of thermoelectric materials, where higher values indicate better
thermoelectric performance. The results from this study align well with previous findings
in the literature. Li et al. [11] reported ZT values for CuFeS, produced via mechanical
alloying followed by spark plasma sintering (MA-SPS) that ranged from 0.03 to 0.07 at
573 K, varying with the milling time and SPS temperature. Similarly, Li et al. [23] achieved
a ZT of 0.22 at 700 K for CuFeS; synthesized through a melting-annealing-SPS method,
highlighting the influence of synthesis techniques on thermoelectric performance. In a
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comparative context, Carr et al. [9] reported a ZT of 0.09 at 670 K for CuFeS, produced
through a combination of melting, annealing, quenching, and high-energy ball milling,
followed by HP. Xie et al. [5] obtained a ZT of 0.13 at 630 K using a melting process
combined with plasma activated sintering (PAS), while Ge et al. [16] achieved a ZT of
0.15 at 723 K with a similar PAS approach. Tippireddy et al. [27] employed a multi-step
process—vacuum melting, crushing, remelting, crushing, and HP—to produce Cr-doped
chalcopyrite; For Cug9oCrp osFeSy, a ZT of 0.31 was achieved at 673 K; however, undoped
CuFeS; exhibited a ZT of 0.08 at 673 K, which is significantly lower than our ZT of 0.32 at
723 K. In this study, we synthesized a single-phase undoped chalcopyrite through a simple
MA-HP process, achieving a thermoelectric performance comparable to Tippireddy et al.’s
Cr-doped samples. The findings indicate that the MA-HP method employed in this study
not only allows for the successful synthesis of chalcopyrite CuFeS; but also provides a
pathway to achieve higher thermoelectric performance. The enhanced ZT value of 0.32 at
723 K demonstrates the effectiveness of controlling the HP temperature and the resulting
microstructural properties, which contribute significantly to the thermoelectric performance
of CuFeS,.
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Figure 10. ZT values of CuFeS, with different HP temperatures.

4. Conclusions

The controlled mechanical alloying time and hot pressing temperature facilitated
the successful synthesis of tetragonal chalcopyrite CuFeS, through solid-state process-
ing. A comprehensive thermal analysis, including thermogravimetric and differential
scanning calorimetry, in conjunction with an X-ray diffraction phase analysis, led to the
determination of optimal MA conditions at 350 rpm for 12 h. The HP conditions were
subsequently optimized to 773 K for 2 h, which effectively preserved the chalcopyrite
phase without secondary phase formation. In contrast, HP at 823 K resulted in the for-
mation of a secondary phase, talnakhite (Cuj 1Fe 15;), attributed to sulfur volatilization.
This phenomenon underscores the importance of controlling processing temperatures to
maintain the integrity of the desired chalcopyrite phase. The synthesized chalcopyrite
CuFeS, exhibited n-type transport characteristics throughout the measured temperature
range, indicating its potential utility as a thermoelectric material. Notably, an increase in
the HP temperature correlated with a rise in electrical conductivity, while both the Seebeck
coefficient and thermal conductivity exhibited a decreasing trend. This behavior is believed
to be linked to sulfur volatilization and the consequent formation of the talnakhite phase,
which likely enhanced carrier concentration while reducing mobility. Among the samples
tested, the specimen processed under the HP condition of 773 K (HP773K2H) demonstrated
the highest power factor of 0.81 mWm~!K~2 at 523 K, culminating in a maximum dimen-
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sionless figure-of-merit of 0.32 at 723 K. In conclusion, the tetragonal chalcopyrite CuFeS,,
exhibiting semiconductor behavior, can be efficiently synthesized via the MA-HP method.
This research highlights its promising application as an n-type thermoelectric material,
paving the way for further exploration and the optimization of its thermoelectric properties
in practical applications.

Author Contributions: Conceptualization, J.-S.K. and I.-H.K.; methodology, J.-S.K. and I.-H.K,;
software, J.-S.K.; validation, I.-H.K.; formal analysis, J.-S.K.; investigation, J.-S.K.; resources, ].-S.K.;
data curation, ].-S.K.; writing—original draft preparation, J.-S.K.; writing—review and editing, I.-H.K,;
visualization, J.-S5.K.; supervision, I.-H.K.; project administration, I.-H.K.; funding acquisition, I.-H.K.
Both authors have read and agreed to the published version of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by the Basic Science Research Capacity Enhancement Project
(National Research Facilities and Equipment Center) through the Korea Basic Science Institute funded
by the Ministry of Education (grant No. 2019R1A6C1010047).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Guezmir, N.; Nasrallah, T.B.; Boubaker, K.; Amlouk, M.; Belgacem, S. Optical modeling of compound CulnS, using relative
dielectric function approach and Boubaker polynomials expansion scheme BPES. ]. Alloys Compd. 2009, 481, 543-548. [CrossRef]

2. Xue, D,; Betzler, K.; Hesse, H. Dielectric properties of I-III-VI,-type chalcopyrite semiconductors. Phys. Rev. B Condens. Matter
Mater. Phys. 2000, 62, 13546-13551. [CrossRef]

3. Birkmire, RW. Compound polycrystalline solar cells: Recent progress and Y2K perspective. Sol. Energy Mater. Sol. Cells 2001, 65,
17-28. [CrossRef]

4. Lefevre, R.; Berthebaud, D.; Mychinko, M.Y.; Lebedev, O.I1;; Mori, T.; Gascoin, E.; Maignan, A. Thermoelectric properties of the
chalcopyrite Cul,XMXFeSQ,y series (M = Mn, Co, Ni). RSC Adv. 2016, 6, 55117-55124. [CrossRef]

5. Xie, H,; Su, X;; Yan, Y.; Liu, W,; Chen, L.; Fu, J.; Yang, J.; Uher, C.; Tang, X. Thermoelectric performance of CuFeS;,,, composites
prepared by rapid thermal explosion. NPG Asia Mater. 2017, 9, e390. [CrossRef]

6. Moorthy, M.; Palraj, J.; Kannan, L.; Katlakunta, S.; Peruma, S. Structural, microstructural, magnetic, and thermoelectric properties
of bulk and nanostructured n-type CuFeS, chalcopyrite. Ceram. Int. 2022, 48, 29039-29048. [CrossRef]

7. Hamajima, T.; Kambara, T.; Gondaira, K.I. Self-consistent electronic structures of magnetic semiconductors by a discrete variational
Xuw calculation. III. Chalcopyrite CuFeS,. Phys. Rev. B 1981, 24, 3349. [CrossRef]

8. Available online: https://www.mindat.org/min-955.html (accessed on 7 November 2024).

9.  Carr, W.D.; Morelli, D.T. The Thermoelectric properties and solubility limit of CuFeSy( _y)Sex- J. Electron. Mater. 2016, 45,
1346-1350. [CrossRef]

10. Tsujii, N.; Mori, T. High thermoelectric power factor in a carrier-doped magnetic semiconductor CuFeS;. Appl. Phys. Exp. 2013,
6, 043001. [CrossRef]

11. Li,J; Tan, Q.; Li, J.E. Synthesis and property evaluation of CuFeS,_ as earth-abundant and environmentally-friendly thermoelec-
tric materials. J. Alloys Compd. 2013, 551, 143-149. [CrossRef]

12.  Yang,].; Yu, L.; Wang, T.; Yan, ].; Liu, G.; Shi, Z.; Qiao, G. Thermoelectric properties of n-type CuxBi,S3 materials fabricated by
plasma activated sintering. J. Alloys Compd. 2018, 780, 35-40. [CrossRef]

13.  Yao, Y.; Zhang, B.P; Pei, J.; Sun, Q.; Nie, G.; Zhang, W.Z.; Zhuo, Z.T.; Zhou, W. High thermoelectric figure of merit achieved
in CuyS1_Tey alloys synthesized by mechanical alloying and spark plasma sintering. ACS Appl. Mater. Interfaces 2018, 10,
32201-32211. [CrossRef] [PubMed]

14. Kumar, V.P; Barbier, T.; Lemoine, P.; Raveau, B.; Nassif, V.; Guilmeau, E. The crucial role of selenium for sulphur substitution
in the structural transitions and thermoelectric properties of CusFeS, bornite. Dalton Trans. 2017, 46, 2174-2183. [CrossRef]
[PubMed]

15. Pogue, E.A,; Paris, M,; Sutrisno, A.; Lafond, A.; Johnson, N.; Shoemaker, D.P.; Rockett, A.A. Identifying short-range disorder in
crystalline bulk Cu;SnS;3 phases: A solid-state nuclear magnetic resonance spectroscopic investigation. Chem. Mater. 2018, 30,
6624-6635. [CrossRef]

16. Ge, B.; Hu, ]; Shi, Z.; Wang, H.; Xia, H.; Qiao, G. Integration of multi-scale defects for optimizing thermoelectric properties of

n-type Cuj_CdyFeS; (x = 0-0.1). Nanoscale 2019, 11, 17340-17349. [CrossRef]


https://doi.org/10.1016/j.jallcom.2009.03.167
https://doi.org/10.1103/PhysRevB.62.13546
https://doi.org/10.1016/S0927-0248(00)00073-8
https://doi.org/10.1039/C6RA10046E
https://doi.org/10.1038/am.2017.80
https://doi.org/10.1016/j.ceramint.2022.04.287
https://doi.org/10.1103/PhysRevB.24.3349
https://www.mindat.org/min-955.html
https://doi.org/10.1007/s11664-015-4029-5
https://doi.org/10.7567/APEX.6.043001
https://doi.org/10.1016/j.jallcom.2012.09.067
https://doi.org/10.1016/j.jallcom.2018.11.343
https://doi.org/10.1021/acsami.8b11300
https://www.ncbi.nlm.nih.gov/pubmed/30178653
https://doi.org/10.1039/C6DT04204J
https://www.ncbi.nlm.nih.gov/pubmed/28127602
https://doi.org/10.1021/acs.chemmater.8b01182
https://doi.org/10.1039/C9NR04693C

Materials 2024, 17, 5497 13 of 13

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.
27.

Qiu, P; Qin, Y,; Zhang, Q.; Li, R.; Yang, J.; Song, Q.; Tang, Y.; Bai, S.; Shi, X.; Chen, L. Intrinsically high thermoelectric performance
in AgInSe; n-type diamond-like compounds. Adv. Sci. 2018, 5, 1700727. [CrossRef]

Naohito, T.; Mori, T.; Isoda, Y. Phase stability and thermoelectric properties of CuFeS,-based magnetic semiconductor. . Electron.
Mater. 2014, 43, 2371-2375.

Berthebaud, D.; Lebedev, O.1.; Maignan, A. Thermoelectric properties of n-type cobalt doped chalcopyrite Cu;_CoxFeS; and
p-type eskebornite CuFeSe;. |. Mater. 2015, 1, 68-74. [CrossRef]

Xie, H.; Su, X.; Zheng, G.; Zhu, T; Yin, K,; Yan, Y.; Uher, C.; Kanatzidis, M.G.; Tang, X. The role of Zn in chalcopyrite CuFeS;:
Enhanced thermoelectric properties of Cuy_yZnyFeS, with in situ nanoprecipitates. Adv. Energy Mater. 2016, 7, 1601299. [CrossRef]
Frenzel, N.; Mehne, M.; Bette, S.; Kuretiban, S.; Frisch, G. Synthesis and stability of single-phase chalcopyrite—A potential
reference material for key investigations in chemistry and metallurgical engineering. RSC Adv. 2021, 11, 3153-3161. [CrossRef]
Barton, P.B. Solid solutions in the system Cu—Fe—S, part I; the Cu—S and CuFe—S joins. Econ. Geol. 1973, 68, 455-465. [CrossRef]
Li, Y,; Zhang, T,; Qin, Y.; Day, T.; Snyder, G.J.; Shi, X.; Chen, L. Thermoelectric transport properties of diamond-like Cu;_ Feq,+S,
tetrahedral compounds. J. Appl. Phys. 2014, 116, 203705. [CrossRef]

Madelung, O. Semiconductors: Data Handbook, 3rd ed.; Springer: Berlin, Germany, 2004; pp. 326-327.

Xie, H.; Su, X.; Zheng, G.; Yan, Y.; Liu, W.; Tang, H.; Kanatzidis, M.G.; Uher, C.; Tang, X. Nonmagnetic in substituted CuFe;_,InyS,
solid solution thermoelectric. J. Phys. Chem. C 2016, 120, 27895-27902. [CrossRef]

Devanathan, V. The Wiedemann-Franz law for electrical and thermal conduction in metals. J. Chennai Acad. Sci. 2021, 4, 1-26.
Tippireddy, S.; Freer, R.; Azough, F.; Bhui, A.; Mikulska, I; Biswas, K.; Vaqueiro, P.; Powell, A.V. Enhancement of thermoelectric
properties of CuFeS, through formation of spinel-type microprecipitates. . Mater. Chem. A 2023, 11, 22960-22970. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/advs.201700727
https://doi.org/10.1016/j.jmat.2015.03.007
https://doi.org/10.1002/aenm.201601299
https://doi.org/10.1039/D0RA09700D
https://doi.org/10.2113/gsecongeo.68.4.455
https://doi.org/10.1063/1.4902849
https://doi.org/10.1021/acs.jpcc.6b10308
https://doi.org/10.1039/D3TA05011D

	Introduction 
	Experimental Procedure 
	Results and Discussion 
	Conclusions 
	References

