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This work investigates the recovery of elemental tellurium from the thermoelectric materials Bi,Tes and
Sb,Tes via chemical vapour transport (CVT) using the abundant element sulfur. A one-step process is
established, involving a redox reaction between the respective tellurides and sulfur, followed by transport-
ing elemental tellurium with the transport agent sulfur at mild temperatures. Differential scanning calori-
metry identifies the redox reaction process for both systems (Bi,Tes/S and Sb,Tes/S) to occur in the temp-
erature range of 175-200 °C. Additionally, the reaction conditions were optimised, and recovery rates, as
well as transport rates for closed and open experimental setups, were determined. A temperature gradient
of 425 °C — 325 °C with a Te : S molar ratio of 1:1.25 is proposed as optimum for a closed experimental
setup. For an open experimental setup, a temperature gradient of 500 °C — 300 °C allows establishing a
way with short reaction time of 1 h, identifying it as the best experimental recycling setup. For the system
Bi,Tes/S, these reaction conditions resulted in a recovery rate up to 76% h™ (transport rate 151.2 mg h™)
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for the open experimental setup. Additionally, the possibility of instrumental upscaling was shown on a
laboratory scale. In all cases, the purity of the recovered tellurium was analysed using PXRD, Raman spec-
troscopy, EDX and DTA/TG + MS. The purity of Te was increased to >99.9 wt% through a purification step

rsc.li/greenchem of heating to 500 °C under an Ar atmosphere, surpassing the detection limit used.

Green foundation

1. Principles of green chemistry are used as the basis for a chemical recycling process of the toxic but critical resource Te: the use of non-toxic, less hazardous
chemicals, low energy consumption and options for the re-use of reagents.

2. The chemical recycling process of tellurium from the thermoelectric materials Bi,Te; and Sb,Te; not only provides excellent separation of the components
but also achieves this while incorporating beneficial principles of green chemistry: it utilizes a chemical vapour transport reaction with the abundant, non-
toxic chemical sulphur, is carried out at medium temperatures, and allows sulphur to be reused in cycles.

3. Future research will focus on the implementation of a recovery step aiming at recovering the elements bismuth and antimony from Bi,S; and Sb,S;, which
are also considered as critical resources, and will also involve p- and n-type semiconductors including the element selenium.

facturing of highly pure semiconductor materials, such as
cadmium telluride (CdTe), used in thin-film solar cells."”?
Besides CdTe solar cells (~40%), Te is widely used in other
fields, such as thermoelectric materials (x30%), as a metallur-
gical additive in various materials (~15%), rubber manufactur-
ing (~5%), and other applications (~10%).>> However, the
abundance of Te in the Earth’s crust is only 1-5 ppb, which is

Introduction

The demand for renewable energy sources has also signifi-
cantly increased the demand for tellurium (Te) for the manu-
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even lower than that of gold or platinum, rendering Te a
highly critical element.*®” Additionally, Te is mainly obtained
as a by-product of copper mining, which involves hydrometal-
lurgical processes, such as leaching (acidic or alkaline) and
electrowinning, or pyrometallurgical processes, such as roast-
ing, smelting and refining, leading to overall low Te recovery
yields (30-40%).>*""° Therefore, the market price of Te is
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highly vulnerable to fluctuations.”'® Another critical issue is
the high Te import rate of countries without large Te deposits,
such as countries of the European Union, which can lead to
geopolitical supply risks."'® In conclusion, the increased
demand can result in a general prospective supply risk. Hence,
a recovery process for Te-containing materials is necessary,
preferably without using hazardous or toxic compounds and
with a low energy requirement.

To the best of our knowledge, only a few recovery tech-
niques are known for Te-containing secondary resources (solar
cells or thermoelectric devices). These recovery techniques
involve either hazardous chemicals, such as sulfuric acid or
hydrogen peroxide, or complicated and high energy-consum-
ing processes, such as multi-stage vacuum distillations.**>™
Additionally, electrochemical approaches have been reported
for the recycling of Te-based solar cells, potentially enabling a
greener recovery of Te.'” Altogether, further research is needed
in this field, and in addition, these methods have not yet been
investigated for Te-based thermoelectric devices.

Recently, Bemfert, Miiller-Buschbaum et al. developed a
chemical vapour transport (CVT) method to recover Te from
CdTe using sulfur.'®'® CVT reactions are well known for yield-
ing single crystals in fundamental research but are also used
in common industrial applications such as purification, e.g.,
the van Arkel and de Boer, and Mond processes.”® CVT reac-

e
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tions can be performed in open and closed experimental
setups. In Fig. 1, a schematic of a closed (A) and an open (B)
experimental setup is shown. In both setups, the transport
agent (TA) reacts with the source material (SM) to form the
transport species (TS). A different temperature at the sink
shifts the reaction equilibrium, promoting back reaction and
deposition of the purified compound (PC). In a closed system,
a chemical equilibrium is reached, while in an open system,
equilibrium is not achieved, allowing for higher transport
rates and faster recovery.

In this work, the concept of transporting the element Te
with sulfur (S), which was published by Binnewies in 1976,
was used.”’ Binnewies showed that gaseous species TeS, or
Te,Sy (x = 1-7, y = 1-6) are formed from the elements, as
observed by mass spectrometry, and proposed a temperature
gradient of 375 °C — 325 °C for a closed experimental setup.”’
The presence of these gaseous species was also calculated
later.”> The above-mentioned approach by Bemfert, Miiller-
Buschbaum et al. for the CdTe/S system showed that transport
of Te with sulfur in a temperature gradient is possible from
compounds such as tellurides due to a redox reaction of CdTe
with sulfur and can be carried out in both closed and open
experimental setups.’® A tellurium recovery of 97.8% was
achieved. Additionally, the purity of the recovered tellurium
was determined as 99.1 wt% without further purification, with

Source

Sink

Recycled purified tellurium

New thermoelectric materials

Fig. 1 Schematic illustration of chemical vapour transport (CVT) in (A) a closed experimental setup and (B) an open experimental setup and (C) how
this CVT can be part of a sustainable life cycle of Sb,Tez and Bi,Tes. For an endothermic CVT reaction, as for both tellurides, the source material
(SM) reacts with the transport agent (TA, here: S) at the higher temperature T, to form the transport species (TS). The transport species diffuses
along a temperature gradient. At the lower temperature T,, the back reaction takes place, and the original source material deposits in purified form
at the sink (here: Te). This picture was partly created with Al (engine: Firefly).

6406 | Green Chem., 2025, 27, 6405-6419

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc00108k

Open Access Article. Published on 24 March 2025. Downloaded on 10/26/2025 3:25:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

sulfur being the only detectable impurity. In conclusion, com-
pared to known processes, a recovery method with a lower
energy requirement than the literature processes and without
hazardous chemicals was developed."®

As mentioned above, thermoelectric materials make up about
30% of the overall use of Te.>” These thermoelectric materials
are typically composed of bismuth telluride (Bi,Te;) or antimony
telluride (Sb,Te;) and are used as p-type compositions
Sb,_,Bi,Te; or n-type compositions Bi,Te;_,Se, in thermoelectric
devices.”® Bi and Sb have also been described to be suitable for
CVT reactions together with halogens as the TA, mostly iodine.>*
Accordingly, Bi and Sb could also be recovered by a subsequent
CVT process. To the best of our knowledge, there are no CVT
reactions with sulfur reported for these elements and their com-
pounds, which would prevent separation of tellurium from these
compounds. In general, using end-oflife thermoelectric
materials as secondary resources can improve the Te supply in
the future.”® Therefore, this project aims to utilize CVT for the
chemical recycling of tellurium from thermoelectric materials
that is greener than established processes. Within this work, the
binary systems Bi,Te; and Sb,Te; were investigated as model
systems. Compared to the recycling techniques mentioned
above,»'> this CVT approach offers, in accordance with the
principles of green chemistry,”® a greener method for recycling
tellurium. The CVT approach requires less energy due to lower
operating temperatures than multi-stage vacuum distillations
and eliminates the need for hazardous chemicals used in solu-
tion-based methods. Furthermore, the TA sulfur can be reused
multiple times to transport tellurium, minimizing waste and
enhancing the overall sustainability of this CVT process.

Results and discussion

Characterization of the CVT recycling process of Te using
thermal analysis

For the recovery of Te from Bi,Te; and Sb,Te;, elemental sulfur
was chosen as the transport agent. As shown for CdTe," such
an approach can form mixed tellurium-sulfur gas phase
species directly from tellurides in addition to starting from the
element Te.”’ CVT reactions can generally be performed in
both closed and open experimental setups (see Fig. 1). A
chemical equilibrium is only achievable in closed experimental
setups, and the so-called transport agent (TA) can interact with
the source material (SM) several times to form the so-called
transport species (TS). Afterwards, the transport species, per
definition, either diffuses from the higher temperature T, to
the lower temperature 7; in the case of an endothermic trans-
port or vice versa for exothermic transport reactions. The
different temperature at the sink shifts the equilibrium of the
CVT reaction, which promotes the back reaction. Thus, the
transported material is deposited at the sink as a purified com-
pound (PC). In open experimental setups, the transport agent
can interact with the source only once. Afterwards, depending
on the CVT reaction, the transport agent either leaves the
setup as a gas or deposits as a solid in colder regions beyond

This journal is © The Royal Society of Chemistry 2025
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the sink temperature T;. As a result, the transport agent has to
be supplied continuously. Furthermore, the amount of trans-
port agent added per time can highly influence the chemical
equilibrium of the CVT reaction, which opens the possibility
for higher transport rates, generally leading to faster recovery.

First, the relevant processes and parameters were identi-
fied. Here, differential scanning calorimetry (DSC) measure-
ments were performed to investigate the redox reaction
between the respective telluride and sulfur and the chemical
vapour transport between tellurium and sulfur, as the method
provides data on heat flow and relevant information on the
temperature range and possible additional processes. For both
tellurides, Bi,Te; and Sb,Te;, two different mixtures of the
respective telluride and sulfur were used, namely with molar
ratios of Te:S of 1:2 and 1:1.25. Furthermore, reference
measurements of sulfur, tellurium and the respective tellur-
ides were carried out. During the heating process (Fig. 2A and
3A), the reference measurement of sulfur (green curve) shows
three characteristic peaks for this element: the transition of
orthorhombic a-sulfur to monoclinic $-sulfur (at 97 °C (1), lit.:
95-96 °C (ref. 27-29)); afterwards, melting of sulfur (at 113 °C
(2), lit.: mp B-sulfur 119 °C (ref. 27-31)), with the determined
onset value being in accordance with the published data; and
the polymerisation of sulfur (at 161 °C (3), lit.: 159 °C (ref. 27,
29 and 31)). The melting point of sulfur (2) is also observable
in all other investigations that include sulfur. In investigations
of S together with both tellurides, peaks (1) and (3) are not
observed due to the lower amounts of sulfur used in the mix-
tures. Additionally, during the heating process (Fig. 2A and
3A), the reference measurement of tellurium (blue curve)
shows one characteristic peak, corresponding to its melting
point at 449 °C ((4), lit.: mp Te 450 °C (ref. 32 and 33)). The
reference measurement of bismuth telluride (orange curve)
shows no signals in the measured temperature range, as
expected. The reference measurement of antimony telluride
should also show no signal in the measured temperature
range. However, a peak (5) at 418 °C (see Fig. 3A) was observed
in different purchased antimony tellurides. The antimony and
tellurium phase diagram shows a eutectic temperature line at
422 °C (ref. 34), fitting with the observed signal and indicating
an amount of elemental tellurium in the purchased com-
pounds. Additionally, during the cooling process (see Fig. 2B
and 3B), the reference investigation of sulfur shows a crystalli-
sation signal at 69 °C (6). In the reference measurement of tell-
urium, the crystallisation signal is observable at 354 °C (7).
Additionally, a crystallisation signal of the eutectic mixture at
400 °C (8) is visible in the reference measurement of antimony
telluride (Fig. 3B). An enlarged graphic of each reference
measurement can be found in Fig. S3-S6 in the ESL{

Specific thermal properties of the Bi,Te;/S system. In order
to investigate the potential chemical vapour transport of
Bi,Te; with S, two different molar ratios of Te:S were used
(black: 1:2, red: 1:1.25) both for thermal investigations and
for chemical vapour transport experiments in closed experi-
mental setups. For both mixtures investigated, during the first
half of the DSC cycle (Fig. 2A, heating), an exothermic signal

Green Chem., 2025, 27, 6405-6419 | 6407
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Fig. 2 DSC cycles (A: heating, B: cooling) of mixtures of bismuth tellur-

ide and sulfur for two different Te:S molar ratios (black: 1:2, red:

1:1.25) and for sulfur (green), tellurium (blue) and bismuth telluride

(orange) as references. Additionally, in (A), the onset value of the redox
reaction is marked with red and black lines.

appears at 200 °C. This peak corresponds to the exothermic
redox reaction between bismuth telluride and sulfur
(Scheme 1). This signal does not occur during the second
measurement cycle (see Fig. S8%), confirming its assignment
as a redox reaction signal according to Scheme 1.

The respective reaction was investigated for the first time in
a closed experimental setup. To the best of our knowledge,
there is only one other thermal analysis investigation of this
reaction in the literature.'® This measurement was performed
in an open experimental setup under an argon atmosphere in
a crucible that was not further described.'® Ma et al. described
three reactions between S and Bi,Te; in a temperature range of
218-347 °C, which was determined by measuring the peak
maximum."® The first signal’s peak maximum at 218 °C aligns
with the value determined in this work. The slight differences
may originate from the different measurement conditions. In
this work’s closed DSC measurement (Fig. 2A), a second signal
(360 °C and 390 °C, respectively) is observed, shifting towards
the tellurium melting point (4) with decreasing sulfur content.

6408 | Green Chem., 2025, 27, 6405-6419
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Fig. 3 DSC cycles (A: heating, B: cooling) of mixtures of antimony tell-
uride and sulfur for two different Te:S molar ratios (black: 1:2, red:
1:1.25) and for sulfur (green), tellurium (blue) and antimony telluride
(orange) as references. Additionally, in (A), the onset value of the redox
reaction is marked with red and black lines.

Bi,Tes +3S — = Bi,S; + 3 Te

Scheme 1 Exothermic redox reaction of bismuth telluride with sulfur.

This peak does not correspond to the endothermic transport
reaction depicted in Scheme 2. Instead, a melting point
depression of tellurium due to sulfur is proposed. A similar
observation was reported for the CdTe/S system.'® Therefore,
the endothermic transport reaction (Scheme 2) is not visible
for the Bi,Te;/S system.

During the second half of the DSC cycle (Fig. 2B, cooling), a
crystallisation signal is observable for both molar ratios,
located at 310 °C (1:1.25) or 330 °C (1:2). This signal corres-

AT

yTe+ S, SyyTey

Scheme 2 Endothermic transport reaction between tellurium and
sulfur.

This journal is © The Royal Society of Chemistry 2025
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ponds to the crystallisation of the above-described sulfur-tell-
urium melt. Additionally, the measurement with a Te : S molar
ratio of 1:2 shows a crystallisation peak at 73 °C corres-
ponding to pure sulfur’s crystallisation signal (6). An enlarged
depiction of the shown DSC cycles of the different mixtures
can be found in Fig. S7 in the ESL.f

Specific thermal properties of the Sb,Te;/S system. Also, for
the Sb,Tes/S system, the two different molar ratios of tellurium
to sulfur (black: 1:2, red: 1:1.25) were investigated. During
the first half of the DSC cycle (Fig. 3A, heating), an exothermic
signal occurs with an onset value of 175 °C. Again, it only
appears during the first measurement cycle (see Fig. S101) and
is assumed to correspond to the redox reaction depicted in
Scheme 3.

To the best of our knowledge, this reaction has been investi-
gated with DSC for the first time, providing the respective
results.

In addition to this exothermic redox signal, in both
measurements (Fig. 3A, black and red curves), two endother-
mic signals appear in a temperature range of 325 °C to 500 °C.
Again, they correspond to melting point depressions and shift
towards the original melting points of tellurium and antimony
sulfide with decreasing sulfur amounts. It is proposed that the
first endothermic signal represents the melting point
depression of tellurium, and the second originates from a
melting point depression of antimony sulfide. Furthermore,
during the second half of the investigations (Fig. 3B, cooling),
two signals appear in the temperature range of 260 °C to
355 ©°C, also associated with the two melting point
depressions, representing the crystallisation of the present
melts. Additionally, the measurement with a Te : S molar ratio
of 1:2 shows a crystallisation signal at 71 °C, corresponding to
pure sulfur’s crystallisation signal (6).

For the Bi,Te;/S system, the second endothermic melting
signal (Fig. 3A) and the first crystallisation signal (Fig. 3B) are
not present, as they are outside the investigated temperature
range due to the higher melting point of bismuth sulfide
(775 °C)** in comparison with antimony sulfide (546 °C).>®
The melting point depression of antimony sulfide was con-
firmed by DSC measurements of antimony sulfide and sulfur
mixtures with two Sb,S;:S molar ratios (1:1.5 and 1:3)
according to the redox reaction shown in Scheme 3 (see
Fig. S11%). In Fig. 3A, this melting point depression is
assumed to be the second endothermic signal and is shifted
to even lower values, indicating that the present tellurium also
influences the melting point of antimony sulfide.

In general, due to the number of processes observed
(chemical and physical), a complete clarification of all signals
was not possible within this work. An enlarged depiction of
the shown DSC cycles of the different mixtures can be found
in Fig. S9 in the ESL7

Sb,Tez +3S——»Sby,S3 +3 Te

Scheme 3 Exothermic redox reaction of antimony telluride with sulfur.

This journal is © The Royal Society of Chemistry 2025
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CVT in closed experimental setups

To investigate the temperature dependence of the chemical
vapour transport equilibria for the Bi,Te;/S and Sb,Tes/S
systems, based on the results from DSC and the literature, eight
different temperature gradients were selected in the range of
300-425 °C, and three ampoule reactions were prepared for each
gradient. In the literature, a temperature gradient of 375 °C —
325 °C was used for the CVT of pure tellurium with sulfur, using
a sulfur pressure of 0.05-0.3 bar (400 °C, calculated for S, and
Sg) and a reaction time of 24 h, resulting in transport rates of
6.1-7.5 mg h™ (0.61-0.75% h™").”" In the case of the CdTe/S
system, a slightly higher temperature of 400/425 °C at the source
was reported as optimum to reach a recovery of Te of approxi-
mately 97% (~1.4% h™'/4 mg h™") after 72 h, using a sulfur
pressure of 0.5-1 bar (400 °C, calculated for S, and Sg).
Furthermore, it was suggested that a temperature gradient of
400 °C - 300 °C could be used for energy-saving purposes.’

In order to investigate the temperature dependence of the
CVT, 150 mg of sulfur was used to guarantee a suitable pressure
for CVT between approximately 0.5 and 1 bar (400 °C, calculated
for S, and Sg). In Fig. 4, the resulting recovery yield (in %) of Te
is shown as a function of sink and source temperatures. This
recovery yield was calculated using the following eqn (E1):

m(Tesgink)

-100%
m(TeTheoretical)

Recoveryyield = (E1)

Fig. S1 in the ESI{ shows a box diagram for both telluride
systems with the exact values for each ampoule. In addition,
the transport rate and recovery rate were calculated using the

following eqn (E2) and (E3):

m(Tes;
Transport rate = ﬂ (E2)
Reaction time
Recovery yield
Recovery rate = secovely yied (E3)

Reaction time

Generally, for both systems Bi,Te;/S and Sb,Te;/S, higher
temperatures at the source are favourable compared to pub-
lished data.”’ For both systems, a nearly complete recovery
(Bi,Te3/S: 99.8%, Sb,Te3/S: 97.7%) of Te was achieved for a
temperature gradient of 425 °C — 325 °C, resulting in a recov-
ery rate of approximately 1.4% h™" and a transport rate of 4 mg
h™'. Furthermore, an energy-saving principle as for the system
CdTe/S"® can also be applied to Bi,Tes/S and Sb,Tes/S since Te
recovery above 90% is still achievable with slightly lower temp-
erature values of 400 °C — 300 °C. In general, it was possible
to achieve higher recovery yields at the same temperature gra-
dient for the Bi,Tes/S system than for the Sb,Tes/S system.

Besides the absolute temperatures at the source and sink,
another significant value is the temperature difference AT
between the source and sink. Fig. 5 shows the dependence of
the Te recovery rate on AT In general, it is observed that with
increasing AT, the recovery rates increase. In agreement with
thermodynamics, a small AT does not significantly influence
the equilibrium of the CVT reaction (Scheme 2), and therefore,
the transport rates are low. In contrast, higher AT shifts the equi-

Green Chem., 2025, 27, 6405-6419 | 6409
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librium of the endothermic CVT reaction (Scheme 2) towards
the transportation of Te and provides proper separation inside
the ampoule. The maximum AT of 100 °C cannot be increased
further for several reasons. First, due to the melting point of Te
at approx. 450 °C,** at temperatures above 425 °C, slowly starts
to sublime under reduced pressure and liquid Te would be able
to distribute in the setup, both removing the separation of
source and sink. Therefore, the maximum temperature at the
source is fixed at 425 °C in a closed experimental setup with an
applied pressure of 0.001 mbar. Second, due to the crystallisa-
tion temperature (325 + 25 °C) of transported Te, temperatures
below 300 °C would not improve the CVT. Instead, the source
and sink would also be less separated. Therefore, it is suggested
to set AT in a range of 75-100 °C to guarantee a change in CVT
equilibrium and a proper separation.

As described in the beginning of this section, in the literature,
different pressure ranges of 0.05-0.3 bar (ref. 21) and 0.5-1 bar
(ref. 19) (400 °C, calculated for S, and Sg) and different reaction
times of 24 h (ref. 21) and 72 h (ref. 19) have been reported. Thus,
the Te:S molar ratio and the reaction time were investigated to
identify the best reaction properties for the Bi,Tes/S system.

In Fig. 6, two molar ratios of Te:S (1:2 and 1:1.25) and
three reaction times (24, 48, 72 h) are shown for two tempera-
ture gradients (red: 375 °C — 325 °C, grey: 425 °C — 325 °C).

By comparison of the recovery rates at the two different
temperature gradients, it can be seen that for the 375 °C —
325 °C gradient (red boxes), the CVT is not finished after 72 h
and is independent of the Te : S molar ratio and reaction time.
At the temperature gradient of 425 °C — 325 °C, the recovery
rate decreases with increasing reaction time, due to the higher
amount of transported tellurium, which influences the chemi-
cal equilibrium of the CVT. This behaviour is in accordance
with the general principle of closed CVT reactions. A more
detailed investigation of how the recovery rates develop over

2.4 Bi, Tes/S ||l 375 °c > 325 °C
- I . [ 425°c>325°C
- 2.0_

Recovery rate Te / % -
I e
o N £~ [e)} [o.]
R S A

L
0.8

2 l 1.25 2 | 1.25
Time 24 48 72

0.6
Te:S

i A
]

1.25

Fig. 6 Recovery rates of Te for the Bi,Tes/S system in relation to two
different Te:S molar ratios (1:2, 1:1.25) at two different temperature
gradients (red boxes: 375 °C — 325 °C, grey boxes: 425 °C — 325 °C)
and a reaction time of 24 h, 48 h or 72 h. The exact transport rates for
each ampoule are marked with a black cross.
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time (1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h) at a temperature gradi-
ent of 425 °C — 325 °C is shown in Fig. S2 in the ESL} Both
data (Fig. S21 and Fig. 6) show that the CVT is nearly finished
after 48 h with a recovery yield of 98% (~2.0% h™'/6.1 mg h™")
in the best case. In general, the Te:S molar ratio does not
influence the recovery rates significantly. Additionally, it
should be noted that for the lower Te : S molar ratio of 1:1.25,
sulfur deposition is more controllable, making it easier to get
tellurium with higher purities, and therefore should be used
for further investigations.

In summary, for the Bi,Te;/S system, it is proposed that
further investigations of closed experimental setups should
use a temperature gradient of 425 °C — 325 °C, a Te: S molar
ratio of 1:1.25, and a reaction time of 48 h. These conditions
(425 °C - 325 °C, Te: S 1:1.25, 48 h) were also tested for the
Sb,Te;/S system and resulted in a recovery yield of 65.2%
(~1.4% h™'/4.1 mg h™"). Since the recovery rates were always
slightly lower for the Sb,Te;/S system, a reaction time longer
than 48 h is needed for the complete transport of tellurium in
closed experimental setups.

CVT in open experimental setups

CVT reactions in open experimental setups are more suitable
for industrial applications compared to closed ones, mainly
due to the possibility of creating a circulating gas flow setup.
Therefore, the parameters gathered from investigations of the
closed experimental setup mentioned above were used to
develop an open experimental setup for both telluride systems
under investigation. For the transport process, the most signifi-
cant difference between open and closed experimental CVT
setups is that in an open experimental setup, the used trans-
port agent can only take part once in the transport reaction
during its dwell time at the source and deposits after being
moved by the gas flow at the end of the reaction tube.
Furthermore, it is known from the literature that the used
sulfur evaporates below the boiling point>” at 444 °C.'®"?
Therefore, sulfur cannot be wholly used to transport tellurium
in an open experimental setup. Hence, it is necessary to
increase the excess of sulfur at the beginning of the recovery
process. Furthermore, the supply of additional sulfur to the
process should be possible after a defined reaction time, prefer-
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ably by cycling of the used sulfur. Moreover, in open processes,
the CVT reaction (Scheme 2) does not reach a chemical equili-
brium like in a closed experimental setup. Due to the open
character and the increased amount of sulfur, the CVT equili-
brium is pushed towards the product site. This enables the
possibility of higher transport and recovery rates, which is
highly favourable for industrial applications at the cost of
additional sulfur, if it is not re-used. Fig. 7 shows a schematic
illustration of an open recovery process. In addition to the first
amount of sulfur, which was mixed with the respective telluride
at T, a second amount of sulfur was placed at T, to mimic the
re-use of sulfur after transport. This sulfur amount could be
heated after a defined reaction time. In a commercial process,
this step can be substituted either with a circulating sulfur gas
flow or with the recovery of the solid sulfur, which can then
take part in the process several times. Generally, re-use should
guarantee a low consumption of sulfur and reduce the loss of
tellurium still incorporated in mixed rings with sulfur.

For both Bi,Te;/S and Sb,Te;/S systems, Table 1 presents
parameters and recovery rates for different experimental con-
ditions. At first, the same temperature gradient (425 °C —
325 °C) was chosen as in the best-performing closed experi-
mental setup. At this temperature gradient (425 °C — 300 °C),
a tellurium recovery rate of 24% h™' (transport rate 48.5 mg
h™") was achieved for the Bi,Te;/S system. Compared to the
recovery rate of the best-performing closed experimental setup
(~2% h™'/transport rate 6.1 mg h™"), this value is already ten
times higher, showing that the recovery rates of open processes
can be increased to a much greater extent.

Besides slightly higher temperatures of 500 °C — 300 °C for
optimal open transport, the limiting factor for higher recovery
rates is the amount of sulfur required. Therefore, to simulate
the potential cycling of sulfur, a second amount of sulfur was
located at T, being necessary to further increase the recovery
rates. As a result, the recovery rate could be increased to a
maximum value of 76% h™" (transport rate 151.2 mg h™") for
the Bi,Te;/S system. No tellurium could be detected with
PXRD in the source material (see Fig. 8B), so it is assumed that
nearly complete transportation occurred.

An increase in the argon flow also has an influence on the
recovery rate. Increasing the flow from 0.15 NL h™" cm™ to 1.5

Sulfur
deposition

Fig. 7 Schematic illustration of an open experimental setup. At the source, the mixture of telluride and sulfur is shown in brown. Additionally, the

second amount of sulfur is shown in yellow located at T,.
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Table 1 Parameters and recovery rates for the open Bi,Tes and Sb,Tes recovery processes

System T,/°C T,/°C T;/°C T4/°C Te : S molar ratio t/h v (Ar)/NL h™ em™ Recovery rate (Te) /% h™"
Bi,Te; 300 325 425 — 1:30 1 0.15 24

Bi,Te; 300 350 500 — 1:30 1 0.15 39

Bi,Te; 300 350 500 500 1:60 1 0.15 76

Bi,Te; 300 350 500 500 1:60 1 1.5 62

Sb,Te; 300 325 425 — 1:30 1 0.15 18

Sb,Te; 300 350 500 — 1:30 1 0.15 36

Sb,Te; 300 350 500 500 1:60 1 0.15 61

Sb,Te; 300 350 500 500 1:60 1 1.5 43

NL h™" em™ results in a reduced recovery rate of 62% h™"
(transport rate 123.1 mg h™") for the Bi,Te,/S system. A high
stream of flow gas minimized the contact time of S with Bi,Te;
and Sb,Te;. Additionally, it may increase the amount of tellur-
ium still incorporated in mixed rings and hamper the time for
tellurium deposition after transport.

For the Sb,Te;/S system, the respective recovery rates show a
similar trend (see Table 1). The same experimental setup
(500 °C = 350 °C — 300 °C, 0.15 NL h™' cm™?) led to the best
recovery rate of 61% h™' (transport rate 121.1 mg h™"). Also,
the absolute recovery rates are slightly lower, as observed for
the closed experimental setup.

In summary, a temperature gradient of 500 °C — 350 °C —
300 °C with an argon flow of 0.15 NL h™' ecm™ was the best
experimental setup for both investigated systems.

A comparison with the CdTe/S system (best open experi-
mental setup: 5.6% h™'/7.1 mg h™")' shows that the recovery
process for Bi,Te; and Sb,Te; is even more preferable, leading
to higher rates in terms of recovery and transportation. The
crucial changes in the experimental parameters in comparison
with the experimental setup used for the CdTe/S" system were
a reduction in the reaction time, an increase in the source
temperature, and the use of a second amount of sulfur, which
could be evaporated after a defined reaction time, thereby
extending the CVT to simulate a continuous sulfur gas flow.

The possibility of upscaling the process was investigated by
doubling the amount of reagents, increasing the tube dia-
meter, and creating a deepening in the glass tube (depth:
1 cm, length: 2 cm) at the source and the location for the
second sulfur supply to avoid floating of the melts. All other
parameters were kept the same. PXRD data of the sink and
source for both upscaled systems can be found in Fig. S19 in
the ESLf This upscaling yields recovery rates of 54% h™*
(transport rate 215.1 mg h™") for the Bi,Te;/S system and 44%
h™ (transport rate 175.8 mg h™") for the Sb,Te,/S system.
Thus, upscaling of the process is possible. Additionally, due to
the higher amount of sulfur, it was impossible to avoid a small
back diffusion of the sulfur, leading to less sulfur participating
in the process. By eliminating this drawback, the CVT process
could be used to recover higher amounts of tellurium.

Purity analysis

Powder X-ray diffraction. The received products at the source
and sink of both systems were investigated with PXRD to deter-

6412 | Green Chem., 2025, 27, 6405-6419

mine the purity of the recovered tellurium and the compo-
sition of the source residuals. In Fig. 8, the PXRD results of the
best closed experimental setup (A) and the best open experi-
mental setup (B) are shown for the Bi,Tes/S system. In both
cases, the reactions were performed at the respective optimal
temperature gradient (closed: 425 — 325 °C; open: 500 —
300 °C). In both closed and open experiments, the investi-
gation of the sink material shows only tellurium reflections®”
without any reflections of sulfur,®® indicating that the CVT
recovery method led to tellurium with high purity. Depending
on the tellurium recovery yield, the source shows only sulfide
reflections®® at high recovery yields, as shown in Fig. 8(A and
B). Tellurium reflections are also visible at lower recovery
yields (see Fig. S12-S20%). The same results were also observed
for all other Bi,Tes/S investigations. For all closed and open
Bi,Te3/S investigations, exemplary powder diffractograms of
the source and sink are shown for each experimental setup in
Fig. S12, S14-S16, and S19, in the ESL.{

In general, PXRD investigations for the closed and open
Sb,Te;/S experimental setups show similar results, with the
formation of Sb,S; *° instead of Bi,S;. Fig. S13, S17, S18, and
S20 in the ESI} provide powder diffractograms for all closed
and open Sb,Te;/S investigations.

In addition, the upscaling experiments also show corrobor-
ating results without crystalline impurities, as shown in
Fig. 8C for the open Sb,Te;/S investigation.

Raman spectroscopy. Raman investigations of the recovered
tellurium and pure sulfur as a reference were performed to
further investigate the purity of the recovered tellurium. In
general, Raman measurements can be used as a detection
method for sulfur impurities since sharp sulfur modes were
already visible at lower laser power in comparison with the tell-
urium modes. The spectra are shown in Fig. 9 for tellurium
recovered in the respective best-performing closed (A) and
open (B) experimental setups of the Sb,Tes/S system. Typical
tellurium modes are observable in both cases, and no sulfur
modes were detected. In general, one sulfur mode is present,
which could overlap with the tellurium mode at 141 cm™".
Since this sulfur mode does not exhibit the highest intensity,
present sulfur impurities should still be observable using the
missing sulfur mode at 220 cm™". This again indicates, like
the PXRD measurements, that the CVT recovery method led to
tellurium with no detectable sulfur impurities, assuming a
high Te purity. Specific tellurium modes observed are E'

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 PXRD data of the source (blue diffractogram) and sink (green
diffractogram) products of (A) the best closed and (B) the best open
Bi;Tes/S experimental setup and (C) the Sb,Tes/S upscaling setup.
Additionally, references for tellurium,®® sulfur,*® bismuth sulfide®® and
antimony sulfide®® are shown.

(95 em™), A' (122 em™), E®> (141 cm™') and a second-order
mode from the E mode (267 cm™"). These values align well
with the reported range in the literature.***%%2 A! (122 cm™)
corresponds to symmetric expansion and compression in the
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Fig. 9 Raman spectra of tellurium recovered in (A) the best closed and
(B) the best open Sb,Tes/S experimental setup. A reference measure-
ment of sulfur is also shown, and the specific Raman modes of tellurium
are marked.

basal plane. E' (95 ecm™") originates from chain rotation over
the a- or b-axis, and E*> (141 cm™") results from asymmetric
stretching mostly occurring along the c-axis.*>**

Also, the Raman spectra for the respective best-performing
Bi,Te;/S experimental setups show the same results and can
be found in Fig. S21 in the ESL{ In summary, this measure-
ment also shows no detectable sulfur impurities in the recov-
ered tellurium.

Energy-dispersive X-ray analysis. In addition to the purity
check by PXRD and Raman spectroscopy, the recovered tellur-
ium was also investigated using energy-dispersive X-ray ana-
lysis (EDX). EDX is more sensitive in detecting smaller impuri-
ties than the other methods. Furthermore, it is possible to
quantify the present elements, with limitations for elements
with a high difference in molar mass. The results are pre-
sented in Fig. 10 for tellurium recovered in the best closed (A)
and open (B) experimental setups for the Bi,Te;/S system. In
both experimental setups and for both telluride systems (see
Fig. S22 and S23f%), tellurium purities >99 wt% could be

Green Chem., 2025, 27, 6405-6419 | 6413
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A Site wt%(Te) / % | wt%(S)/ % | wt%(Bi) / % BizTea/S
1 99.7 0.3 0
2 99.6 0.4 0 Te recovered in closed setup
3 99.7 0.3 0
Average >99.6 <0.4 0
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B Site wt%(Te) /% | wt%(S) /% | wt%(Bi)/ % BizTea/s
1 99.7 0.3 0
2 99.4 0.6 0 Te recovered in open setup
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Fig. 10 EDX data of tellurium recovered in (A) the best closed ampoule
and (B) the best open experimental setup of the Bi,Tes/S system. For
each sample, an average wt% value is given. It is calculated from three
different measuring spots. Characteristic X-ray emission lines are also
shown for tellurium, sulfur, bismuth, oxygen, and carbon as refer-
ences.*® Additionally, the surface (C1) of tellurium recovered in the best-
performing closed ampoule of the Bi,Tesz/S system and respective
elemental mappings of tellurium (C2, green dots) and sulfur (C3, yellow
dots) are shown.

achieved without a further purification step. Furthermore, the
only visible impurities are sulfur residues. In a direct compari-
son between the tellurium recovered in closed and open
experimental setups, the purities achieved in closed experi-
mental setups are slightly higher. This trend is in accordance
with the much slower process and the slower formation of tell-
urium crystals in a closed ampoule compared to an open
experimental setup. Consistently, the amount of sulfur is
higher in the open experimental setup than in the closed one,
leading to slightly higher sulfur wt% values. Fig. 10C shows an
SEM image of the surface of tellurium recovered in a closed
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Fig. 11 STA investigations of three tellurium samples are shown. In
each diagram, a TG curve (green), a DTA curve (blue), and a QMID curve
(red) are shown. (A) shows the investigation of a tellurium sample recov-
ered with the best open experimental setup. (B) shows the investigation
of a tellurium sample recovered with the best open experimental setup,
which was additionally heated to 425 °C as a purification step. (C) shows
the investigation of a tellurium sample recovered with the best open
experimental setup, which was additionally heated to 500 °C as a purifi-
cation step.
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ampoule (C1), an elemental mapping of tellurium (C2, green
dots) and an elemental mapping of sulfur (C3, yellow dots). A
homogeneous elemental distribution of tellurium and sulfur
is present. This observation applies to all measured samples
and can be seen in Fig. S24-S28 in the ESL}

Purification step

Since the EDX results revealed small sulfur impurities, a
purification step was developed to remove these residuals.
A heating step of the recovered tellurium under an argon
atmosphere was chosen for purification. Simultaneous
thermal analysis (STA) under a synthetic air atmosphere was
used to determine the temperature that is sufficient to com-
pletely evaporate sulfur residues in the recovered tellurium.
During the process, sulfur residuals were oxidised to SO,
(m/z = 64), which was detected with the coupled mass
spectrometer. Furthermore, the thermogravimetric curve
(TG) can be used to determine the amount of sulfur present
in the sample after the CVT. Fig. 11 shows a comparison of

A Site Te/Wt% | S/Wt% | Bi/Wt% | Te after purification (425 °C)
1 100 0 0
2 99.8 0.2 0
3 100 0 0
Average >99.9 <0.1 0
§¥s RERS s 35Y 58 e
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Oxygen
Carbon
T T T T
0 1 2 3 4 5 6
E / keV
B Site Te/Wt% | S/Wt% | Bi/Wt% | Te after purification (500 °C)
1 100 0 0
2 100 0 0
3 100 0 0
Average 100 0 0
Tud 2 gg@ g < < oS
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Fig. 12 EDX data of tellurium purified at (A) a temperature of 425 °C
and (B) a temperature of 500 °C. For each element, an average wt%
value is given. It is calculated from three different measuring spots.
Characteristic X-ray emission lines are also shown for tellurium, sulfur,
bismuth, oxygen, and carbon as references.*®
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three STA investigations of non-purified and purified tellur-
ium samples recovered under the best conditions for open
CVT. In Fig. 11A, two temperature ranges are visible in
which SO, is formed during the process, indicating sulfur
as an impurity, which are not present (11C) or only partly
present (11B) in the purified samples: first, between 180 °C
and 325 °C and second, at the tellurium melting point
(450 °C). Furthermore, the TG curve shows a mass loss of
approximately 1.7% during the first detection of SO,
between 180 °C and 325 °C, resulting in slightly higher
wt% after the CVT compared to the EDX measurement
(0.3-1.6 wt%). Furthermore, it is assumed that sulfur that
evaporates and oxidises between 180 °C and 325 °C is
located at the surface of tellurium, and sulfur that evapor-
ates and oxidises at the tellurium melting point is located
inside the transported material. This assumption is con-
firmed by Fig. 11B and C, indicating that a temperature of
425 °C during the purification step is insufficient to evapor-
ate all sulfur residues; here, only the sulfur located at the
surface was removed (see Fig. 11B). An increase in tempera-
ture above the melting point of tellurium resulted in no
SO, detection (see Fig. 11C). Hence, the sulfur residuals
present after CVT are removed with the purification step at
500 °C.

Additionally, the purity of tellurium after the different puri-
fication steps was investigated using EDX. The results are
shown in Fig. 12 for both purification temperatures. After the
purification step at 425 °C (Fig. 12A), only trace amounts of
sulfur residues (<0.1 wt%) were detected. After the purification
step at 500 °C, no sulfur residues were detectable with this
method (see Fig. S29 and S307). Altogether, the purity of the
recovered tellurium increased to >99.9 wt%, exceeding the
detection limit of the EDX device.

Conclusions

In this work, a CVT-based recovery method was successfully
established for the thermoelectric compounds Bi,Te; and
Sb,Te; together with sulfur as a transport agent. The process
yields better results than those achieved for the transport of
CdTe with S. In comparison with the known processes for the
recovery of Te, such as leaching or multi-vacuum distillation,
the presented recovery method works without using hazardous
and non-abundant chemicals, and consumes less energy due
to a maximum temperature limit of 500 °C. At the beginning
of the recovery process, the method uses sulfur as an oxidising
agent, forming the respective sulfides and elemental tellurium
at a temperature of only 200 °C (Bi,Te;/S) or 175 °C (Sb,Tes/S).
Afterwards, an endothermic CVT reaction with sulfur occurs,
whereby tellurium atoms are incorporated into the sulfur
rings, forming the transport species (TeS;—; or Te,S;_¢) that
separate tellurium from the source material. To the best of our
knowledge, this is the first time this process has been
described, starting with the thermoelectric material Bi,Te; or
Sb,Tes.
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For the investigated closed experimental setup, the optimal
conditions were a temperature gradient of 425 °C — 325 °C, a
reaction time of 48 h and a Te : S molar ratio of 1:1.25 (Bi,Tes/
S:2.0% h™'/6.1 mg h™", Sb,Tes/S: 1.4% h™'/4.1 mg h™™).

For the investigated open experimental setup, the optimal
conditions were a temperature gradient of 500 °C — 350 °C —
300 °C, a reaction time of only 1 h and an argon flow of 0.15
NL h™" em™ (Bi,Te;/S: 76% h™'/151.2 mg h™", Sb,Te;/S: 61%
h™"/121.1 mg h™).

Furthermore, upscaling in a larger experimental setup and
doubling the amount of reagents gave promising results for
the Bi,Tes/S system (54% h™'/215.1 mg h™") and the Sb,Te,/S
system (44% h™'/175.8 mg h™").

In general, the recovery rates and transport rates for the
Sb,Te;/S system were consistently slightly lower but within the
same range and with the same tendencies as those for the
Bi,Te;/S system.

PXRD and Raman spectroscopy showed no impurities in
the recovered tellurium. EDX detected only small sulfur
residuals, resulting in a good Te purity above 99 wt% after this
one-step recovery process with no further purification. A one-
step heating to 500 °C under an argon atmosphere was estab-
lished for purification of the recovered tellurium, removing
sulfur impurities within our detection limits, resulting in a
high Te purity of >99.9 wt%.

Additionally, a second recycling step to recover the critical
elements bismuth and antimony would be highly beneficial,
and a CVT-based process using halogens as TA could be
coupled to the process described here for this purpose.
However, the use of halogens is problematic from a green
chemistry perspective.

While this study demonstrates the effectiveness of recycling
tellurium starting from the binary phases Bi,Te; and Sb,Tes,
future research could expand to the recycling of ternary p- and
n-type compositions used in thermoelectric devices that also
contain selenium. Recycling of p-type Sb,_,Bi,Te; should
proceed without significant issues, as it contains the same
elements investigated here. For n-type Bi,Te;_,Se,, the sel-
enium content would be incorporated into the sulfur rings
and transported via CVT as well, from which it is harder to
separate than to separate tellurium from sulfur. This would
require further process engineering.

Experimental

For all performed experiments and measurements, the follow-
ing chemicals were used: bismuth telluride (abcr, 99.99%-Bi),
antimony telluride (abcr, 99.999% metals basis), sulfur (Carl
Roth, >99.5%), tellurium (abcr, 99999%) and antimony
sulfide (Sigma Aldrich, <100%).

Chemical vapour transport in closed experimental setups

The respective reagents were mixed using an agate mortar and
filled into a quartz ampoule (length: 20 c¢m, inner diameter:
14.5 mm, outer diameter: 17 mm). The ampoule was sealed at
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0.001 mbar. The transport reactions were carried out in a
three-zone oven (Carbolite TZF 12/65/550). Heating of the
closed experimental setups was performed at a rate of approxi-
mately 30 °C min~". The source of the transport reaction was
placed in one of the outer oven zones, and the sink was
located in the middle of the oven. During the cool-down
process, the source of the ampoules was pulled out of the oven
by 1 cm to deposit sulfur in this area.

Different temperature gradients in the range of 300 °C to
425 °C were applied for 72 h. In the case of the Bi,Tes/S
system, 625 mg (0.780 mmol) of bismuth telluride and 150 mg
(4.68 mmol) of sulfur were used, resulting in a Te:S molar
ratio of 1:2. In the case of the Sb,Te;/S system, 488 mg
(0.780 mmol) of antimony telluride and 150 mg (4.68 mmol)
of sulfur were used. A list of all the experiments carried out
can be found in the ESI (Table S17} for the Bi,Te;3/S system and
Table S27} for the Sb,Te;/S system).

Three different reaction times (24 h, 48 h and 72 h) and two
different Te : S molar ratios (1:1.25 and 1: 2) were applied. For
a Te : S molar ratio of 1:1.25, 625 mg (0.780 mmol) of bismuth
telluride and 94 mg (2.9 mmol) of sulfur were used. For a
Te : S molar ratio of 1:2, 625 mg (0.780 mmol) of bismuth tell-
uride and 150 mg (4.68 mmol) of sulfur were used. Two
different temperature gradients (375 — 325 °C and 425 —
325 °C) were used to investigate the molar ratio between tellur-
ium and sulfur and the reaction time. A list of all the experi-
ments carried out can be found in Table S3 in the ESL

Additionally, a set of different reaction times (1 h, 2 h, 4 h,
8 h, 24 h, 48 h, and 72 h) was applied with a temperature gra-
dient of 425 — 325 °C to investigate the recovery rate in closed
experimental setups depending on the reaction time. For each
ampoule, 625 mg (0.780 mmol) of bismuth telluride and
94 mg (2.9 mmol) of sulfur were used. A list of all the experi-
ments carried out can be found in Table S4 in the ESL}

Chemical vapour transport in open experimental setups

All recovery processes using the open experimental setup were
performed inside a quartz tube (length: 115 cm, inner/outer
diameter: 14.5 mm/17 mm or 27 mm/30 mm). The two
different tube diameters were used to investigate the scalability
of the recovery process. The transport reactions were carried
out in a threezone oven (Carbolite TZF 12/65/550).
Additionally, a heating jacket (Horst HMT-900 °C) was used to
generate a fourth heating zone. Heating of the open experi-
mental setups was performed at a rate of approximately 30 °C
min~".

For the smaller tube diameter (inner/outer diameter:
14.5 mm/17 mm, cross-sectional area: 1.65 cm?), 416 mg
(0.520 mmol) of bismuth telluride or 326 mg (0.520 mmol) of
antimony telluride and 1.50 g (46.8 mmol) of sulfur were
mixed using an agate mortar and filled into the quartz tube at
the middle of the third heating zone (T; in Fig. 7).
Additionally, 1.50 g of sulfur (46.8 mmol) was filled into the
quartz tube in the middle of the fourth heating zone.

For the larger tube diameter (inner/outer diameter: 27 mm/
30 mm, cross-sectional area: 5.73 cm?®), which was used for
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upscaling investigations, 832 mg (1.04 mmol) of bismuth tell-
uride or 652 mg (1.04 mmol) of antimony telluride and 3.00 g
of sulfur (93.6 mmol) were mixed and filled into the quartz
tube at the middle of the third heating zone. Additionally,
3.00 g (46.8 mmol) sulfur were filled into the quartz tube at
the middle of the fourth heating zone. Due to the higher
amount of reagents, it was necessary to create a deepening in
the glass tube (depth: 1 cm, length: 2 cm) at the two areas
where the educts were placed to prevent the larger amount of
melted sulfur from covering large parts of the tube.

In both cases, the recovery process was performed using the
following procedure. First, the tube was purged with argon (1.5
NL h™" em™) for 15 min to guarantee an inert atmosphere
during the reaction. Second, the argon flow was adjusted to
the appropriate value (0.15 or 1.5 NL h™" ecm™?). Afterwards,
the three heating zones of the oven were activated. The respect-
ive temperature gradients between 300 °C and 500 °C were
held for 1 h. After 0.5 h, the heating jacket was heated to a
temperature of 500 °C and held at this temperature for 0.5 h to
add a second gas flow of sulfur to the process. The four
heating zones were turned off and cooled to room temperature

at the end under an argon flow of 0.15 NL h™" em ™2,

Powder X-ray diffraction

The samples were analysed using an X’Pert Pro MPD with Data
Collector (ver. 5.4.0.90) software from Malvern PANalytical. An
Empyrean Cu LFF X-ray tube (4(Cu-K,) = 154.06 pm) at 40 kV
and 40 mA was used as the X-ray source. The X-ray beam was
focused using Soller slits (0.04 rad), a beam mask (10 mm)
and a fixed anti-scatter slit (1°). After the beam was focused,
diffraction by the sample occurred, which was placed flat on
top of a silicon wafer, followed by an angled anti-scatter slit
(0.5°), Soller slits (0.04 rad) and a Nickel Beta-filter towards an
X’Celerator with a Fass detector. A Bragg-Brentano geometry
was used with a PW3050/60 goniometer between 15° and 60°
for 20 at room temperature under an ambient atmosphere.
Subsequently, the diffractograms were background corrected
using HighScore Plus (ver. 3.0e (3.0.5), Malvern PANalytical)
and plotted wusing OriginPro 2023b (ver. 10.0.5.157,
OriginLab).

Energy dispersive X-ray analysis

The elemental composition of the recovered tellurium was
quantified using a GeminiSEM 560 from Carl Zeiss and the
software AztecLive (ver. 6.1) from Oxford Instruments.
Characteristic X-ray emission lines** between 0 and 6 keV for
tellurium, sulfur, bismuth, oxygen, and carbon were analysed.
The samples were focused using the software SMART SEM
(ver. 6.08) from Carl Zeiss. Each sample was placed on a sticky
carbon pad on top of an aluminium sample holder. The
measurement was conducted using a 120 um aperture and 8
KV acceleration voltage at a working distance of 8.5 mm using
a Schottky field emitter as an electron source. The detector
used was Ultim®Max from Oxford Instruments. Subsequently,
the spectra were background corrected and plotted using
OriginPro 2023b (ver. 10.0.5.157, OriginLab).
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Raman spectroscopy

Tellurium powder samples were analysed using the Raman
microscope Senterra from Bruker. Additionally, sulfur powder
was measured as a reference. The spectra were recorded in a
wavenumber range of 50-650 cm™" with a 3-5 cm™" resolution
using a 532 nm laser excitation source. Additionally, the power
of the laser was set to 5 mW, with 60 co-additions and an inte-
gration time of 6 s. For the sulfur reference measurement,
lower energy was needed, and the laser power was changed to
0.2 mW, the co-additions to 20 and the integration time to 3 s.
Generally, the samples were placed on a glass substrate and
analysed afterwards. Subsequently, the spectra were back-
ground corrected and plotted using OriginPro 2023b (ver.
10.0.5.157, OriginLab).

Thermal analysis

Differential scanning calorimetry. Differential scanning
calorimetry of the chemical vapour transport was carried out
using a DSC 404 C Pegasus® instrument from NETZSCH. The
measurements were performed in quartz ampoules with a flat
bottom (length: 1 cm, inner diameter: 4 mm, outer diameter:
6 mm) in a temperature range of 20 °C to 500 °C at a heating
rate of 5 K min~" and a constant argon flow of 150 mL min™".
10-15 mg of the respective sample were used for each
ampoule. As reagents, bismuth telluride, antimony telluride,
sulfur, tellurium, and antimony sulfide were used. The
ampoules were evacuated and refilled with argon three times.
Afterwards, they were sealed with an argon pressure of
500 mbar. Finally, the data were analysed using Proteus
Thermal Analysis (ver. 6.1.0, NETZSCH) and plotted using
OriginPro 2023b (ver. 10.0.5.157, OriginLab).

Simultaneous thermal analysis. The purity of tellurium was
assessed via simultaneous thermal analysis (differential
thermal analysis + thermogravimetry) using an STA 409 PC
Luxx® coupled to a QMS 403 Aéolos Quadro mass spectro-
meter from NETZSCH. Mass spectroscopic signals were
recorded using the quasi-multiple ion detection method
(QMID). The measurements were performed in Al,O; crucibles
in a temperature range of 20 °C to 500 °C at a heating rate of
5 K min~", a constant synthetic air flow of 30 mL min™" and a
protective argon flow of 20 mL min~". For each measurement,
15-20 mg of the respective sample were used. Subsequently,
the data were analysed using Proteus Thermal Analysis (ver.
6.1.0, NETZSCH) and plotted using OriginPro 2023b (ver.
10.0.5.157, OriginLab).
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