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Bismuth sulfide (Bi,S;) exhibits potentials in thermoelectric field, due to their environmental friendliness, high Seebeck
coefficients, and low thermal conductivity. However, the peak ZT for binary Bi,S; does not exceed 1.0, inhibiting its practical
applications. Starting from the precipitation smelting of bismuth concentrate process, this study constructs multi-type, multi-scale
in-situ secondary phases and porous structures through FeCoNi (FCN) medium-entropy alloy addition, significantly enhancing
the ZT value of Bi,S;-based thermoelectric materials. The introduced FCN reacts with pre-synthesized Bi,S; nanorod matrix during
spark plasma sintering and forms precipitate complex with FCN-S core and Bi shell microstructures. FCN doping improves the
carrier concentration of Bi,S; and the reduced Bi from Bi,S; acts as carrier transport channels for mobility optimization. Due to the
stacking effect of Bi,S; nanorods and the volatile nature of metallic Bi, porous Bi,S; structure is formed, characterized by randomly-
distributed and micro-to-nanoscale pores. The coexistence of various lattice defects effectively scatter phonons and suppress
the lattice thermal conductivity, thus an excellent peak ZT of 1.1 is achieved at 773 K in a 0.25 wt.% FCN-doped Bi,S; sample.
This study, drawing on the process of ore smelting, proposes a convenient method for preparing high-performance chalcogenide
thermoelectric materials with porous structures.

1 | Introduction the Seebeck coefficient, the total thermal conductivity, and the
absolute temperature (in K), respectively.

Thermoelectric materials can directly convert waste heat into

electricity using the Seebeck effect or convert electricity into heat
using the Peltier effect without moving component parts or gen-
erating toxic gases, thus providing a new approach to overcome
the increasingly serious environmental issues and energy crisis
[1-3]. The performance of a thermoelectric material is evaluated
using the dimensionless figure of merit ZT [4-6]. ZT = (65?/x,o) T,
where o, S, x, and T represent the electrical conductivity,

Simultaneous optimization of the electrical and thermal transport
properties is challenging due to the complex and strong coupling
among the o, S, and x,, parameters. Nevertheless, the power
factor (PF = 0S?) can be effectively improved by increasing o using
carrier engineering [7-9] (modulation doping and elemental
alloying for carrier density optimization) and by increasing
S using band-structure engineering [10-12] (enhancing band
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degeneracy and band convergence for effective mass optimiza-
tion). In parallel, decreasing lattice thermal conductivity (i)
is also beneficial for enhancing the ZT value. Strategies have
been developed to optimize thermal transport property, such
as enhancing the phonon scattering through the introduction
of nanostructure precipitates [13-15], utilizing porous structures
[16, 17], or seeking new materials with intrinsically low thermal
conductivities [18-20].

There are many state-of-the-art thermoelectric materials with
excellent thermoelectric performances, such as Bi,Te; [21-24],
PbQ-based (Q = S, Se, and Te) [25-28], SnTe-based [11, 29],
and Half-Heusler alloys [30, 31]. However, their large-scale
applications are still restricted due to the requirement of rare
and expensive elements, such as Te, or toxic and carcinogenic
elements, such as Pb, Cd, and Sb. As a consequence, it is critical
to find and further optimize new candidates that contain earth-
abundant and environment-friendly elements in order to boost
further market applications. Recently, Pb-free Bi,S;, consisting of
abundant, cheap, and low-toxic elements, has attracted increas-
ing attention for medium-temperature commercial applications.
Bi,S; has a room-temperature (RT) orthorhombic structure, and
the chemical bonds between Bi and S are more ionic than
covalent. Because of the significantly large difference in elec-
tronegativities of Bi (=1.9) and S (= 2.58), a strong optical phonon
scattering is generated, resulting in a low x;,, and poor carrier
mobility [32]. The large S value and a relatively low x;,, make
Bi,S; a promising medium-temperature thermoelectric material.
However, the low o seriously inhibits its improved thermoelectric
properties, as the intrinsic carrier concentration (n) of Bi,S; is as
low as 107 cm~3. Previous studies have demonstrated that metal
element doping (such as Ag [33, 34], Cu [35, 36], Ce [37]) can effec-
tively modulate the carrier concentration and phonon scattering
in Bi,S;-based thermoelectric materials, thereby enhancing their
performance. Meanwhile the hydrothermal method combined
with spark plasma sintering (SPS) has also been employed to
construct tailored microstructures for further optimization. For
instance, Liu et al. [38] synthesized Bi,S; nano-networks via a
solution-based approach and achieved a ZT value of 0.5 at 723
K through grain boundary purification. Xu et al. [16] further
engineered the stacking of Bi,S; nano-networks and introduced
a porous structure via SPS, which significantly reduces x,
and achieves a peak ZT of 0.81 at 823 K. This highlights the
synergistic enhancement of thermoelectric properties through
microstructural design.

Introducing porous structures into bulk thermoelectric mate-
rials has been theoretically proven to effectively optimize the
thermoelectric properties. Various strategies have been proposed
to construct porous structures in bulk thermoelectric materials,
including assembly of hollow nanostructures [39], chemical
exfoliation [40], sublimating agent-assisted pore formation [41],
and explosive reaction methods [42]. However, the intense
carrier/phonon scattering at the interface between the matrix
material and pores may lead to simultaneous reductions in o
and 1. Since the decrease in x;,; cannot fully compensate for
the deterioration of o, the ZT value may be eventually reduced.
In this regard, designing the interface between the matrix and
pores, as well as controlling the size and distribution of pores,
is crucial for the performance improvements of thermoelectric
materials.

In this work, hydrochloric acid-pretreated Bi,S; nanorods are
mixed with iron-based medium-entropy alloy (FeCoNi, abbrevi-
ated as FCN) and Bi,S;-based bulk polycrystalline materials are
synthesized by SPS following the precipitation smelting process
[43]. The synthetic details are shown in Figure S1. In the precipi-
tation smelting process, FCN could react with Bi,S; concentrate,
generating metallic Bi and (Fe,Co,Ni)S, (FCN-S) precipitates;
meanwhile, FCN can also enter Bi,S; lattice and achieve effective
doping, as shown in Figure la. The reduced Bi forms around
the FCN-S compounds, resulting in a nested distribution of
the multiple and multiscale precipitates. The n and the carrier
mobility (1) of Bi,S; material are simultaneously improved due
to the heterovalent FCN doping and the formation of conductive
channels through the reduced Bi precipitates. Therefore, the
highly enhanced o and PF is realized (Figure 1b,c). Moreover,
densely distributed and multi-scale pores are formed (Figure 1a),
which are induced by nanorod stacking and volatilization of
the reduced Bi metals (under the high temperature (HT), high
pressure (HP) and vacuum environmental conditions during
SPS). The complex microstructures, consisting of metal sulfides
and multi-scale pores, could effectively scatter phonons with
different frequencies, leading to an ultralow x;,, (Figure 1d).
Ultimately, an n-type, binary, polycrystalline Bi,S; + 0.25 wt.%
FCN sample is obtained with an excellent ZT value of 1.1 at 773
K (Figure le), surpassing previous reports and demonstrating the
potential of Bi,S; materials for thermoelectric applications in the
middle-temperature region.

2 | Results and Discussion

The X-ray diffraction (XRD) patterns of the bulk Bi,S; + x
wt.% FCN (x = 0, 0.125, 0.25, 0.5, 1.0) samples are shown in
Figure 2a. All featured peaks match well with the orthorhombic
Bi,S; phase. The enlarged XRD pattern for the diffraction angle
between 24-26° is shown in Figure 2b. As x increases, the XRD
peaks gradually shift toward lower angles, suggesting a systematic
lattice expansion of the Bi,S; matrix. The lattice expansion may
be explained by the fact that the FCN ions enter the interstitial
sites of Bi,S;. Volatilization of S during SPS may be another
reason for the volume increase, as reported in literature [44].
Notably, the diffraction peaks corresponding to metallic Bi can be
detected when the FCN content reaches 1.0 wt.%. Furthermore,
the elemental Bi is further verified using differential scanning
calorimetry for all samples in the 300 — 800 K temperature range,
and the results are shown in Figure 2c. The Bi,S; + 1.0 wt.% FCN
sample shows an obvious absorption peak near 542.5 K, consistent
with the melting point of metallic Bi at 544.4 K. Additionally,
the thermogravimetry curves do not show a decreasing inflection
point in the measured temperature range, indicating a good
thermal stability of the prepared Bi,S; samples, as shown in
Figure S2.

As shown in Figure 3a, the chemical state of different elements on
the surface of the as-synthesized bulk samples is analyzed using
X-ray photoelectron spectroscopy (XPS). Here, Bi,S; + 0.25 wt.%
FCN s used as a typical example. As shown in Figure 3b, the peak
at 441.2 eV corresponds to Bi 4ds,, of the Bi metal [45], indicating
the presence of Bi metal in this sample. Apparently, the amount
is beyond the detection limit of XRD and DSC. The peaks at 158.1
and 163.4 eV can be attributed to the Bi 4f;,, and Bi 4f;, orbits,
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Schematic diagram of the Bi,S; based bulk material with complex microstructure prepared by SPS of Bi,S; nanorods and FeCoNi alloy

nano-powders. (a) The formation process of the porous structure. (b) Electrical conductivity, (c) peak power factor, (d) lattice thermal conductivity and

(e) ZT of Bi,S; and Bi,S3 + 0.25 wt.% FCN bulk samples.
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FIGURE 2 |
scanning calorimeter results for all samples in the range of 300 - 800 K.

respectively [46]. Additionally, as shown in Figure 3c, two minor
peaks are detected at 160.8 and 162.0 eV in the same band area of
the Bi 4f orbit, arising from S 2ps;, and S 2p,,, [47]. Consequently,
the valence state of the matrix elements Bi and S are +3 and
-2, respectively. In comparison with Bi and S, Fe, Co and Ni
have weaker peak intensities, indicating that their contents are
low on the measured surface. As shown in Figure 3d, the Fe3*
species are present, and the binding energies at 711.8 and 724.9 eV
can be ascribed to Fe** 2p,, and Fe*™ 2p,, [48], respectively.
Additionally, the peak with binding energy at 715.7 eV can be
attributed to the satellite peak of Fe 2p. As shown in the Co 2p
spectrum in Figure 3e, the main doublets at 781.8, 796.7, 780.3,
and 795.2 eV correspond to Co** 2p;,, Co** 2p, 5, Co** 2ps,, and

(a) XRD patterns and (b) expanded plots for the (130) and (310) peaks of Bi,S; + x wt.% FCN (x = 0, 0.125, 0.25, 0.5, 1.0). (c¢) Differential

Co*" 2p,,, respectively [48]. As shown in the Ni 2p spectrum in
Figure 3f, Ni** (854.3 for Ni** 2p,;, and 872.1 eV for Ni** 2p,,,) and
Ni** (856.3 for Ni** 2p,;, and 874.1 eV for Ni** 2p,,,) coexist [49,
50]. Notably, the Fe, Co, and Ni metallic states cannot be detected
in the Bi,S; + xwt.% FCN sample, indicating that FCN reacts with
the Bi,S; matrix during SPS and forms compounds.

The backscattered electron (BSE) scanning electron microscopy
(SEM) image shown in Figure 4a reveals three different contrasts
(i.e., grey, black and white) in the Bi,S; + 0.25 wt.% FCN sample.
Same contrasts are also observed in other FCN treated samples, as
shown in Figure S3. The elemental distribution results obtained
by electron probe micro analysis (EMPA) reveal that the gray

Advanced Materials, 2026

30f14

85U017 SUOWIWOD) aA1E81D 3(qeot|dde aLp Aq pausencb afe sejoiie O ‘8sh J0 Sa|ni oy ArIqiT8UIUO 8|1 UO (SUONIPUOD-PUR-SWLBH W0 A8 | IMARe.d Ul |uo//Sdny) SUoIIpUOD pue swis | 841 88S *[9202/20/0z] Uo Ariqiaul|uo A8|IM ‘STZTZS202 BwiPe/Z00T 0T/10p/W0d A8 | im Ateiq i puluo"psoueApe//Sdny wolj pepeojumod ‘TT ‘9202 ‘S60vTZST



a b Cc
Survey Bi 4f ~ Biddy,=4412eV B
&2 . Bi 4f,, = 158.1 eV
Bi metal Bi 4f,, = 163.4 eV
- - -
3 3 = ;
8 C1s ) 8 S 2p,, =162V
> > >
= = = s2
[ 7] » P
c c c 160.8 eV
) a | [
= = =
£ £ £
Co2p )
1200 1000 800 600 400 200 [] 450 445 440 435 430 166 164 162 160 158 156
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
d e f
Fe 2p,, = 724.9 eV Co2py, Ni2py
. 796.7 eV . "
— — 795.2 eV — 874.1 eV Ni N
S S ; at S
s s s 87216V
2 2 2
7] 7] 7]
8 8 8
- L - -
£ £ 78:8;'3;\’ £ 856.3 eV
8e
Fe 2p,, =711.8 eV Co2p,, 85‘_‘ 3ev
Ni 2p;,
730 720 710 700 810 800 790 780 880 8756 870 865 860 855 850

Binding Energy (eV)

FIGURE 3 |
(d) Fe 2p, (e) Co 2p and (f) Ni 2p.

FeCoNi
incorporated B

FIGURE 4 |

Binding Energy (eV)

Binding Energy (eV)

High resolution XPS spectra of the Bi,S; + 0.25 wt.% FCN sample. (a) Survey spectrum and spectra of (b) Bi 4d, (c) Bi 4f and S 2p,

(a) BSE SEM image of the Bi,S; + 0.25 wt.% FCN sample. The sample surface is polished for measurements. EPMA elemental mapping

result of (b) Bi, (c) S, (d) Fe, (e) Co and (f) Ni element in the Bi,S; + 0.25 wt.% FCN sample. The results are obtained from identical locations, therefore

a global scale bar is displayed in (d).

area is the Bi,S; matrix incorporated by a small amount of Fe,
Co and Ni (denote FCN incorporated Bi,S;, see also Figure S4
and Table S1). The distribution of Fe, Co and Ni is found to be
uniform, which is beneficial to the overall material conductivity.
The black area is primarily enriched with Fe, Co, Ni and S
elements, indicating the formation of FCN-S compounds. This is
consistent with the XPS results. The density of this FCN-S phase
increases as the FCN content is increased, as evidenced in Figure
S3. The white region is metallic Bi, which is formed as a result
of the reduction reaction between FCN and Bi,S;. Notably, the

polymorphic secondary phases form a multilayer “Russian dolls”
structure, usually with metal sulfide as the core and metallic Bi
as the surrounding layer. Their size can be varied from several
to hundreds of microns, which imposes difficulties for scanning
transmission electron microscopy (STEM) investigations. Nev-
ertheless, a small-scale “Russian doll” structure is captured in
Figure S5 and the energy dispersive X-ray spectroscopy (EDS)
results are consistent with EPMA. Such complex microstructures
introduce additional phase boundaries, which is expected to
reduce xy,.
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FIGURE 5 | (a) SEM of Bi,S; + 0.25 wt.% FCN sample showing the formation of lamellar structure accompanied by the stacking related pores.
(b) Magnified SEM from the marked area in (a) showing the presence of nanopores in grains. (c) and (d) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of Bi,S; + 0.25 wt.% FCN sample at different magnifications. (e) and (f) Atomic-resolution
HAADF images of the areas marked in (d). (g) Low magnification HAADF image showing the coexistence of residual Bi and nanopores; (h) Magnified
HAADF image of the area marked in (g) and (i) the corresponding fast Fourier transform showing the relationship between Bi and the grain matrix.

The fracture surface morphologies of the Bi,S; + x wt.% FCN
samples are studied using SEM, as shown in Figure 5a,b and
Figure S6. It is evidenced that FCN treatment significantly affects
the microstructures, as compared with that of the Bi,S; pure
sample shown in Figure S7. On the one hand, the nanorod
morphology is reduced with increased FCN treatment. We note
that FCN has a high electrical conductivity (7000 - 8000 S cm™)
[51], it increases the local current density during SPS. This creates
HT spots and leads to local overheating, thus reshaping the grain
morphology. On the other hand, the average Bi,S; grain size
decreases from 600 to 400 nm as FCN content increases from
0.125 to 1.0 wt.%, as shown in Figure S6. This can be interpreted
by the fact that the increase in FCN content increases the HT
spots. In addition, the presence of hard secondary phases (FCN-

S) may also hinder the grain growth during sintering. With the
abovementioned reasons, a typical laminar structure is formed
and accompanying the nanorod stacking, pores are also evident,
as shown in Figure 5a. The size of these stacking related pores is
measured for the pure and x = 0.25 samples, as shown in Figure
S8. With FCN reaction, the size is reduced suggesting a better
grain connectivity and structural densification. This is evidenced
by the increase of relative densities as a function of x, measured
by Archimedes method (Table S2).

The reaction of FCN not only introduces multi-scale “Russian
dolls” structure into the matrix, but also leads to the formation
of abundant nanoporosity within the matrix grains, creating a
nanoporous structure. Unlike the stacking induced pores (with
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larger pore size), these nanopores are less than 50 nm as
evidenced by the magnified SEM image shown Figure 5b. In order
to further understand the microstructures, we perform STEM
together with EDS.

Figure 5c,d shows the low-magnification high-angle annular
dark-field (HAADF) STEM images (so-called Z-contrast images,
Z: atomic number) of the Bi,S; + 0.25 wt.% FCN sample and
densely distributed nanoscale pores can be observed in the
matrix grains, consistent with the SEM observations. In order to
minimize the influence from STEM sample preparation, we also
prepared ground particles (dispersed on holy carbon grids), which
exhibit the same nano-porous structure, as shown in Figure S9.
Statistical measurement reveals that the average size of pores
is about 30 nm (Figure S9). The EDS result from the area in
Figure 5d (see Figure S10) shows that the Fe, Co and Ni are
distributed uniformly in the matrix (i.e., FCN incorporated Bi,S,),
which is consistent with the EMPA result.

Two areas marked by the dashed frames are further magnified as
Figure 5e.f. In Figure 5e, atomic resolution is obtained along the
c-axis and the atomic details match well with the superimposed
Bi,S; structure (Bi: purple and S: yellow). Except the contrast dif-
ference in this image, no other changes are detected, suggesting
that the dark contrast area is indeed a nanopore. In Figure 5f,
a grain boundary triple junction is revealed. It is seen that the
boundaries maintain atomic-layer contacts and no amorphous
regions are present.

Nanosized Bi metals are also found inside the grains (Figure 5g),
which show an orientation relationship of <2 110>p; || [001]gs3
with the matrix (Figure 5h,i; Figure SI1). They usually coexist
with nanopores, as shown in Figure 5g; Figure S9 and Figure S11,
indicating that the formation of nanosized Bi and nanopores
is actually correlated. The most likely mechanism is discussed
as follows (see also Figure la for demonstration): First, during
SPS, small/dispersed FCN particles react with matrix and FCN
incorporation to the Bi,S; lattice (including replacement of Bi
and interstitial site filling) therefore occurs. This leads to the
lattice expansion of the FCN incorporated Bi,S;, as supported by
Figure 2, Figure 4 and Figure S10. Second, as a result of replace-
ment, metallic Bi is reduced from the lattice and forms nanosized
particles. Since SPSis in a HT, HP and vacuum environment, most
of the metallic Bi nanoparticles volatilized (due to the size effect,
the smaller the size, the lower the evaporation temperature [52-
54]), leaving densely distributed nanopores together with residual
Bi nanoparticles in the grain matrix (e.g., Figure 5g).

For the Bi,S; + x wt.% FCN bulk samples, o as a function of T
is shown in Figure 6a. Compared with pure Bi,S;, the o value is
significantly higher for the Bi,S; + x wt.% FCN samples over the
full temperature range. As x increases, o increases continuously.
At 300 K, it increases from 4 S cm™ for the pure Bi,S; sample
to 327 S cm™! for the x = 1.0 sample, an increase of two
orders of magnitude. In addition, o of the FCN treated samples
decreases gradually with the increased T, indicating that the
conductive characteristics changes from that of a semiconductor
to a degenerate semiconductor. All of these results indicate that
(atleast part of ) FCN enters the Bi,S; lattice and achieves effective
doping. This is consistent with the XPS and EDS results.

The plots of S versus T for the Bi,S; + x wt.% FCN samples are
shown in Figure 6b. All of the samples show negative S values,
indicating that they are n-type semiconductors. Thus, electrons
are the main carriers. Opposite to the o case, the S values decrease
as x increases. Figure 6c plots the Pisarenko curves, which
demonstrate the relationship between carrier concentration n,
(subscript e denotes electrons), S and the effective mass of the
carriers (m*) [55]. It is evident that at 300 K, m* decreases
gradually as x increases. In combination with the result in
Figure 7a, it is found that the decrease in ISI| as x increases is a
combined effect from increased n, and decreased m*. Particularly,
the |SI value of the x = 0.25 sample increases from 128 at 300 K to
224 pV Kt at 773 K, meaning that a good S value is maintained
over the measured temperature range. Figure 6d plots the PF
values as a function of T, which will be discussed later.

Furthermore, the effect of FCN on the electrical transport prop-
erties is studied using variable-temperature Hall measurements.
Figure 7a plots n. as a function of T for the Bi,S; + x wt.%
FCN (x = 0, 0.125, 0.25, 0.5, and 1.0) samples. The n, value
of pure Bi,S; increases with T, primarily due to the thermal
excitation of carriers. The FCN incorporated samples have n, with
negligible T-dependence. Additionally, n, increases with x due to
the enhanced incorporation of FCN to the Bi,S; matrix during
sintering. The n, values are 9.05 x 10" and 2.84 x 10" cm™ for
pure Bi,S; and the Bi,S; + 1.0 wt.% FCN sample, respectively.
Figure 7b shows the variation of the carrier mobility uy as a
function of T for the Bi,S; + xwt.% FCN (x = 0, 0.125, 0.25, 0.5, and
1.0) samples. For all of the samples, u;; decreases with increased
T and the decreasing trend matches the T-*2 law, indicating
that the scattering mechanism is primarily phonon scattering.
Meanwhile, the uy; values increases significantly as x increases.
At RT, the yy; values for the x = 0.125 and 1.0 samples are 43 and 72
cm? V-1 71, respectively. Such a significant increase in the carrier
mobility can be understood from the following aspects: First,
the reduction of Bi,S; by FCN during sintering creates metallic
Bi, which can act as a grain lubricant and sintering aid. This
not only promotes the alignment of nanorods under pressure,
but more importantly decreases the stacking induced pores
that sever macroscopic conduction paths. Although the newly
formed nanopores act as scattering centers, their detrimental
impact is far outweighed by the repair of conductive paths
resulting from elimination of stacking induced pores. Second, the
precipitated Bi metal serves as a bridge for the fast migration of
carriers. Third, the FCN-S phases as a result of FCN and Bi,S;
reaction usually have excellent o, which have been widely used
in energy conversion and storage (e.g., electrocatalysis [56, 57] and
supercapacitors [58, 59]).

Now the weighted mobility (uy) is calculated using the follow-
ing formula to better evaluate the intrinsic electrical transport
properties of the Bi,S; + x wt.% FCN samples [60]:

3hic
l’tW = - 3
8m(2m kBT)?
IS| 318
exp [ - 2] —
% kB/e - + w2 kB/‘eS‘
1+exp [_S(kB/e _1>] 1+exp [S<kB/e_1)]
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FIGURE 6 | Electrical transport properties of Bi,S; + x wt.% FCN (x = 0, 0.125, 0.25, 0.5, 1.0). (a) o; (b) S; (c) Pisarenko curves and (d) PF. BS

represents Bi,S; for short.
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FIGURE 7 | Temperature-dependent (a) carrier concentration; (b) Hall carrier mobility; (c) weighted mobility, and (d) the ratio of weighted mobility
to carrier mobility for Bi,S;-x wt.% FCN (x = 0, 0.125, 0.25, 0.5, 1.0) samples. BS represents Bi,S; for short.
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FIGURE 8 | Thermal transport properties of Bi,S;-x wt.% FCN (x = 0, 0.125, 0.25, 0.5, 1.0). (a) Total thermal conductivity, (b) lattice thermal
conductivity and (c) ZT values. (d) Contribution of different phonon mechanisms calculated by the Debye-Callaway theory showing the influence
of nanopores on xj,; of the Bi,S; + 0.25 wt.% FCN sample (Cf. text for details). BS represents Bi,S; for short.

where, kg, h, m, and e represent the Boltzmann constant, Planck
constant, electron mass, and electron charge, respectively. As
demonstrated in Figure 7c, the FCN incorporated samples show
enhanced uy values than pure Bi,S;, manifesting improved
electrical transport properties. In addition, the ratio between uy,
and uy (i-e., pw/uy) (Figure 7d) could study the change in m*
according to the following formula [55]:

Hw ~ /"H(E)

At RT, uy/uy decreases as x increases, which is consistent with
the change in m*, as demonstrated in Figure 6¢c. After 600 K, the
x = 1.0 sample shows a significantly increased uy/uy; value than
the x = 0.5 sample. This explains why the former has higher S
value than that of the latter after 600 K.

Now we return to Figure 6d, the FCN incorporated samples
exhibit significantly enhanced PF than pure Bi,S;. The Bi,S; +
0.25 wt.% FCN sample has the highest PF of 551 yW m™ K2
at 773 K. FCN not only optimizes n, but also increase yy;. The
increased o coupled with a large S value significantly enhances PF
over a wide temperature range, suggesting that FCN can improve
the electrical transport properties of polycrystalline Bi,S; over
a wide temperature range, thus resulting in a high average ZT
value. Moreover, repeatability test of ¢ and S (Figure S12) and
the vacuum annealing results (Figure S13) demonstrate excellent
thermal stability of the material.

The thermal transport properties of Bi,S; + x wt.% FCN (x =
0, 0.125, 0.25, 0.5, and 1.0) samples are studied in Figure 8.

In Figure 8a, the x,, of the samples increases with the FCN
content, suggesting a deteriorated contribution in the thermo-
electric performance. The x,, values of pure Bi,S; and the x
= 1.0 sample are 0.52 and 0.87 W m™ K at RT, respectively.
Nevertheless, considering the great improvement in the electrical
properties, such deterioration in thermal transport is mild. Note
that x,,, consists of two components: x;,; and electronic thermal
conductivity (k). The latter can be calculated using %, = LoT,
where L represents the Lorentz number and can be calculated by
assuming the single parabolic band model (SPB) and by fitting the
measured S values [61]. Specifically, acoustic phonon scattering is
assumed as the dominant scattering mechanism (scattering factor
r = —1/2) for the SPB model calculations, which is supported by
the observed p; o« T-* relationship shown in Figure 7b. Plots of
Kot (= Kot — Xete) and x,. are presented in Figure 8b and Figure
S14, respectively, as a function of T for all samples. This allows
the individual contribution from x,, and x. to be evaluated.
It is evidenced that the increase in x,, is mainly from the %,
contribution. This is predictable as the increased n. caused by
FCN incorporation inevitably increases x.. In contrast, the rise
of x;,, of the FCN treated samples is not significant. Notably, x;,;
becomes even lower than the pure case when T > 550 K for
the x = 0.25 and 0.5 samples. At 773 K, the values are 0.27 and
0.26 W m™ K™, respectively, reaching the amorphous limiting
value of ~0.27 W m~! K! for Bi,S; based on the Cahill model
[62, 63]. By combining results in Figure 6d and Figure 8a, the
ZT values are plotted in Figure 8c. It is seen that the electrical
and thermal properties reach the best compromise for the x =
0.25 sample across the entire temperature range and a peak ZT of
1.1 is achieved at 773 K, which is almost three times that of pure
Bi,S;.
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From the microstructure results, the following issues can be
discussed to understand the variation of x,. First, metallic Bi
has a high thermal conductivity, thereby, the residual Bi in the
FCN treated samples should increase x;,, with reference to the
pure sample at low temperatures. When the temperature exceeds
544.3 K (i.e., melting point of Bi), the residual Bi becomes liquid,
thus decreasing x;,; at high temperatures. Second, the reduced
size of stacking related pores and the improved grain connectivity
in the FCN treated samples should increase x;,,. Third, densely
distributed nanopores are reported to be effective source for
phonon scattering. In this regard, their presence should decrease
Ko OVer a wide temperature range.

To further understand the phonon scattering mechanisms,
Debye-Callaway model is used to analyze xj,, of the Bi,S; +
0.25 wt.% FCN sample using the following equation [64, 65]:

_ ks (kT
¥t = 500 \ Th

where %, v, 6p, y and 7. represent Plank’s reduced constant,
average sound velocity, Debye temperature, reduced phonon
frequency (defined as #w/ky T, where w is the phonon angular
frequency) and total phonon relaxation time, respectively. 7, can
be expressed using the following equation:

x'eX

T.———dx
(ex =1)

°o~==|$

1 1 1 1 1 1 1

— t—+—+ =

¢c Tu ™~ Tgs Tep Tps Tp

where, 1y, Ty, Tge, Tpp, Tps and 7p represent the relaxation times
corresponding to the scattering from the phonon-phonon U-
process (U), phonon-phonon N-process (N), grain/phase bound-
aries (GB), vacancies/alloy elements (point defects, abbreviated
as PD), dislocations (DS), and precipitates (P, mainly related to
the FCN-S and remained Bi second phases), respectively. As seen
from Figure 8d, the fitted x;,, values using the Debye-Callaway
model (see Table S3, for details) deviate from the experimental
results, even when the influence from the known defects with dif-
ferent scales on phonon relaxation time has been fully considered.
It is therefore reasonable to deduce that the mismatch between
experimental and fitted values are caused by nanopores. Typically,
point defects scatter high-frequency phonons, while grain bound-
aries and micropores target low-frequency ones. However, mid-
frequency phonons often lack effective scattering mechanisms.
The appropriate size of nanopores effectively bridges this gap in
the phonon scattering spectrum. Consequently, this multi-scale
defect structure ensures efficient broadband phonon scattering,
thereby minimizing the lattice thermal conductivity. Effective
medium theory [41] (EMT, x4 = %y ,/(1 - 3¢/2), where % 4, kg,
represent the lattice thermal conductivity of dense and porous
materials and ¢ denotes porosity, respectively) is applied to obtain
the corrected x; 4 of the dense Bi,S; + 0.25 wt.% FCN sample. It
can be seen that the values after EMT correction are close to the
fitted ones, demonstrating that the nanoporous structures do have
an optimizing effect (i.e., ~20% reduction) on xy,,. Similar findings
have also been reported in literature [39, 41, 66].

Our results are compared with the reported values in literature,
some of the key parameters are displayed in Figure 9. Figure 9a
shows the RT py; values as a function of n.. Notably, the FCN
introduction strategy implemented in this study yields a uy

value superior to those of other doped Bi,S;-based materials,
such as Bi,S; doped with SbCl; [67], CuBr, [68], PbBr, [69],
Cu-0.175 mol% BiCl; [70], 0.5 mol% BiCl;-Cu [71], and others
[32, 37, 72-74]. This observation corroborates the premise that the
introduction of FCN could maintain a commendable yy; while
increasing n.. Figure 9b summarizes the relationships between
uy and 1/x,, for the x = 0.25 sample and other excellent Bi,S;-
based materials at 300 K [32, 37, 67-75], which highlights the
superior balance in electronic and thermal transport properties
due to the introduction of FCN in this study. The FCN-treated
sample with values located at the upper right corner exhibits
a more desirable combination of high u; and low %, than
other Bi,S;-based materials. Figure 9c further compares the T
dependent x,, values between the x = 0.25 sample and other
reported systems [32, 37, 38, 67-69, 75, 76]. It is obvious that
our result is among the best. This is benefited from the present
engineering strategy that introduces microstructures covering
very broad dimensions, including interfaces (~1 nm), pores
(~30 nm), residual Bi (nm to pm), FCN-S (several to hundreds of
micrometers).

We also compare ZT, in particular the peak values [32, 37, 38,
67-69, 75-78] (Figure 9d) and the average values (i.e., ZT,, [32, 35,
38, 62, 67, 68, 70-73, 79-87]) over the temperature range of 323 —
673 and 323 - 773 K (Figure 9e). It can be seen that the widely used
strategy by employing metal dopants to Bi,S; does not achieve
excellent ZT value (usually < 1.0). Instead, by introducing FCN
treatment, a record-high peak ZT of 1.1 is achieved at 773 K in
this work. In addition to the peak ZT, the ZT,,, value can be also
improved. Although the value of 0.36 in the 323 - 673 K range is
slightly lower than that of the Cu-BiCl, co-doped sample [71], the
ZT,, in the 323 - 773 K range demonstrates the best performance
of about 0.47 among the reported Bi,S;-based materials.

The mechanical properties are important for device application.
Here, the mechanical properties of the Bi,S; + x wt.% FCN (x =
0, 0.125, 0.25, 0.5, and 1.0) samples are investigated using nanoin-
dentation with the load force set at 20 mN. Figure 10 shows the
two-dimensional (2D) contour plots of the hardness and Young’s
modulus for the pure and x = 0.25 samples. In both samples, the
hardness and Young’s modulus show position related variations,
as evidenced by the color mapping fluctuations. However, the
average values for both parameters are significantly improved in
the FCN treated sample. Specifically, the hardness increases from
0.76 to 1.18 GPa and the Young’s modulus from 19.8 to 30.8 GPa,
which are about 55% enhancement. In addition, we find that
increasing FCN enhances the mechanical properties, as shown
in Figures S15 and S16.

Last but not least, the same strategy has been applied to other
chalcogenide thermoelectric systems, including PbS and SnS,
and the results are given in Figures S17 and S18, respectively.
After adding 1 wt.% FCN, diffraction peaks of Pb are observed in
XRD, confirming FCN’s capability in reducing Pb. The fracture
surface morphology images show increased pore density in the
FCN treated sample with reference to the pure PbS. As for SnS,
although we don’t observe clear Sn diffraction peaks in the SnS
+ x wt.% FCN (x = 0, 1) sample, the grains in the treated sample
become more rounded in comparison with the pure sample and
the gaps between grains also increase. All of the results indicate
that FCN can be used as a universal modifier for chalcogenide
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thermoelectric materials. Further investigations are therefore
desirable.

3 | Conclusion

In conclusion, this study demonstrates a promising strategy
that utilizes the difference in chemical activity between metal
elements and the volatile nature of Bi to significantly improve
the thermoelectric performance of n-type binary polycrystalline
Bi,S;. Reaction between Bi,S; with FCN powders during SPS
results in effective incorporation of FCN to Bi,S; lattice on
the one hand. On the other hand, it leads to the reduction
reaction that forms metallic Bi and FCN-S compounds within the
FCN incorporated Bi,S; matrix. The FCN incorporation and the
conductive precipitate phases formed synergistically enhance n,
and uy;. In combination with the significantly increased o and the
relatively high S values, a highly enhanced PF of about 551 yW
m~! K% is obtained at 773 K for the Bi,S; + 0.25 wt.% FCN sample.
In parallel, the volatility of nanosized Bi during SPS triggers the
formation of nanopores, which, in combination with the presence
of multiscale lattice defects, contribute to the effective scattering
of all-scale phonons in the whole temperature range and maintain
alow x,, of 0.27 W m™! K at 773 K for Bi,S; + 0.25 wt.% FCN
sample. Consequently, an excellent peak ZT of 1.1 is realized at
773 K in the n-type Bi,S; + 0.25 wt.% FCN polycrystals, suggesting
that Bi,S; is a promising thermoelectric material for industrial
applications. The strategy used in this study provides a valuable
reference for other thermoelectric material systems.

4 | Experimental Section

The experimental details can be found in the Supporting informa-
tion.
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