Advanced Electronic Materials

| RESEARCH ARTICLE CETTED

ELECTR
MATERIAL

‘Access

www.advelectronicmat.de

Cement-SnSe Thermoelectric Devices With High Seebeck

Coefficients

Geraint Howells! | Shahin Mehraban? | Thomas Dunlop?

| Nick Lavery? |

Matthew J. Carnie* | Matthew Burton*

!Department of Materials Science & Engineering, Faculty of Science and Engineering, Swansea University, Swansea, UK | 2Materials Advanced

Characterization Centre, Faculty of Science and Engineering, Swansea University, Swansea, UK | 3Advanced Imaging Materials, Faculty of Science and

Engineering, Swansea University, Swansea, UK | *SPECIFIC-IKC, Department of Materials Science & Engineering, Faculty of Science and Engineering,

Swansea University, Swansea, UK

Correspondence: Geraint Howells (829468@swansea.ac.uk) | Matthew Burton (Matthew.burton@materials.ox.ac.uk)

Received: 17 September 2025 | Revised: 21 November 2025 | Accepted: 1 December 2025

Keywords: cement | SnSe | thermoelectrics | tin selenide

ABSTRACT

In this work, we present a cost-effective, scalable approach for fabricating thermoelectric (TE) generators using p-type tin selenide

(SnSe) bonded in a cement matrix via a slurry mold casting technique. Traditional methods for manufacturing SnSe-based TE

materials are energy-intensive and economically unfeasible. By contrast, our approach employs common Portland cement as a

binder, offering a viable alternative that reduces processing time, complexity, and cost. Ball-milled SnSe is mixed with varying

concentrations of cement and cast into molds for samples, resulting in dimensions of 1.5 x 1.5 X 0.75 cm?. The best-performing
formulations are 0.2 wt.% cement, which exhibited a power factor of 77 uW m~-K=2 at 800 K and the 0.3 wt.% cement sample, which
has a peak ZT of 0.3 at 850 K, the highest ZT of any cement containing TE to date. A proof-of-concept thermoelectric generator

(TEG) comprising six legs of SnSe-cement composite demonstrated a peak power output of ~73 uW at 850 K. Furthermore,

calculations show that using the cement-bonded SnSe to harvest industrial waste heat in a steel-making environment can yield a

potential 1521.3 W m 2 of electrical energy.

1 | Introduction

The increasing pressure to alleviate the use of fossil fuels
for energy usage has meant there is a need to use greener,
more sustainable methods of energy production [1-3]. These
methods include solar cells, wind energy, and hydropower.
These, however, rely on external stimuli such as the sun,
wind, and a reliable quantity of water, respectively. Another
method of sustainable electricity production that can be uti-
lized is thermoelectric generators (TEGs) [4-7]. TEGs produce
electrical energy by taking advantage of a heat differential
that is applied across the thermoelectric (TE) material [8, 9].
They have the potential to be used in areas where waste heat

is produced, and a 2014 study found that from UK industry
alone, 48 TWh yr! of energy is lost as waste heat [10]. They
work by utilizing the Seebeck effect, where a movement of
charge carriers occurs from the high-energy hot side to the
low-energy cool side [11]. There are two types of TE mate-
rials, p-type and n-type, which have holes and electrons as
charge carriers, respectively. TEGs consist of alternating p-
type and n-type legs, which are connected electrically in series
and thermally in parallel. The performance of TE materials
is characterized by the dimensionless figure of merit (ZT),
which consists of the Seebeck coefficient (S, V K™), electrical
conductivity (o, S m™), thermal conductivity (x, W m™ K™!), and
the absolute temperature (T, K), as shown in Equation 1 [12].
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FIGURE 1 | This diagram illustrates the process of ball milling and slurry production, with thick black arrows indicating the various movements

involved. The steps involved are as follows: (a) the initial stage before ball milling, (b) the process after ball milling, (c) the resulting tin selenide powder

is sieved, (d) cement powder is obtained, (e) the tin selenide powder obtained from step (c) is mixed with the cement powder, (f) the mixture is turned

into an unmixed slurry, (g) which is then agitated and (h) ultimately results in the final cement/tin selenide slurry [61].

zT=—T (6]

In the 1950’s bismuth telluride (Bi, Te;) was found to have a ZT
of ~1, and since then, the compound and its doped derivatives
(Se for n-type, Sb for p-type) have become the most researched
TE material [13-16]. Bi,Te;, however, is only effective at low
temperatures (400-600 K), so lead telluride (PbTe) must be
employed for medium temperatures (600-900 K). PbTe and its
derivative compounds were found to be more efficient at these
temperatures, with Fu et al. achieving a ZT of ~2.2 at 820 K
using PbTe, ;Se, , with 8% MgTe [17]. Although these ZT numbers
are deemed high enough to manufacture commercially viable
TEGs materials that have efficiencies comparable to those of other
green technologies [18], they are all telluride compounds, which
is a relatively rare element on Earth, with a similar abundance
to Pt (1 ug kg™) [19, 20]. Subsequently, if these materials were
to be widely adopted in industry, the cost of tellurium would
become economically unsustainable. The toxicity of tellurium is
also a great concern [20]. As a result of these issues, new materials
must be used for TE applications [11]. One such candidate that
has recently been investigated is tin selenide (SnSe) [21-36].
SnSe is a promising material for TE applications due to its
favorable Seebeck coefficient and low thermal conductivity. The
low thermal conductivity (x [x = x.+ x.]) [37] is attributed to
the low lattice component, x;, which is the result of the spring-
shaped structure down the b and c axes of the crystal structure.
The detection of a high ZT value of 2.6 in single crystals of SnSe
accelerated this interest in its potential as a TE material [38]. In
2021, polycrystalline SnSe was found to have a ZT value even
higher than that of a single crystal, with Zhou et al. achieving a
ZT of 3.1 at ~783 K, the highest ZT recorded to date [39].

The aforementioned SnSe was obtained using energy-intensive
manufacturing methods, which makes them costly to man-
ufacture, thus making them commercially unattractive. For
instance, the production of single-crystal SnSe involves Bridge-
man crystal growth, which requires specialist equipment, high
temperatures (>1200 K), and long manufacturing times [38, 40].
Similarly, the production of polycrystalline SnSe requires high
temperatures and the use of typical techniques such as spark
plasma sintering (SPS), which is also an energy-intensive
process. These techniques are not just tied to SnSe, with
the Bi,Te; compounds also using SPS and hot press sinter-
ing [41]. The inherent cost associated with these established
methods also contributes to the increased cost of TE energy
($0.80 per kWh), which is an order of magnitude higher
than photovoltaic and wind turbines ($0.089, and $0.084 per
kWh, respectively) [9, 42]. Alternative methods for making
TEGs, therefore, need to be investigated. One such method is
printing.

Printing can be done without specialist equipment, at ambient
temperature and pressure, and is easily scalable. Most printing
of TE materials has concentrated on screen printing [43], and
in 2018, Han et al. achieved a ZT of >1 at 623 K, albeit with
PbTe compounds [44]. Other techniques include inkjet [45] and
dispenser printing [46-48]; however, all end products of these
techniques show an unsuitable thickness (<1 mm) for TEG use
(where >5 mm is typically required). Printing of SnSe has been
investigated before by Burton et al. This involved a pseudo 3D
printing technique using a cellulose-based binder, yielding a ZT
of 1.7 [9, 23], a record for printed TEs. The manufacturing times,
however, were too long for the technique to become commercially
viable. Here, we investigate the feasibility and performance of
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using construction cement as a binder for ball-milled SnSe,
using a method akin to traditional concrete casting, which could
potentially dramatically cut the cost to produce TEGs. Cement is a
long-established binder for concrete composites (along with rock
aggregate) [49], and concrete itself has been investigated before
for potential TE applications by the contribution of additives to
the concrete matrix. These, however, have mostly been limited
to carbon or metal oxide-based TEs, and result in generally low
ZT values when compared to traditionally made TEs [50-59].
The potential practical use of cement for TE composites has
seen recent improvements however, Wei et al. investigated the
feasibility and usefulness of TE concrete in 2021 and calculated
that 35.2 kWh of power could be harvested from a road of 1 km in
8 h made from TE concrete (Zinc oxide [ZnO] additives), which
also equates to a power production of 440 mW m~2 [60]. In
contrast, this work is the first to incorporate SnSe, a leading p-type
chalcogenide TE, into a cement binder. Here, SnSe serves as the
primary TE material, with cement acting only as the structural
binder. This produces a castable SnSe-cement composite TEG
element, representing the first use of cement as a processing route
for SnSe TEs.

2 | Experimental

2.1 | Ball Milling

Mechanical alloying of the raw elements of Sn and Se was
achieved via ball milling. Sn (>99%, Sigma-Aldrich) and Se
(=99.5%, Sigma-Aldrich) were added in equal molar quantities
into a stainless-steel jar with 30 stainless-steel ball bearings
(10 mm diameter). Another jar was loaded with the same contents
to allow the mill to be balanced. The jars were then secured in a
planetary ball mill (PULVERISETTE 5/2), and a spin speed and
time of 200 rpm and 30 min were used, respectively, followed by
a 30 min rest period. This was repeated 60 times, giving a total
ball milling time of 60 h. After each spin cycle, the spin direction
was reversed. The ball-milled powder was then sieved in a 45 ym
sieve (Endecotts) to ensure all SnSe particles were 45 um or below
(Figure 1).

2.2 | Slurry Mold Casting

Portland construction cement powder (Blue Circle Mastercrete)
was mixed in with the ball-milled SnSe powder and agitated
using a vortex genie to ensure a homogenous powder mixture.
The addition of cement powder resulted in 6 different sample
formulations of 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% by weight of
cement. Each of the powder mixtures had an amount of deionized
water added to it that equalled a quarter of the mass of the SnSe
powder. The resulting slurry was agitated in a vortex genie until
no solids were visible and the mix was uniform. The slurry was
then poured into a silicon mold until it was three-quarters full and
left to dry overnight, as seen in Figure 2. The samples were then
removed and measured approximately 1.5 cm X 1.5 cm X 0.75 cm.
The samples were then cured in an Ar tube furnace for 1 h at
873 K with an Ar flow rate of 1 L min~!, after which the furnace
heating coil was turned off, allowing the samples to cool to room
temperature.

2.3 | Material Characterization

XRD was performed on a Brucker D8 diffractor with Cu Ka
radiation. Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) were performed on a Joel
7800F field emission gun (FEG) SEM with an Oxford Laboratory
EDX attachment. X-ray photoelectron spectroscopy (XPS) was
performed on a Kratos Axis Supra instrument, and data were
processed in CasaXPS (2.3.24PR1.0). Samples were mounted in
electrical contact with the stage. XPS sampled to a depth of
<10 nm using a monochromatic Ka source (225 W, 15 mA) with a
footprint 300 um X 700 um and a pass energy of 40 eV, with the
GL(30) lineshape.

2.4 | Thermoelectric Characterization

Electrical conductivity and Seebeck coefficients were measured
in a He atmosphere using an ULVAC ZEM3. Uncertainty of
electrical conductivity +3% and Seebeck coefficients +4% [62].
Thermal diffusivities (D) were determined using a Netzsch 457
laser flash analyser (LFA) with Al,TiOs; sample holders with
SiC caps for solid samples, @ 11 mm X 1.5 mm, and using the
Cowon + pulse correction diffusivity model. This was calibrated
with a 10 mm @ Pyroceram 9606 calibration standard. The
uncertainty of thermal diffusivity is +3% [62]. Densities were
determined using the method of hydrostatic weighing that uses
Archimedes’ principle, with results reported in Table S2. The
dimensions were measured before and after measurement, with
no observable changes. Uncertainty in density measurements is
+1% [62].

3 | Results and Discussion

3.1 | Characterization of Materials

Figure 3a shows the XRD spectra for commercially made SnSe,
ball-milled SnSe, the 0.1% cement sample (post-cure), the starting
powders, and a pure cement sample with no SnSe. The initial
peaks from the Sn and Se powders disappear once ball-milled,
and the resulting ball-milled XRD peaks match the commercially
made SnSe. Both observations indicate that there is negligible
or no constituent powder left after ball milling, and that they
have been formed into SnSe via a solid-state reaction. The
XRD pattern of samples containing ball-milled SnSe and cement
binder exhibits similarities to our previous work [61], with
a prominent peak at approximately 32° corresponding to the
(111) plane. XRD analysis of a pure cement sample (Figure 3a)
demonstrates that the same peaks are observed when combined
with SnSe, indicating the absence of chemical reactions between
SnSe and cement upon their combination. XRD spectra for
the pre-cured (Figure 3b) and post-cured (Figure 3c) samples
reveal that curing in an argon environment results in narrower
and taller peaks, indicating grain growth across all binder
concentrations. The Scherrer equation, assuming spherical par-
ticles, was employed to calculate the extent of grain growth.
Figure 3d illustrates a general trend of grain growth after
curing.
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FIGURE 2 | This diagram illustrates the casting process, where the pour is seen in (a), and the slurry is poured until the mold is filled, (b), and then

is removed from the mold, c).

Much like our previous work on Na,SiO; [61], chemical state
assignment for tin can be difficult, as there are overlapping 3d 5/2
values for SnO, and SnO. Furthermore, both of these are close to
the Sn metal peak. In Figure 4a, the first peak is at approximately
485.6 eV, which is closely associated with the tin metal peak, Sn 3d
5/2.The second peak for 3d 5/2 values is at approximately 486.8 eV,
which resembles the peak for Sn 3d SnO, 5/2. There are also two
peaks for the Sn 3d 3/2 region. The first peak is at approximately
493.5 eV, which is associated with the peak for Sn 3d metal 3/2.
The second peak in this region is at 495.2 eV, which is the Sn 3d
SnO, 3/2 peak. This shows that on the surface at least, there are
oxidation products present. Unlike our previous work, though on
Na,SiO;, the Sn peaks, for 3/2 and 5/2, each have a double peak,
with each peak representing Sn oxide products or Sn metal. This
double peak for each region was not present in the previous XPS
analysis on Na,SiO; [61]. Figure 4b shows the XPS Se spectra,
cured. There is a peak at 53.7 eV, which resembles the peak for
Se in the previous work on Na,SiO;.

Figure 4c shows the XPS spectra for the Ca, cured. Ca was selected
for analysis as it is present in the cement binder in large amounts.
There are two peaks present in the Ca XPS spectra, the first is at
approximately 347.1 eV, which is the Ca 2p 3/2 peak. The second
peak is at approximately 350 eV, which is the Ca 2p 1/2 peak. Both
peaks are associated with CaCO;. CaCO; (calcium carbonate) is
the main form of calcium within cement. It helps to accelerate
the curing rate of concrete and increases the cement’s slump rate.
Si is also within cement, and although not shown here, it was
detected by the XPS (Figure S3). The spectra for Si are seen in
our previous work on Na,SiO; [61], and there was no discernible
difference between the two XPS spectra.

Figure 4e,f display the 0.1% and 0.5% formulations using Scan-
ning Electron Microscopy (SEM). Supplementary information,
specifically Figure S4, includes additional SEM images of the
remaining formulations. It was observed that all the samples
examined exhibited no particles greater than 45 pym in size,
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FIGURE 3 | XRD: (a) constituent materials, ball-milled SnSe and commercially available SnSe, (b) uncured samples, (c) cured samples, and (d)

grain growth of samples, full bars represent samples before curing, whereas line bars represent samples after curing.

which aligns with expectations from the sieving process carried
out following ball milling. The surface of all samples displayed
varying degrees of porosity post-curing, with the highest degree
of porosity present in the 0.1% sample. It is also worth noting that
this lack of coalescence in the 0.1% sample could also be observed
by eye, as it appeared slightly powdery, demonstrating the lack of
cement binder. This porosity can also be observed in the density
measurements of the samples (Table S2), with the average density
of these cement-bonded samples (3.99 g cm~3) being significantly
less than that of our previous work (5.3 g cm™) [61] and the
theoretical density of SnSe (6.18 g cm™3).

Energy-dispersive X-ray spectroscopy (EDX) was also conducted
on the surface of the samples for bulk composition analysis;
these showed excess oxidation, and a substantial excess for tin
(~>65:35 atomic ratio with Sn excess). As a result, a small scratch
was made on the sample surface (Figure S4e), and EDX was
conducted on the scratched area. Atomic weight percentages are
shown in Figure 4d for the scratched surface EDX. All samples
still show excess Sn; however, these numbers are still aligned
with our previous findings that EDX analysis of a commercially
sourced SnSe powder (Sigma-Aldrich, 99.995%) indicates a 60:40
atomic% weighting toward Sn over Se [24]. This indicates that
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FIGURE 4 |

(a) Sn XPS spectra of the cured 0.1% cement sample, (b) Se XPS spectra of the cured 0.1% cement sample, (c) Ca XPS spectra of the

cured 0.1% cement sample, (d) EDS atomic weights of made samples, (e) 0.1% cement cured SEM image, (f), —.5% cement cured SEM image.

the reason for our observed Sn excess could be an issue with an
error in our spectrometer, or a partial loss of Se upon annealing
that was observed by Zainal et al., [63]. The stark lack of Se
on the surface of the samples indicates that, again, much like
within our previous work, Se evaporates from the surface of the
samples during annealing, but within the bulk of the sample, the
Se has remained mainly in place. EDX atomic weight percentages
for the non-scratched surface are available in the supporting
information, Table S1.

3.2 | Thermoelectric Characterization

Figure 5a displays the electrical conductivity of the samples.
Electrical conductivity increases with decreasing amounts of
cement, down to a cement concentration of 0.2%, where it hits
a peak of 5.44 S cm™ on its second run. This is because, as the
cement amount decreases, there are fewer insulating barriers

that block the path of electrical pathways within the material.
At the lowest cement concentration, however, the electrical
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conductivity.

conductivity decreases back down to levels comparable to the
higher percentage cement content (~3 S cm™). This is because at
the lowest cement concentration, there is insufficient coalescence
within the SnSe particles for electron pathways to occur, resulting
in the drop of electrical conductivity. This lack of coalescence
can be seen within the aforementioned SEM image (Figure 4e).

The general trend of electrical conductivity follows that of our
previous work [61], with an initial rise, a subsequent drop
(~600 K) and a final, higher peak at ~873 K. This behavior can
be explained by the phase change that SnSe undergoes at ~750 K,
where it goes from a layered, orthorhombic Pnma, which can
be described as a distorted rock salt structure to a higher
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symmetry Cmcm structure [64, 65]. This Cmcm structure is
more electrically conductive than the Pnma phase, hence the
higher electrical conductivity exhibited at higher temperatures.
It is worth noting that the amount of cement binder within
the different samples did not affect conductivity to the same
magnitude as our previous work on Na,SiO; [61]. The Seebeck
coefficient results are seen in Figure 5b. The Seebeck coefficient
trend is similar to previous work completed on SnSe [23, 61],
such as those using carboxy-methyl-cellulose or Na,SiO; binders;
with a rise in Seebeck coefficient from room temperature before
hitting a peak at ~600 K, before a decline at higher temperatures.
This decline in Seebeck coefficient is again explained by the
phase change SnSe undergoes at higher temperatures. The largest
Seebeck coefficient is seen in the 0.1% sample, hitting peaks
584 uV K~! and 590 pV K7! on the first and second thermal
ZEM3 cycle at ~610 K. The magnitude of the Seebeck coefficient
observed in the samples is negatively affected by binder concen-
tration, with 0.5% showing the lowest Seebeck peaks, of 476 uV
K~!and 460 uV K71, both observed at ~600 K.

The observation of decreasing Seebeck coefficient with increasing
binder is due to the cement interfering with the SnSe mecha-
nisms, which produced the Seebeck effect, due to the cement
being n-type [66-69]. This possible effect was investigated further
by making a sample with 10% by weight of cement, as seen in
Figure 6a. This sample was n-type along most of the thermal
cycling, up to approximately 800 K, where it switches to p-type.
The peak magnitude of the n-type Seebeck coefficient was —133
pV K7 at 500 K on the second thermal cycle. Although Hall
effect measurements were not performed due to lack of access
to the required equipment, the n- to p-type transition observed
at 10% cement content is consistent with ionic TE behavior
reported in cement pastes, where OH™ leaching and subsequent
Ca’", Na*, and K migration lead to a temperature-dependent
polarity reversal. While this interpretation is partly speculative,
the agreement with published cement ionic mechanisms and the
reduction in Seebeck magnitude with increasing cement content
suggest that the polarity change originates from ionic charge
transport within the cement matrix [67, 70, 71]. Power factor
results are seen in Figure 5c, where the highest power factor was
shown by the 0.2% sample, hitting a peak of 77 yW m~! K2 at
800 K.

As the 0.2% cement-SnSe exhibited the highest power factor,
the reproducibility and thermal hysteresis were tested with that
concentration of the binder with a new sample. Five thermal
cycles from RT to 850 K were conducted. The power factor (5d)
decreased to 31.4 yW m™! K2 at ~850 K after five thermal cycles;
this is likely due to the continued breakdown of the cement
binder through thermal cycles, although a visual inspection was
done after thermal cycling, and no cracks or defects were noted,
a mechanical and cyclic durability study will be carried out in
future work.

The thermal conductivity of the samples, Figure 5f, was deter-
mined through the product of the thermal diffusivity (Figure 5e),
density (Table S2), and specific heat capacity obtained from
literature. All values observed are in the range of ~0.32 to ~0.14 W
m~' K7!, with an inverse correlation with the measurement
temperature. These numbers are in line with those seen for
the a-axis of single-crystal SnSe and lower than those seen for

the b-axis and c-axis. The 0.4% sample and the 0.5% sample
produced the highest and lowest thermal conductivity values,
respectively, although this difference is within the experimental
error. Similar to our previous work utilizing a Na,SiO; binder
[61], there is no obvious trend between thermal conductivity
and binder concentration. Thermal conductivity of the 0.1%
sample was not measured, as the powdery surface of the sample
was seen as a danger to the LFA equipment. The density,
as mentioned earlier, was lower than that of our previous
work on Na,SiO; [61]. While denser TE materials generally
promote higher electrical conductivity, the reduced density of
the cement-SnSe composites can also be advantageous. The
increased porosity helps to suppress lattice thermal conductivity
through enhanced phonon scattering, which contributes to the
low thermal conductivity values observed. However, excessive
porosity can also limit charge-carrier transport between SnSe
grains and reduce electrical conductivity.

A peak ZT (Figure 6a) value of 0.3 is seen at 823 K by the 0.3%
sample, a value which is the highest for cement containing TE
materials, with values seen in Figure 6¢ [50-55, 59, 60].

3.3 | Thermoelectric Generator

A proof of concept, p-type only TEG was made. To achieve
this, six SnSe legs were made using the 0.2% cement content,
as this had the highest power factor. The six legs were then
connected in a Z-type connection. A schematic and an image
of the setup are seen in Figure 7a,b, respectively. A hot plate
was used as the heat source, with no active cooling utilized. A
thermocouple was used to measure the hot (T, K) and cold (T,
K) temperatures, with a multi-meter measuring the short-circuit
current (Igc) and open-circuit voltage (V). Peak power output
of the device was calculated assuming that maximum power =
IcVoc/4 [72]. For the connection between the legs, copper tape
was used, and to alleviate parasitic contact resistance [73], silver
paint was utilized as a glue between the copper tape—SnSe
interface. Silver paint was used as the contact material due to its
low resistance, availability, and ease of use for a proof-of-concept
device, and has been proven effective in previous work [61]. While
nickel offers improved thermal stability, it requires additional
high-temperature or sputtered processing steps and so was not
considered for this TEG.

The TEG performance was measured in both directions of casting,
with the legs laid down, so casting direction is parallel to the
heat source, and perpendicular to casting with legs upright on
the heat source. Full TEG data for both directions is available
in Table S3. The voltage generated by the TEG demonstrates a
rapid increase as the temperature rises from room temperature
for both samples, Figure 7c. At 593 K, the perpendicular TEG
reaches an initial peak of 603 mV, whereas the parallel TEG shows
a peak of 251 mV at the same temperature. Subsequently, both
TEGs experience a decline in voltage as the SnSe undergoes a
phase transition from Pnma to Cmcm. Nonetheless, both TEGs
display subsequent voltage peaks toward 850 K, measuring 592
and 482 mV for the perpendicular and parallel heated TEGs,
respectively. This voltage pattern aligns with the observations
made in the Seebeck coefficient results obtained from the ZEM3.
The current for both TEGs is illustrated in Figure 7d. The current
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FIGURE 6 | (a)ZT of the cement-SnSe samples, (b) the Seebeck coefficient of the 10% by weight cement sample (n-type), and (c) ZT values of

cement containing thermoelectrics, with values taken from [50-55, 59, 60].

for both TEGs, at first, gradually increases as the temperature
rises, before both significantly rise after 600 K. The parallel TEG,
however, hits a significantly higher peak of 605 pA, compared
to 142 pA exhibited by the perpendicular TEG. This pattern,
much like the voltage, aligns with the results obtained in the
ZEM3, where these materials show the highest conductivity at
the higher testing temperatures. Power output for both TEGs is
shown in Figure 7e. The parallel TEGs show a peak power output
of ~73 uW compared to ~21 uW produced by the perpendicular
TEGs.

It is worth noting that the TEG heated perpendicular to casting
exhibits a significantly higher voltage output, but lower current
compared to the parallel heated TEG. Two possible reasons could
account for this. First, placing the TEGs perpendicular to the heat

source increases the distance between the hot and cold sides,
resulting in a larger temperature difference (AT) within the TEG
[74]. The voltage produced by the TEGs is proportional to this AT
value, as seen in Equation 2, where AV is the voltage produced
(V, sometimes expressed as —V), S is the Seebeck coefficient (uV
K1), and T is the temperature (K) [67, 75]. The AT data from both
TEGs in Table S4 support this, where the perpendicular TEG has
a higher AT than the parallel TEG.

AV = SAT @
When the TEGs are laid flat, however, more surface area and
thus more TEG volume is exposed to the heat source, and
so more charge carriers within the SnSe lattice can undergo
thermal excitation up to the conduction band, increasing charge
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(a) Photo of the TEG during parallel heating, (b) illustration of the TEG testing setup, (c) open-circuit voltage (Voc) output of TEGs,

(d) short-circuit current (Isc) output of the TEGs, and (e) peak power output of the TEGs (maximum power = IgcVoc/4) [64].

carrier mobility. Increasing charge carrier mobility has an effect
on where these charge carriers end up transporting heat (x.)
throughout the TEG, too. This transport of heat from the hot side
to the cooler side is detrimental to the AT portion of Equation 2,
thus lowering the voltage.

Second, as leg length increases, the pathway length for holes to
travel from the hot side to the cold side also increases. As the
holes move through the TEG, they experience resistance due to
scattering events and interactions with the lattice structure. With
a longer path, the holes have more opportunities to undergo
multiple scattering events, which can result in a larger voltage
potential being built up along the leg, leading to a higher voltage
output due to the increased resistance. In contrast, when the

TEGs are laid flat, the leg length is decreased, reducing the overall
resistance and facilitating a smoother flow of current within the
parallel sample, but lower voltage. This lower voltage, however,
does not offset the rise in current, hence the higher power in the
parallel TEG. Although SnSe crystals are intrinsically anisotropic,
the polycrystalline cement-SnSe composites used here have ran-
dom grain orientation and therefore behave isotropically. The
variation between the perpendicular and parallel TEG config-
urations (Figure 7c-e) arises from how heat interacts with the
geometry of the device rather than from crystallographic effects.
The perpendicular configuration produces a higher temperature
gradient across each leg, resulting in greater voltage, while the
parallel configuration exposes more SnSe volume to the heat,
increasing current output.
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Using the same calculations that Wei et al. used for their power
output (35.2 kWh or 440 mW m~2) from a road of 1 km by 10 m [60]
would yield a lower yet comparable result of 26 kWh or 325.8 mW
m~2 using a Seebeck of 437 uV K~! and electrical conductivity
of 0.43 S cm™. This, however, is at a AT that is not optimal
for SnSe. To better reflect conditions where SnSe performs more
efficiently, such as in steelmaking environments where operating
temperatures on average can reach 800 K, the calculation can
be adjusted accordingly. At 800 K, SnSe exhibits improved TE
properties, with a Seebeck coefficient of 372 uV-K ™! and electrical
conductivity of 5.4 S-cm~'. Assuming a similar, average AT of
~800 K across refractory linings such as the ones found in
ladles and blast furnaces [76], the estimated power output per
square meter rises significantly to approximately 1521.3 W m~2.
The calculated power of 1521 W m~2 represents a theoretical
upper limit based on an ideal AT = 800 K and perfect thermal
coupling. Actual power output would be lower due to heat losses,
contact resistance, and partial surface utilization. This estimate
is presented only to illustrate the potential scalability of the
SnSe-cement composite under idealized conditions.

Using Equation 3, the final efficiency of said device, assuming a
ZT of 0.3, with the same AT, an efficiency of ~5.8% is attainable.
This value, though, like the power, should be used as an upper
limit estimate.

T, —Te > 1+2T -1
Tmex ( Ty 1427 + <
Tn

4 | Conclusion

P-type SnSe-cement slurry composites were created with varying
concentrations by weight of cement binder. A simple casting
technique was employed, which involved casting this slurry into
a silicon mold, and resulted in samples of approximately 1.5 cm?
by ~0.75 cm. This technique significantly reduces labor time to
manufacture TE materials and has proven to be repeatable. The
0.2% binder concentration sample exhibited the highest power
factor of 77 yW m~ K~2 at 800 K, with a peak ZT of 0.3 at 850
K was observed in the 0.3% sample at 850 K. A proof-of-concept
p-type TEG was also produced, producing a power output of ~73
uW at 850 K. It was also shown that potentially 1521.3 W m~2 of
electricity could be harvested from a steel making environment
by incorporating these materials into refractories.
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