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Abstract 
 
Tellurium (Te) is a brittle, mildly toxic and rare metalloid with an extremely low 
abundance in the planet. The element has been used in both its bulk and nanoscale form 
for several applications in solar cells’ industry, semiconductors, catalysis or heavy metal 
removal, among others. The end of the last century witnessed an explosion in new 
strategies for synthesizing different Te nanostructures with controlled compositions, sizes, 
morphologies, and properties, that allow these structures to enhance their impact in 
numerous applications. Nanomedicine has recently taken advantage of the metalloid in its 
nanoscale, showing promising applications as antibacterial, anticancer and imaging 
agents. Nevertheless, the biological role of Te within living organisms remains mostly 
unknown, and just a few reports are appearing working on this matter. In this chapter, the 
forgotten element are extensively studied in terms of its chemical, physical and 
geological properties, and its main applications are summarized and studied for both bulk 
and nanosized tellurium. At the end, tellurium’s most important biomedical applications 
are presented with the aim to stablish a general concept of the metalloid as a powerful 
biomedical tool with a bright future yet to be discovered.  
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1. Tellurium, the last member of the chalcogen family.  
 
Tellurium (Te) is a metalloid element whose name is originated from “tellus” which 
means earth, whose properties are in between metals and non-metals. It is a greyish white 
substance in appearance, with metallic brightness, that can conduct electricity like a metal. 
However, chemically it behaves as a non-metal, with intermediate ionization energy and 
with oxides that are amphoteric - able to react both as a base and as an acid- or weakly 
acid (CRC Handbook of Chemistry and Physics. 1977).  
 
Tellurium has 52 protons in its nucleus, and an atomic weight of 127.6 grams per mol, 
becoming the fourth element in the Group 16, the chalcogen family, also known as the 
oxygen (O) family, with this element, sulfur (S), selenium (Se), tellurium (Te) and the 
radioactive polonium (Po) belonging to it. Livermorium (Lv), chemically uncharacterized, 
is supposed to be a chalcogen as well-.  
 
Oxygen, sulfur, selenium, and tellurium are all essential compounds on Earth, elemental 
forms that have existed in their current state since before the planet was formed, being 
present in the interstellar medium from which the solar system was generated. On the 
other hand, polonium is naturally generated after the decay of the other chalcogens, while 
livermorium does not occur naturally at all (Bouroushian 2010).  
 
In terms of abundance, oxygen makes up 21% of the atmosphere, 89% of the water and 
46% of the earth’s crust, while sulfur makes up 0.035% of the planet’s crust and 0.25% 
of the human body. Selenium is the 67th most abundant element in the planet, while 
tellurium is found in amounts of 5 ppb in the earth’s crust and 15 ppb in seawater, being 
one of the least abundant elements in the whole planet. On the other hand, polonium 
appears in trace amounts on earth, during processes of radioactive decay of uranium (U) 
and thorium (Th), whereas livermorium is always produced artificially in particle 
accelerators (CRC Handbook of Chemistry and Physics. 1977).  
 
Chemically speaking, oxygen is often excluded from the chalcogenides as a consequence 
of its distinct chemical behavior from the rest, while tellurium is chemically related to 
selenium and sulfur. All the chalcogens have six valence electrons, with -2, +2, +4 and +6 
as common oxidation states. Overall, they have relatively low atomic radii, with the 
lighter chalcogens -O and S- being typically non-toxic in their elemental form and ligated 
to all life forms. However, the heavier ones -Se, Te, and Po- are toxic. Despite this, 
selenium is an essential nutrient and, although chemically related, tellurium often has 
unpleasant effects for all living organisms (Chivers and Laitinen 2015; Frieden 1972). 
  
 
In terms of variability in their crystallographic form, S, O, Se and Po have 20, 9, 5 and 2 
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known allotropes respectively, while tellurium has only one crystal structure with 
hexagonal crystallography. It is well known that the feasibility of an element to bond to 
carbon will determine its bioavailability: starting from oxygen, the tendency of forming 
compounds with carbon decreases, with the less number of them belonging to 
organotellurium compounds (Dobbin 1900). 
 
Together with the abundance, feasibility to form compounds and chemistry, it is possible 
to consider tellurium one of the least known elements, not only by researchers but also to 
all known life forms, hence becoming the forgotten element.  
 
 
2. Discovery. A difficult task.  

 
Franz-Joseph Müller von Reichenstein was born the first on June 1, 1740, in the city of 
Vienna (Austria), where his father worked as Thesauriatsrath –treasurer-. Müller finished 
his law and philosophy degree in Vienna and went to the School of Mines at Schemnitz 
(Slovakia). Back then, he started to become actively engaged in processes involving 
mining, mineralogy, chemistry, and mechanics. Soon after, he was promoted as a 
surveyor for geological monitoring in Hungary and, under the command of the king 
Joseph II, he became chief inspector of all the mines, smelters, and salt-works in 
Transylvania (Romania).  
 
One of Müller's tasks was to analyze ore samples, occurrences of rock or sediments that 
contained economically important elements, typically metals that could be extracted from 
the deposit using different mechanical techniques. Mainly, he was working with gold ores 
from Kleinschlatten (today Zlatna, Romania). Müller described the samples as 
"Faczebajer weißes blättriges Golderz" -white leafy gold ore from Faczebaja- or 
antimonalischer Goldkies -antimonic gold pyrite-. One of Müller’s duties involved 
quantifying and determining the composition of the ores. After some experiments, he 
concluded that these particular sediments did not contain antimony as he guessed. 
However, bismuth sulfide could be present.  
 
The following year, after the conclusion of some additional tests, Müller reported that his 
guessing was erroneous and that the ore contained a high concentration of gold and a 
non-identified metal, analogous to antimony. He wrote a paper entitled "An Experiment 
with the Regulus Thought to Be Metallic Antimony Occurring in the Mariahilf Mine on 
Mt. Fazebay near Salatna" (Szabadváry 1997), reporting the discovery and some of the 
experiments and findings developed.  
 
 
The publication set the beginning of extensive research that brought Müller to conduct 
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more than fifty tests to different samples of that particular ore. He determined the specific 
gravity of the mineral and recorded three properties of this compound. In his own words, 
the unknown element had a white smoke with a radish-like odor that suddenly passed off 
when heated. Besides, it was able to impart a red color when mixed with sulfuric acid 
(H2SO4), and the appearance of a black precipitate was noticed when mixed and diluted 
with water. Despite his enthusiasm and perseverance, Müller was not able to identify this 
metal. He tried to give it a name, and this was aurum paradoxium, or metallum 
problematicum. 
 
Consequently, Müller started sending samples of this metallum problematicum to the 
different chemist, mineralogist, and scientist all over Europe, seeking answers. A small 
sample arrived at the hands of the Swedish chemist Torbern Olaf Bergman, who was 
already considered one of the most important chemists in Europe due to his publication in 
1775 of the Dissertation on Elective Attractions, containing the most extensive chemical 
affinity tables ever published. However, with such a small sample, Bergman could only 
prove that it was not antimony and no further investigations were made. 
 
Müller's discovery was overlooked for a long time, until on January 25 of 1798, a 
German chemist, Martin Heinrich Klaproth, received a sample from Müller. Klaproth’s 
work was aimed to improve the contribution of analytical chemistry and mineralogy in 
Central Europe. Therefore, he is known as the discover of uranium and zirconium, though 
he did not obtain any of them in the pure metallic state.  
 
Once the metallum problematicum sample arrived at Klaproth, he started to isolate the 
new element. Fortunately, the process that he followed was reported in his notes, which 
have survived to the present time. Briefly, the ore was pulverized with aqua regia and the 
subsequent residue was filtered and slightly diluted with water. Then an alkaline solution 
made of potassium hydroxide (KOH) was incorporated to the solution and as a result a 
white precipitate was found. Nonetheless, the excess of alkali media dissolved it and 
finally left a brown flocculent deposit, which contained both gold and hydrous ferric 
oxide. Once the precipitate was removed by filtration, a solution of hydrochloric acid 
(HCl) was added until neutrality, then, a copious precipitate appeared. Afterwards, the 
precipitate was washed and dried and finally stirred up with oil. The resultant paste was 
introduced into a glass retort, which was gradually heated until a red color appeared. 
When the apparatus was cooled down to room temperature, metallic globules of the 
element in the receiver and retort were found. The solid was named tellurium. 
(Cambridge University Press 1909; Nicholson 1802).  
 
In 1789, a hungarian scientist, Pál Kitaibel (1757-1817), discovered the element 
independently in ore from his hometown Deutsch-Pilsen (Hungary). He sent his research 
reports to Klaproth for comment, getting a favorable answer. Unfortunately for him, his 



 6

work was not mentioned in Klaproth’s later report, which claimed that existence of a new 
metal, since the discovery was attributed to Müller who found it seven years previously 
(Lukács 1977).  
 
 
Years later, S, Se, and Te were involved in the discovery of periodicity, as they were 
selected by Johann Wolfgang Döbereiner as a trio of elements belonging to the same 
group and sharing similar properties. John Newlands published several papers around 
1865 where the elements were posted on a list ordered by increasing atomic weight and 
similar physical and chemical properties, which had a recurrence in intervals of eight. 
Newlands’s version of the periodic table contained a "group b" composed of oxygen, 
sulfur, selenium, tellurium, and osmium (Rouvray 2004). 
 
It was not until 1869 when Dmitri Mendeleev proposed the known periodic table, in 
which one could found "group VI" formed by – from top to bottom – oxygen, sulfur, 
selenium, and tellurium. Other elements such as chromium, molybdenum, tungsten, and 
uranium were firstly part of the group, nonetheless they were regrouped and separately 
named “group VIB”. Some changes were made until 1988 when uranium was moved into 
the actinide series and, therefore, group VIA was comprised of oxygen, sulfur, selenium, 
tellurium and polonium (Rouvray 2004; Dobbin 1900). 
 
 
3. Presence in the universe and on the earth. Occurrence and sources. 
 
As it was stated before, the four lightest chalcogens -O, S, Se, and Te- are all essential 
elements. In our planet, while S and O occur as a constituent of copper ores, Se and Te 
can be found in small traces, actually so small that there are only 5 parts per billion of Te 
in the earth's crust and 15 parts per billion of the metalloid in seawater. Therefore, it is 
ranked as the 75th  crust element by content, which shows that it is an extremely rare 
compound that represents 9 parts per billion of the universe by weight (Woollins and 
Laitinen 2011; Ba et al. 2010)  
 
The conditions present during the formation of the Earth are thought to be one of the 
causes of the rarity of this metalloid on the planet. During those times, there was an 
absence of water and oxygen and therefore the stable form of elements was controlled by 
the reductive power of free hydrogen. Under this scenario, certain elements like tellurium 
were found as volatile hydrides, that were severely depleted through an evaporation 
process.  
 
However, it is possible to find the metalloid in many minerals in nature, some of them 
listed in Table 1.  
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Table1. Tellurium ore found in nature 
Compound Formula Structure Occurrence 

Altaite PbTe Isometric crystal Central/East Asia 
Hessite Ag2Te Monoclinic crystal US 

Sylvanite AuAgTe4 Monoclinic crystal 
Romania, Australia, 

Canada, US 
Calaverite AuTe2 Monoclinic crystalline Romania, Australia, US 

Tetradymite Bi2Te2S Trigonal crystal Slovakia, 
Coloradoite HgTe Cubic crystal Australia 
Empressite AgTe Orthorhombic crystal US 

Kostovite AuCuTe4 Orthorhombic crystal 
US, China, Russia, 

Bulgaria 

Krennerite 
AuTe2 / 

Au3AgTe8 
Orthorhombic crystal Romania 

Melonite NiTe2 Trigonal crystal US 
Petzite Ag3AuTe2 Isometric crystal Romania 

Rickardite Cu7Te5 Orthorhombic crystal US 
Stützite Ag5−XTe3 Hexagonal crystal Romania 

Tellurobismuthite Bi2Te3 Trigonal crystal US 
Temagamite Pd3HgTe3 Orthorhombic crystal US 

Vulcanite CuTe Orthorhombic crystal 
Japan, Russia, the US, 

Norway 
Weissite Cu2−XTe Hexagonal crystal US, Australia, Sweden 

Source from (“Zajacite-(Ce) Mineral Data” 2019) 
 
Tellurium is sometimes found in its native or elemental form: however, it is more 
commonly found forming tellurides of gold such as calaverite and krennerite, petzite, and 
sylvanite. Interestingly, gold itself is usually an element which does not like to combine 
with anything -due to its behavior-, but when it is present in forming a chemical 
compound, tellurium is the most common combination (Minerals Information Center n.d.; 
Rosing 2008). 
 
The metalloid is also found combined as tellurides of more common metals. Natural 
tellurite and tellurate minerals are formed by oxidation of tellurides near the Earth's 
surface. Because of the differences in their chemical behavior, tellurium does not 
normally substitute sulfur in minerals as selenium does. Consequently, a variety of 
common sulfide minerals contain high amounts of selenium, with only traces of tellurium 
(Rosing 2008). 
 
Because of its low abundance and rare presence of the planet, tellurium is mostly 
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produced as a by-product of milled copper, iron and other base-metal rich ores. These 
mineral deposits contain trace amounts of tellurium, a reason why its production is 
ligated to indirect mining. Therefore, the metalloid mainly comes from copper refining as 
a byproduct with the concentrations of 1-4 %.  
 
Large-tonnage, low-grade ores from copper and copper-gold porphyry-type deposits are 
the reported primary sources. In the Ural Mountains of Russia, massive ores with high 
concentrations of iron and copper have been found, proving that seafloor volcanogenic 
massive sulfide (VMS) deposits – a type of metal sulfide ore deposits created by 
volcanic-associated hydrothermal events- have the ability to produce extended quantities 
of tellurium as a byproduct. Besides, tellurium also is dispersed as a trace element or as 
micro-inclusions of its minerals in pyrite ores, which can be yield also copper and lead.  
  
The most important sources of telluride minerals have been found around creeks in 
Colorado Springs (US), several dispersed locations in Western Australia, a few places in 
southwestern, such as Dashuigou – in the Sichuan province-, and the northwest of China. 
Other pivotal locations for recovery of tellurium are associated to VMS, like the ones in 
the Kankverg gold-tellurium mine, in the Skellefte district (Sweden), or a gold mining 
reservoir in the northern of Sonora, (Mexico). All these sources provide important 
extractions points associated with gold deposits. However, the yield of tellurium 
extractions from these ores is low in comparison to other methodologies, such as anode 
sludge – a type of electrolytic metal recovery- from milling of large base metal deposits.  
 
China and Sweden are the two major tellurium producers of the world, rendering about 
15% of global production. Globally speaking, 400-500 tons were produced in 2017 from 
the sources mentioned above. Other countries, like Japan or Peru, are also significant 
tellurium producers. Europe was the dominating continent in the production of tellurium, 
reaching about 30% of the whole production (Figure 1) (Survey 2018). In terms of the 
effect in the market, those countries that are producers have a significant impact, with 
China, Japan and Peru leading the market.  
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Figure 1. Percentage of estimated world tellurium refinery production 

 
 
In the United States, Te demand is mainly focused on domestic supply and importation. 
Almost all domestic production is provided by ASARCO copper refinery located in 
Amarillo, Texas. At this facility, tellurium is extracted as a byproduct of copper anode 
slimes and skimming of lead refinery ores mined from deposits in the western United 
States. In the west of the country, some additional recovery spots supply tellurium from 
the skimming of lead. Nevertheless, supplies are also imported from China and Canada 
(about 75%), as well as the Philippines and Belgium (Survey 2018) 
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Table 2. World refinery production of tellurium 
Year/Country 2010(tons) 2011 2012 2013 2014 2015 2016 2017 
China - - - - - - 280 280 
Canada 8 10 11 10 9 10 18 20 
Japan 51 40 45 45 32 35 33 38 
Peru 30 30 - - 36 36 - - 
Russia 34 34 35 40 32 35 35 35 
Sweden - - 7 - 31 40 39 40 
United State W W W W W W W W 

W: avoid giving company proprietary data. 
Source: Minerals Yearbook 2011-2018 

 
The metalloid value shows a progressive and descended trend (Figure 2), reaching 
40$ per kilogram in 2017. Some factors that affect this trend are related to current 
production methods and the improvement that they are experiencing, leading to high 
efficiency in recovery. However, in future a more critical enhancement of this method is 
expected with the exploitation of subaquatic deposits. Figure 3 shows the variability of 
tellurium value. The price of the metalloid has fluctuated due to some external factors, 
however, it is generally going downwards. The continuous downward trend of prices is 
due to the new mine, improved refining technology, and improved recovery efficiency. 
 

 

Figure 2. Economic value of tellurium over time.  
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4. Physicochemical properties of tellurium.  
 
Physical properties 
 
Tellurium can be found in two forms in nature: a crystalline structure and an amorphous 
powder -this later is not considered an allotrope for many authors-. Amorphous tellurium 
is a brownish-black powder usually obtained by precipitation methodologies -for instance, 
the reduction of a solution of tellurium dioxide (TeO2) with sulfurous acid (H2SO3)-. 
When heated, it is thermodynamically prompt to transform into crystalline tellurium, 
releasing around 2'500 calories of heat. The transformation is undergone with a strong 
influence of the features of the element, such as the finesses of division when powdered 
(Mohanty, Park, and Kim 2006).  
 
On the other hand, crystalline tellurium is a brittle, silvery crystalline mass that is facile 
to convert into powder. This structure can be obtained by sublimation of tellurium or by 
its slow formation using a decomposition reaction -such as the one observed in hydrogen 
telluride (H2Te)-. Moreover, crystalline tellurium can be originated by oxidation of an 
aqueous solution of an alkali telluride at atmospheric pressure. The shape of the crystals 
obtained is found to be prismatic most of the cases (Paritosh Mohanty et al. 2005; Y.-J. 
Zhu et al. 2004), and regarding the crystalline structure, some sources say hexagonal 
(“The Merck Index Online - Chemicals, Drugs, and Biologicals” 2019; ESPI Metals 
2019), some others orthorhombic (Johnstone 2007) or even trigonal (rhombohedral) 
(“The Merck Index Online - Chemicals, Drugs and Biologicals” 2019). 
 
In general, tellurium can be defined with normal physical parameters, and some of them 
are reviewed in Table 2 -it is important to mention that there is an influence of the 
metalloid allotrope structure on these parameters, with variations if one allotrope is 
studies compared to other one-. 
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Table 2. Tellurium physical properties and values I 
Physical parameter Value 
Density (when solid at RT)  6.0 (amorphous)-6.25 (crystal) g/cm3 

Density (when liquid) 5.70 g/cm3 

Molar volume 2.05x10-5 
Mohs Hardness 2.25 
Bulk modulus 64 GPa 
Shear modulus 16 GPa 
Young modulus 43 GPa 
Refractive index 1.002495 at λ = 589 nm (vapor) 

1.26 at 260 nm - 4.5 at 720 nm (thin film)    
Melting point  449.5 °C (amorphous)- 452 °C (crystal)  
Boiling point 988 °C (amorphous)  

1390 ºC (crystalline) 
Heat of fusion 17.5 kJ/mol 
Heat of vaporization 48 kJ/mol 
Specific heat 199-219 J/(kg. K)  
Thermal conductivity  1–3.4 W/(m·K) in single crystal; Polycrystalline: about 6 

W/m⋅K 
Electrical Resistivity  1 - 50 mΩ⋅m 
Magnetic susceptibility Between -4x10-8 m3/kg and -3x10-10 m3/kg 
Atomic radius 123 pm 
Covalent radius 138 pm 
Van der Waals radius 206 pm 
Crystal structure Trigonal, or hexagonal, or orthorhombic 

 
The density of crystalline tellurium shows variability depending on the structure and the 
production method: 6.0 g/cm3 for the amorphous, whereas for the crystal ranges from 
6.24 g/cm3 after fusion to 6.15 g/cm3 after precipitation. Therefore, this density is altered 
under the influence of heat and related to the presence of the two dynamic forms (S. Lin 
et al. 2016). Tellurium shows a low resistance to scratch in the Mohs scale, with a value 
close to calcite. Besides, it shows poor elastic behavior when placed under pressure.  
 
Tellurium melts at 449.5 °C in the amorphous phase or at 452 °C in the crystalline one, 
and boils near 990 °C for the amorphous but at 1390 °C for the crystal under atmospheric 
pressure. However, it volatilizes at temperatures close to 430 °C in a cathode-ray vacuum 
producing a yellowish vapor (Zhan and Xu 2014). Similar to density, the specific heat of 
the solid is variable. It can take values from 0.0475 cal/(g.K) for the distilled element to 
0.0524 cal/(g.K) for the precipitated amorphous substance. It has been reported that it can 
increase by around 8% due to the exposure to X-rays, consequently inducing a possible 
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change of the internal structure (Ollivier et al. 2008). 
 
In solid form, tellurium is a deficient heat and electricity conductor. Although the 
metalloid has many metal-like properties, it breaks apart rather quickly and does not 
conduct electric current very well. However, depending on the specific direction of the 
atomic alignment of its structure it can be considered an excellent electrical 
semiconductor. This conductivity may be increased slightly when exposed to light, 
showing a photoconductor behavior that will be used for some of its most important 
applications as will be discussed later (Dirmyer et al. 2009). At elevate temperatures, 
higher than 360 °C, there is a negative dependence between the specific resistance and 
temperature, the higher the temperature the lower the specific resistance (Nyk and 
Onderka 2012). Nevertheless, tellurium in liquid state is considered a relatively good 
electrical conductor. Also, at the freezing-point, the specific conductance is about 15 
times that of the solid, while at 500 °C it is equal to 1/6 of that of mercury (Hg) at the 
ordinary temperature (Tao Yang et al. 2017). 
 
It has been observed that tellurium presents less resistance towards direct current than to 
an alternating current of high frequency. As it was stated before, a small increase in 
electrical conductivity can be observed when the material is exposed to light, this effect is 
significantly more visible in other chalcogens such as selenium. Therefore, tellurium can 
be considered as a photothermal material (Fritzsche 1952).  
 
The "Hall effect" - the shiftting of the equipotential lines that takes place when the 
current flows along a thin stip of metal located between the poles of a magnetic field - is 
more significant for tellurium than any other metal. Therefore, this metalloid is 
diamagnetic with a susceptibility which varies slightly with the temperature, however, 
have a sharp decrease at the melting point (Fritzsche 1952). 
 
The linear coefficient of thermal expansion of tellurium is 17 x 10-6 ºC-1, so at room 
temperature (RT) the linear expansion is 3.4 x 10-4 (Otjacques et al. 2009). For the range 
of wavelengths between 3000 to 5000 Å and for different positions relative to the plane 
of incidence, various optical constants including the refractive index, reflecting power 
and absorption constant, have been determined for the isolated crystals. Light absorption 
by this metal in vapor phase approaches a maximum at 1200 °C (Churchill et al. 2017).  
 
Vapor density determinations enable to see that the rare element at elevate temperatures 
(around 1500°C) can be found in diatomic form, while at temperatures of 2100 °C the 
dissociation into single atoms starts to occur. However, some researcher showed that 
tellurium element is monatomic at 357 °C. Similar to sulfur and selenium, at lower 
temperatures, complex formulations of the molecule can be observed (Harrison, Johnston, 
and IUCr 2014; Bijelic and Rompel 2017).  
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When crystalline, tellurium shows a crystal structure made up of spiral chains of bonded 
atoms packed in a hexagonal array. The crystalline structure leads to a high grade of 
symmetry which allows the presence of enantiomorphic forms -a couple of 
configurations related to each other as left and right hand, therefore considered as mirror 
images that can never be identical although any reorientation is achieved - containing 
spirals of opposite handedness. The standard processes of crystal structure determination 
do not have the ability to discriminate between the enantiomorphs, nor is this feasible 
using anomalous dispersion unless there is sufficient sphericity in the tellurium electron 
density due to bonding. Besides, this sphericity allows the observation of tiny but 
measurable dissimilarities from unity in the flipping ratios for polarized neutron 
scattering due to the polarization dependence of the Schwinger scattering -proportional to 
the difference between the nuclear charge and the X-ray scattering factor- (Myers, 
Fronczek, and Junk 2016; P. J. Brown, Forsyth, and IUCr 1996) 
 
Besides crystalline and amorphous tellurium, the colloidal version of the metalloid is also 
known. On reduction of dilute solutions of telluric acid (TeO2) using an active reducing 
agent -such as hydrazine, hydroxylamine, sulfurous acid or salts of this compounds-, 
brown or blue colloidal solutions can be obtained, with negatively charged particles 
(Bloomer et al. 1981; Ma et al. 2018) 
 
Different methodologies for preparing colloidal tellurium have been reported. Tellurium 
can be obtained in a colloidal solution when a brief amount of the metalloid is dissolved 
in a boiling solution of KOH and then, - with energetic stirring - poured into cold water. 
Other processes to obtain colloidal aqueous suspensions are by the cathodic pulverization 
of the element underwater, and by the electrolysis of an aqueous solution of telluric acid 
containing either potassium cyanide or ammonium oxalate (Zhaoping Liu et al. 2003; 
Pugin et al. 2014). When added to glass, colloidal tellurium produces a change in 
coloration, from blue to brown depending of the size of the particles: the blue glass 
containing more massive particles, while the brown formed in the presence of small ones. 
Polytellurides can be added to glass, and when they are present, color can be imparted, 
which is red or violet-red (Graf et al. 2009). 
 
Chemical properties 
 
According to the aforementioned physical properties, Te has semiconductor behavior 
tendencies, and its chemical properties are considered similar to sulfur and selenium. 
Nonetheless, the compounds formed are less stable than sulfur and selenium analogs 
(Ogra et al. 2008), which explains why the number of known compounds with tellurium 
in nature is smaller than those for its family members on top of the periodic table.  
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In this section, some of the most stable, abundant and natural forms, in which tellurium 
can be found are explained, with some of the primary reactions that they can undergo, 
giving rise to other different compounds. Before starting, it is recommendable to state the 
difference between telluride and tellurite/tellurate. While the first one is referred to the 
anion Te2- and its derivatives, tellurite/tellurate are referred to the anions TeO3

2- and TeO4
-, 

and their derivatives.  
 
Tellurides. Tellurium shows the ability to combine with other metals to form tellurides, 
chemical species with properties similar to sulfides and with a metallic appearance. When 
alkali metals -lithium, sodium, potassium, rubidium, and cesium- are found together with 
the metalloid, they have a high solubility in water, rendering Te2- and HTe- ions that are 
dissolved in the aqueous media. 
 
As it was stated before, one of the most common ways of finding tellurium in nature is in 
association with gold, and remarkable examples of these tellurides are found in minerals 
such as krennerite (AuTe2) and sylvanite (AgAuTe4), among other explained in a previous 
section, which shows a covalent bond. Nevertheless, most of these minerals do not have a 
great economic impact in industry, except combination with cadmium and lead, that are 
widely used in industry as thermoelectric materials (Cabri 1965).  
 
Sodium and potassium combine with tellurium with huge heat production. The reaction 
might be controlled by dissolving the alkali metal in liquid ammonia (NH3), producing 
Na2Te, K2Te, and the polytelluride, Na4Te3. These compounds are easily oxidized and 
they have to be protected from atmospheric oxygen (Qichun Zhang, Malliakas, and 
Kanatzidis 2009). Moreover, concentrated solutions of alkali hydroxides -such as NaOH 
and KOH- may be used to produce red-colored solutions of a mixture of telluride and 
tellurite. If water is added, the mixture undergoes decomposition, releasing tellurium. 
However, if sodium hyposulphite (Na2S2O3) is used, crystalline Na2Te will be obtained as 
a unique product (Dana et al. 1997).   
 
Noble metals other than gold, such as silver (Ag) and, to less extent, copper (Cu), are 
displaced by tellurium from solutions of their salts, showing a metal-like behavior. 
However, its true metalloid nature is shown when, in the form of electrodes embedded in 
an alkaline solution, it dissolved at both electrodes, as positive Te4+ ions in the anode, and 
as negative Te- ions in the cathode. If any of the electrodes containing tellurium is 
replaced by one made of platinum (Pt), the metalloid will be separated at the platinum 
electrode (Getman 1933).  
 
Hydrogen telluride. Tellurium can react with hydrogen at high temperatures to form 
hydrogen telluride (H2Te). The action of strong acids on several tellurides will derive in 
the generation of this compound, a gas at room temperature, with a strong smell. 
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Hydrogen telluride behaves as hydrogen compounds of sulfur and selenium, 
decomposing by an oxygenated atmosphere in aqueous solution (Lid 2006).  

 
2H2Te + O2  2H2O + 2Te 

 
At room temperature, it degrades into their constituent elements in a photocatalytic 
reaction. 
 

H2Te  H2 + Te 
 
It also reacts with many metals, producing tellurides. If finely divided, the element is not 
affected by oxygen in the atmosphere, however, it burns with a blue flame producing 
tellurium dioxide (TeO2) at temperatures higher than its melting point, even in the driest 
oxygen atmosphere (Bruère 1891; Patnaik 2003). 
 
Tellurium dioxide. When tellurium is heated in an open atmosphere, it burns, producing 
TeO2, a white compound that is volatile if heated. This oxide is found in two different 
structures in nature: β-TeO2, with orthorhombic crystallographic structure - three unequal 
axes at right angles- and yellow color, and α-TeO2, with tetragonal structure - three axes 
at right angles, two of them equal-. α-TeO2 will slowly convert to β-TeO2 under pressure. 
Both structures contain four coordinated Te atoms with the oxygen atom at the corners of 
a trigonal bipyramid. Mainly, in the α-form, all the vertices are shared to give a rutile-like 
structure -tetragonal unit cell-, where the O-Te-O bond angle is 140° (Lid 2006). 
 
The dioxide shows poor solubility in water, while readily soluble in strong acids and 
alkali metal hydroxides, such as NaOH. Amphoteric in nature, it can react with acids to 
produce tellurium salts, and with bases to give rise to some tellurides. Besides, it can be 
easily oxidized to telluric acid (Te(OH)6) (Greenwood and Earnshaw 1997).  
 
Tellurium acids. Tellurous acid, H2TeO3, is produced by the oxidation of the metalloid 
with nitric acid (HNO3). White in appearance, it is slightly soluble in water, and it shows 
poor acid properties. In the presence of strong acids, it will behave as a base, generating 
extremely unstable salts with water. As it could not easily be expected, it behaves 
different from selenous acid (H2SeO3), being a metastable compound with also no 
similitudes with sulphuric acid (H2SO4). If mixed with water, crystals with an octahedral 
structure are formed, with a defined composition, Te(OH)6 that, after heating, will form 
telluric acid, H2TeO4, to finally, produce tellurium trioxide (TeO3) in anhydrous form, 
with indifference towards water and a yellowish color (Lid 2006).  
Telluric acid may be generated from the oxidation of Te or TeO2 with strong oxidizing 
agents such as hydrogen peroxide (H2O2) or chromium trioxide (CrO3).  
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TeO2 + H2O2 + 2H2O → Te(OH)6 

 
If crystallized, telluric acid solutions give Te(OH)6‧4H2O at temperatures below or close 
to 10 °C. Although technically an oxidizing compounds, it is slow in reactions. When 
anhydrous in the form of TeO3, the acid is stable in air at high temperatures, however, 
above 100 °C it will generate polymetatelluric acid [(H2TeO4)10], a white powder with an 
amorphous structure, and allotelluric acid, with unknown structure. If heated above 
300 °C, it will produce the α-TeO3, with a closed crystalline configuration (Cotton et al., 
n.d.).  
 
Te chemistry in water. It is well known that, as occurs with many other elements, water 
has a pivotal role in the tellurium chemistry. Te combination of water (H2O) and ozone 
(O3) will produce telluric acid at RT, while peroxides will react with the element, with a 
strong dependence with the physical state of the element: colloidal tellurium is readily 
oxidized in a short time in the presence of water, while crystalline tellurium is not readily 
attacked (Mikhaylov et al. 2016).   
 
Tellurium nitrides. Tellurium is oxidized by HNO3 to produce TeO2. However, under 
certain conditions, and using a lot of material and a high column of liquid, tellurium 
nitride might be produced as a flesh-colored precipitate, that can be dried without 
decomposition. This compound has been isolated. However, tellurium nitrides are 
instable. For instance, tetratellurium tetranitride (Te4N4) has an unconfirmed structure, 
while a well-defined tellurium nitride, [Te6N8(TeCl2)4(THF)4] can be obtained when 
TeCl4 is reacted with a THF solution of N(SiMe3)3 (Laitinen, Maaninen, and Pietikäinen 
1998; Massa et al. 1998). 
 
Tellurium sulfates. The metalloid is easily dissolved in H2SO4 to produce a red solution, 
with a subsequent generation of tellurium and sulfur dioxide (SO2). If extremely hot and 
concentrated, the sulphuric acid will produce the same red solution. However, if boiled, 
white rhombic crystals of pyrotelluryl sulfate, TeO2‧SO3 will be produced, a basic 
tellurium sulfate. The crystals decompose by heating in presence of water and are soluble 
in HCl (Laitinen and Oilunkaniemi 2011; Eagleson 1994).  
 
Tellurium halides. Crystalline tellurium can be inflamed by fluorine and chlorine, 
producing the consequent halogen species. Under carefully controlled conditions in a 
sealed tube, tellurium reacts with chloride to form Te3Cl2. With bromine, the element will 
produce dibromide, while iodine reacts only at high temperatures, producing a tetraiodide 
compound. Nevertheless, HCl does not have any effect on the metalloid (Wiberg, Wiberg, 
and Holleman 2001).  
 
Tellurium iodine (TeI) is a gray solid formed by the hydrothermal reaction of Te and I in 
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hydroiodic acid (HI). When this reaction is conducted near 270 °C, gives the α-TeI, with 
a triclinic phase. When the same mixture is heated to 150 °C, it is possible to obtain the 
metastable monoclinic phase β-TeI (Devillanova and Du Mont 2013). Nevertheless, the 
diiodine formulation (TeI2) has not been isolated yet (Kniep, Mootz, and Rabenau 1976).  
 
Tellurium tetrabromide (TeBr4) has a similar tetrameric structure to TeCl4. The bromide is 
a good conductor (Binnewies and Milke 2002), while the chloride is a volatile compound 
that can sublimate at 200 °C, being prepared merely by the chlorination of tellurium 
powder by addition of heat, isolating the product through distillation. The chloride is 
especially useful in organic synthesis since when added to alkenes, can give 
Cl-C-C-TeCl3 derivatives (N. Petragnani and Comasseto 1991). Tellurium tetrafluoride 
(TeF4) is a stable and hygroscopic crystalline solid that can give rise to tellurium oxide 
after reaction with water or silica (King 1977) 
 
Organic compounds of tellurium. Tellurium forms organic compounds, but with less 
efficiency and number that selenium and sulfur, due to its metalloid nature. However, it 
may exert both bi- and tetra-valency in these compounds. The tellurium analogs of 
common organosulfur functional groups are known, with diorganomono- and ditellurides 
being the most common organotellurium compounds.  
 
Nonetheless, they have not many applications. For instance, dimethyl telluride (Te(CH3)2) 
is used in the metalorganic vapor phase epitaxy as a volatile source of the metalloid, 
being the unique organotellurium compounds that have been quantified in environmental 
samples. Also, diphenyl ditelluride (Te(Ph)2) is used as a source of PhTe- groups in 
organic synthesis -particularly in the reduction of aldehydes, alkenes, alkynes or nitro 
compounds-. Furthermore, certain telluroxides can give rise to alkenes upon heating for 
the formation of olefins (Sadekov and Zakharov 1999; N. (Nicola) Petragnani 2007).  
 
Despite these few applications, some exciting research is being conducted. For instance, 
Pradeep Mathur et. al. reported an unusual shortening of metal–tellurium bonds and inter- 
and intramolecular X → Te secondary interactions in the coordination patterns of the 
aryltellurium halides (ArTeX; X = Br, I) in transition metal carbonyl complexes (Fe, Co, 
Mn, Re, Ru), which can have significant applications in catalysis (Torubaev, Pasynskii, 
and Mathur 2012). Besides, and as it will be discussed in the next sections, 
organotellurium compounds can show anticancer effect. Powis G. et al. reported 
water-soluble organotellurium compounds of the diaryl telluride, alkyl aryl telluride and 
dialkyl telluride type, carrying sulfopropyl groups, were reported as the most efficient 
tellurium-based inhibitors of thioredoxin reductase ever tested (Engman et al. 2000). The 
thioredoxin system (NADPH, thioredoxin reductase/ thioredoxin) is essential for cancer 
cell growth and inhibition of apoptosis precess, therefore it is a suitable target for 
anticancer drug development. 
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5. Isotopes of tellurium  
 
Tellurium has 8 stable (or nearly) isotopes, 31 unstable ones, and 17 isomers –the most 
important are summarized in Table 3-. While both selenium and tellurium have similar 
decay tendencies, their isotopes do not produce proton emission. Indeed, some of the 
most neutron-starved isotopes of tellurium undergo alpha decay - the atomic nucleus 
emits an alpha particle and thereby transforms or 'decays' into a different atomic nucleus- 
(Alessandrello et al. 2002). 
 
Naturally-occurring tellurium on Earth consists of eight nearly stable isotopes. Two of 
them are stable: 128Te and 130Te. They undergo double beta decay with half-lives of, 
respectively, 2.2×1024 years -the most extended half-life of all radioactive nuclides- and 
8.2×1020 years. The longest-lived artificial radioisotope of tellurium is 121Te with a 
half-life of nearly 19 days. Many nuclear isomers have longer half-lives (Meija et al. 
2016). 
 
124Te can be used as a starting material in the production of radionuclides by a cyclotron 
or other particle accelerators. Except beryllium (Be), Te is the found to be the lightest 
material observed to usually show alpha decay, commonly with isotopes 104Te to 110Te 
(Alessandrello et al. 2002). 
 

Table 3. The most important tellurium isotopes 
Isotope Natural abundance Chemical form Half-life 
Te-120 0.09% Elemental Stable 
Te-122 2.55% Elemental, 

Oxide 
Stable 

Te-123 0.89% Elemental, 
Oxide 

9.2x106 years 

Te-124 4.74% Elemental, 
Oxide 

Stable 

Te-125 7.07% Elemental, Stable 
Te-126 18.84% Elemental, 

Oxide 
Stable 

Te-128 31.74% Elemental, 
Oxide 

2.41x1024 years 

Te-130 34.08% Elemental, 
Oxide,  

3.0x1024 years 

 
 
While 120Te is used for the production of I-120, which has an application as a PET and 
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Beta emitting isotope, 122Te is used in the production of the radioisotope I-122, which is 
used in gamma imaging. 123Te is used for the production of radioactive I-123, which is 
used in thyroid imaging, and 124Te is used for the synthesis of both I-123 and the PET 
isotope I-124. Finally, 130Te is used in the research into double Beta decay (Magill 2003). 

 
6. Bulk tellurium. Applications.  
 
All the features of tellurium are applied for the development of a multitude of 
applications in fields of metallurgy, semiconductors, biological, and other developing 
technologies. Currently, this rare metal is mostly involved in the field of metallurgy, for 
the production of useful alloys, and used in solar cells for photovoltaic efficiency. Some 
biological applications are studied, but not extensively (S. Kim et al. 2016). In this 
section, some of the most common applications are reviewed here, from metallurgy to 
biological activities that are present in the bulk form of the metalloid. 
  
Tellurium in metallurgy 
 
Metallurgy has been using tellurium for a long time as an additive, with the aim to 
improve several mechanical properties of materials with a high impact in society, such as 
steel or other ferrous alloys. Besides, tellurium can be mixed with copper and lead, with 
useful applications, and it can be found as well as an additive for welding works. 
 
Approximately 55% of the demand in the market for tellurium is for alloys, combined 
with other materials. Generally, in steel, as a free- machining additive, in copper, to 
improve machinability -with no reduction of conductivity-, in lead, to enhance resistance 
to vibration and fatigue, and in cast iron -iron-carbon alloys with more than 2% carbon- 
to help control the depth of chill. In addition, it is widely used in malleable iron as a 
carbide stabilizer: the addition of 0.04% Te to steel improves mechanical properties, such 
as bending, cutting, shaping and turning that impact the final application of the materials. 
The metalloid is also added to lead to enhance its strength and durability, while 
decreasing the corrosiveness of acids (Carotenuto et al. 2015).  
 
Despite the use of tellurium as an alloying agent, the field of metallurgy involves many 
other applications of the metalloid. As described before, tellurium is a relatively rare 
element (Makuei and Senanayake 2018). Consequently, a considerable percentage of 
metallurgic activities are oriented to the recovery of the element, through several 
processes that will be described below (Shijie Wang 2011).   
 
Anode slimes comprise nearly 90% of tellurium production. Mainly pyrometallurgical 
and hydrometallurgical operations are used to remove precious metals and recover 
tellurium by subsequent electrolysis. However, another important source of the metalloid 
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can be found in the lead smelting processes, usually from metallurgical dust and alkaline 
skimming. The reductive smelting of tellurium-bearing materials can convert tellurium to 
alkaline tellurides, such as Na2Te, which is readily amenable. However, it is also highly 
reactive at the open atmosphere (Makuei and Senanayake 2018).   
 
Despite the aforementioned processes, the most popular approach and, probably, the most 
extended, for recovery of tellurium involve a hydrometallurgical method from electrolytic 
copper anode slimes, a process that is quite involved. Depending on the employed 
telluride -some of the most commons ones are associated with gold and silver-, phase and 
chemical composition and associated metal content of the slime, different processes for 
tellurium recovery are used. These copper slimes are hydrometallurgically treated 
through direct leaching of the slimes via sulfuric acid, pressure, aeration, or pressurized 
leaching in alkaline solution (Ramos-Ruiz et al. 2016). 
 
The most common method of leaching for decopperization in slime treatments is acid 
pressure leaching, which involves diluting sulfuric acid and leach, under oxygen partial 
pressure conditions in an autoclave reactor. This acid pressure process leads to the 
dissolution of all copper and typically up to 80% of the tellurium, that can be 
subsequently recovered (Shixing Wang et al. 2017; Jhumki Hait et al. 2002) 
 
Alternatively, alkaline pressure leaching is primarily used for dissolving slimes that are 
not easily decopperized and contain high selenium and arsenic content. After dissolving 
Se and As, tellurium in the leach residue is solubilized with copper in an adapted sulfuric 
acid leach and recovered via a tellurium circuit. Following the leaching, precipitation of 
Te involves several steps for recovering the element, and a subsequent filtering process 
that will render the metalloid (Tianzu Yang et al. 2017). 
 
Tellurium in catalysis 
 
The use of tellurium as a chemical and catalyst makes around a 25% of the world market 
for the metalloid, commonly being employed as vulcanizing agent and accelerator in the 
synthesis of rubber, as well as a component of catalysts for synthetic fiber fabrication. 
Heat resistance in rubbers can also be improved upon addition of a low concentration of 
the rare element. Tellurium catalysts are also utilized particularly for the oxidation of 
organic compounds. However, one of the most common catalytic applications is related 
to chlorination, halogenation, and hydrogenation reactions (Tian et al. 2017). 
 
Giles et al. synthesized various structurally related organo-tellurium agents and proved 
that a mixture of electrochemical methods, in vitro assays and cell culture tests can be 
utilized to rationalize the antioxidant activity of these catalytic agents (G. I. Giles et al. 
2003). 
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Tellurium in chalcogenide glasses 
 
The metalloid is used in the formation of chalcogenide glasses, with applications in 
lenses or fibers. These glasses contain one or more chalcogens -not O or Po-, in a 
covalent network of solids. These glasses behave differently from oxides, lowering the 
band gaps, contributing to unique electrical and optical properties. Tellurium has the 
lowest glass-forming ability compared to the other chalcogens since it has the highest 
molecular weight (T. Zhou et al. 2018), but it is found to be useful as well due to its 
characteristics.  
 
Consequently, materials as AgInSbTe and GeSbTe are chalcogenide glasses formers that 
are applied in rewritable optical disks and phase-change memory devices, as will be 
discussed in the next section. Nevertheless, they are fragile glass-formers: by regulation 
of the temperature - heating and annealing (cooling) - they can change from amorphous 
(glassy) to crystalline state and vice versa, thereby switching their optical and electrical 
properties and making them suitable for the storage of information. Besides, the glasses 
are used in infrared detectors, moldable infrared optics lenses and infrared optical fibers, 
transmitting across an extensive range of the infrared electromagnetic spectrum (Anne et 
al. 2009; Li et al. 2017). Although not all chalcogenide compositions existed in glassy 
form, some materials can be used to produce alloys in order to form glasses.  
 
Tellurium in electronic applications 
 
High-purity tellurium is used in electronics applications, such as thermoelectric and 
photoelectric devices. Alloys such as Hg-Cd in telluride form, can be used as thermal 
imaging, where this compound allows the convertion from raw image into a crisp picture 
on the screen (S. Lin et al. 2016). 
 
Bismuth telluride (Bi2Te3) is a gray semiconductor powder that can be alloyed with 
antimony or selenium to work as an efficient thermoelectric material. Therefore, 
semiconductor materials made of bismuth telluride are widely known, mainly used as 
thermoelectric cooling devices in fields such as electronics or consumer products. These 
devices consist in a series of pairs of semiconducting materials that are connected to a 
direct current, that provokes that one side of the thermoelement cools whereas the other 
produces heat. The application in consumer products are limited, nonetheless, they are 
mainly utilized in military applications -such as the cooling of infrared detectors, 
integrated circuits, laser diodes, and medical instrumentation. However, they can be 
found in some sophisticated portable food coolers as well (Pei, Wang, and Snyder 2012). 
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On the other hand, TeO2 is used in the media layer of different rewritable optical discs, 
including Compact Discs (CD-RW) and Digital Video Discs (DVD-RW), although their 
use is starting to be limited. Cadmium zinc telluride (CdZnTe) or CZT, a direct bandgap 
semiconductor, is employed in solid-state X-ray detectors, semiconductor radiation 
detectors, photoreactive grafting, electro-optic modulators and solar cells, among others, 
while mercury cadmium telluride (HgCdTe) or CMT, is utilized as an infrared sensitive 
semiconductor material (Ramos-Ruiz et al. 2017) -the quantity of Cd in the compound 
can be tuned in order to modify the optical absorption of the material so as to get the 
desired infrared wavelength-.  
 
The future of electronic applications for tellurium could be related to the next generation 
computer chips, known as phase change memory (PCM), that are based on the metalloid. 
PCM is a non-volatile random-access memory that exploited the unique behavior of 
chalcogenide glasses. The technological development of these devices has split in two 
directions. The first one is devoted to the enhancement of Ge2Sb2Te5 or GST, an 
interesting phase-change material, with a high heat of fusion that can melt and solidify at 
a certain temperature, being able to store and release large amounts of energy. This 
tellurium-based material can recrystallize in 20 nanoseconds, allowing bit rates -the 
number of bits that are processed per unit of time- of up to 35 Mbit/s to be written and 
direct overwrite capability up to 106 cycles (Simpson et al. 2011). The second current of 
research is aimed to find alternatives to GST, working on the use of a GeTe-Sb2Te3 
superlattice to accomplish non-thermal phase changes by slightly modifying – with the 
use of a laser pulse - the coordination state of the germanium atoms. 
 
Nevertheless, the most well-known application of the element is related to solar cells. 
Tellurium has led to the development of some of the most efficient solar cells in our 
society, as part of the synthesis of cadmium telluride (CdTe) semiconductors for solar 
panels. This alloy gives the highest electrical generation efficiency for photovoltaic solar 
cells and allows for low-cost power generation (Yuan, Yin, and Nie 2013; S. Lin et al. 
2016). Therefore, CdTe photovoltaics (PV) is the unique thin-film technology with less 
costs than conventional solar cells, composed of crystalline silicon. Considering one 
lifecycle, and in comparison, to all solar cell technologies, CdTe PV has the smallest 
carbon footprint and water usage as well as the lowest energy payback time -time that a 
PV system have to work to generate the same amount of energy that was utilized for its 
manufacture and installation-. Besides, it can be recycled, therefore attenuating the 
growing concern of environmental toxicity of Cd (S. Lin et al. 2016). 
 
The most prominent manufacturer of CdTe PV, First Solar, manufactures over 3 gigawatts 
in 2016, from just 25 megawatts in 2005. This massive commercial success has driven 
the demand of tellurium to be dominated by the solar cell industry and could help for the 
environmental issue of renewable energy. Its low cost technology has made CdTe PV a 



 24

success, due to the combination of adequate efficiency with lower module area costs. 
Costs of CdTe PV modules can be divided in direct costs, which reached $0.57 per watt 
in 2013, (Ayre 2013) and capital cost per new watt of capacity which are near $0.9 per 
watt -including land and buildings-. 
 
This, however, has put a limit on other researchable applications for such a rare metal 
(Todorov et al. 2017), leading to many unknowns that should be addressed and whose 
applications will be discussed in the next section.  
 
Tellurium in biological applications 
 
Sharing little with tellurium semiconductor technology, the organic applications of the 
metalloid are not fully defined and investigated, with many unknowns that should be 
addressed, especially related to the interaction between the element and some biological 
systems. What is known so far is that Te has exhibited a host of antibiotic properties and 
possible applications for anticancer drug design. Surprisingly, although tellurium belongs 
to a group of elements omnipresent in all life, its role in biology is limited. The metalloid 
has no apparent function in both prokaryotic and eukaryotic organisms (Ba et al. 2010). 
 
Synthetic organo-tellurium compounds have demonstrated effectiveness as antibacterial 
agents. The non-toxic immunomodulator ammonium 
trichloro(dioxyethylene-O,O’)tellurate, or AS101, has been demonstrated to be effective 
in septic mice and goldfish infection models, used for its beneficial immunomodulating 
effects, and also exhibiting indirect antibacterial effects (Daniel-Hoffmann, Sredni, and 
Nitzan 2012). Nevertheless, the metalloid exhibits a certain degree of toxicity. Even in 
contact or taken internally, it can cause nausea, vomiting, and damage to the central 
nervous system. Humans metabolize tellurium into some dimethyl telluride Te(CH3)2, a 
gas that can be exhaled with an odor similar to odor in people exposed to or poisoned 
with tellurium (Yarema and Curry 2005).  
 
Tellurium in other applications 
 
Tellurium and its compounds are used in many other applications beyond semiconductors 
and in the field of biology, but to a lesser extent. For instance, organic tellurides can be 
applied as initiators for living radical polymerization, and electron-rich mono- and 
di-tellurides are utilized as antioxidants in the polymer and plastics industry. Besides, it is 
also used for achieving low-temperature growth of CdHgTe by metalorganic vapor phase 
epitaxy processes (MOVPE) which in turn in a significant process in the generation of 
optoelectronics (Yan et al. 2016). 
 
Alternative and complex formulations containing the metalloid have been also studied. 
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For instance, Shieh et al. prepared ternary Te-Fe-Cu chain polymers from the 
self-assembly of the precursors in Tetrahydrofuran (THF) (Shieh et al. 2008). The chain 
polymers showed semiconducting behaviors with low band gaps of 0.59 and 0.41 eV, 
respectively. Similarly, an efficient methodology for the production of 
2'-tellurium-modified phosphoramidite was explored (S. Jiang, Sheng, and Huang 2011). 
The 2'-Te-nucleosides were transformed into 3'-phosphoramidites, which are the building 
blocks for DNA/RNA synthesis.  
 
Still, the potential applications of bulk tellurium are not fully developed, since just 
metallurgy and solar cells’ technology occupied the vast majority of the production and 
activity of the element.  
 
 

 
 
Figure 3. (A) Different applications of tellurium. The proposed mechanism for the direct 
production of H2O2 over Pd–Te/TiO2 catalysts (in blue and brown, spheres of Pd and Te 
atoms, respectively) (Tian et al. 2017); Scanning electron micrograph (SEM) of 
chalcogenide microlens array, with the the cross-sectional image of the molded 
chalcogenide microlens array (B) and the appearance of molded chalcogenide microlens 
array (C) (T. Zhou et al. 2018); SEM image and schematic of the cross-section of a CdTe 
solar cell in the conventional superstrate configuration (D) and the substrate 
configuration (E) which permits the use of opaque substrates such as metal foils. The 
scale bars represent 1 μm. The yellow arrows show the direction of illumination; (F) 
Photograph of a sample with several CdTe solar cells on the flexible metal foil (Kranz et 
al. 2013); and the chemical structure of the tellurium-based compound AS101 (G) 
(Daniel-Hoffmann, Sredni, and Nitzan 2012). 
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7. Synthesis of tellurium nanostructures 
 
7.1. Traditional synthesis of nanomaterials 
 
The synthesis of nanomaterials is a pivotal point in nanotechnology. Several concerns 
have been appropriately addressed by researchers in order to elucidate and explain 
synthetic routes for a smooth, reproducible and cost-effective production of these 
valuable materials. Physicochemical approaches –or traditional ways- for the synthesis of 
nanomaterials have been the unique answer for a long time, taking knowledge from both 
physics and chemistry for the development of efficient synthetic mechanisms. Methods 
such as reduction-oxidation (redox) reactions, chemical vapor deposition or sputtering 
techniques have been widely used for precise control of the nanomaterial characteristics, 
such as size, shape, and dimensionality (Maurya et al. 2014). Such characteristics define 
the optical, chemical, physical, electromagnetic or mechanical properties of the 
nanostructures, and hence, their potential applications (Gurunathan and Kim 2016). 
Traditional synthetic approaches are able to strictly control these features, the reason why 
they are consolidated in research. Also, the feasibility to scale-up the processes allow 
them to have a place in the industry.  
 
Synthesis of tellurium nanomaterials has been taking knowledge of these processes, as 
other nanosystems do. The synthesis and features’ controls of Te nanomaterials have been 
extensively reported all over the years, establishing protocols for quick synthesis of 
nanomaterials with a large range of applications. Tellurium ions are easily reduced 
elemental tellurium structures showing different sizes, shapes, and dimensionality 
depending on the synthetic routes. The reducing agent, as well as the tellurium precursor, 
strongly influence the nucleation and posterior nanoparticle generation (J.-W. Liu et al. 
2016). 
 
In this section, the primary methods for the synthesis of tellurium nanomaterials will be 
revised in terms of the dimensionality of the newly generated products.  
 
Zero dimensional (O-D) tellurium nanostructures 
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Zero-dimensional nanomaterials have all the dimensions at the nanoscale. The most 
common representatives of these materials are nanoparticles that can be either amorphous 
or crystalline. If belonging to the latter group, nanoparticles can be made of single 
crystals or show a polycrystalline structure. Besides, these nanostructures can be 
composed of single or multi-chemical elements exhibiting various shapes and forms 
besides the conventional spherical shape. These nanoparticles (NP) are commonly found 
either individually, monodispersed in a solution, or incorporated in a matrix.  
 
Nanoparticles have extraordinary potential as biomedical and industrial agents, due to the 
presence of properties that are not in the bulk materials and their relatively small size. 
The synthesis of these materials is facile compared to other more complex structures; 
hence, many research articles reported the synthesis of tellurium nanoparticles (R. Taylor 
et al. 2013; Weidong He et al. 2011).  
 
As an example, Tsai et al. reported an easy and quick synthesis of single-crystalline 
tellurium nanoparticles (TeNPs) with uniform size using H2Te gas as a precursor that was 
bubbled through a cylindrical polymer brush into an aqueous solution at standard 
conditions (Tsai et al. 2015). Alternatively, Weidong He’s group developed an easy 
approach for the synthesis of colloidal Te nanocrystals with a binary uniform size 
distribution at room temperature by using Na2Te as a precursor and oleic acid as an 
oxidizing agent through a one-step procedure, reporting a new platform for efficient 
synthesis and manipulation of Te nanostructures (Weidong He et al. 2011).  
 
In an elegant study, Jiang’s group reported the synthesis of tellurium colloidal NP 
through laser ablation technique employing various protic and aprotic solvents, with the 
aim to understand the thermodynamic behavior and the kinetics related to the growth of 
colloidal nanoparticles, a pivotal milestone for understanding single nanoparticle 
synthesis (Z.-Y. Jiang et al. 2004). They showed that the unique growth kinetics related to 
the formation of nanochains that is strongly dependent on the polarity and dielectric 
constant of solvent molecules. A size and structure dependency on the ability of chemical 
reduction was observed on the synthesized nanomaterials. 
 
Ultrasonic irradiation in organic solvent was reported as an efficient way to generate pure 
Te and TeO2 nanoparticles (Arab, Mousavi-Kamazani, and Salavati-Niasari 2017), 
carrying thoughtful research of the dependence of the consequences of ultrasonic power, 
irradiation time, solvent, and surfactant on the morphology and particle dimensions of the 
nanostructures. Another sonochemical process was used by Mousavi-Kamazani. et. al. 
when they reported the generation of 0-D Te nanosystems with different morphologies 
such as spherical NP or rice-like structures wit dimensions of 15-40 nm 
(Mousavi-Kamazani et al. 2017). The efficiency and performance of a variety of 
tellurium nanosystems in quantum dot-sensitized solar cells (QDSSCs) were also 
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evaluated. 
 
 
One dimensional (1D) tellurium nanostructures: nanowires, nanotubes, nanorods, and 
nanobelts. 
 
Nanomaterials with one dimension outside the nanoscale are considered one-dimensional 
materials, showing needle, rod, tube or wire like-shaped structures. As with 
zero-dimensional materials, these structures can be either amorphous or crystalline 
(single crystalline or polycrystalline). Once synthesized, they can be standalone materials 
or appear embedded within another medium or matrix. Nanowires (NW), nanotubes (NT), 
nanorods (NR), and nanobelts (NB) are typically considered as one-dimensional 
structures, although other alternatives morphologies can be included in this classification 
(A. Zhang, Zheng, and Lieber 2016).  
 
Tellurium nanowires 
 
Nanowires are structures with a width and depth of a few nanometers or less, but a much 
longer length. Electron movements are different depending on the direction, while there 
is free motion in the direction along the wire, the other two dimensions are confined by 
quantum mechanics, radically changing the properties of the material. Therefore, 
researchers are able to synthesize nanowires that have an outstanding length-to-width 
ratio. 
 
For instance, Xia et al. synthesized TeNW of the trigonal crystalline structure by a 
solution-phase, self-seeding method, which resembling the Ostwald repining process. The 
product was formed by reducing TeO2 with hydrazine at different reflux temperatures. 
The homogeneous, relatively monodisperse one-dimensional nanostructures could form 
stable dispersions in ethylene glycol or water and be utilized as building blocks or 
templates to produce more sophisticated nanostructures (Brian Mayers and Xia 2002).  
 
Alternatively, Qian et al. prepared uniform TeNW with 4-9 nm in diameter by a 
hydrothermal method assisted by polyvinyl alcohol pyrrolidone (PVP), which can 
achieve large-scale selective synthesis. It was observed a strong dependence on the 
formation of the nanowires with the temperature, the amount of PVP and the reaction 
time. The results concluded that the key to the selective synthesis of Te nanowires is to 
control the growth rates of (100), (101) and (110) planes and precisely control the 
reaction kinetics. This method provided a simple and feasible way for the preparation of 
high-quality tellurium nanostructures and had excellent optical properties. (Qian et al. 
2006) 
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Tellurium nanorods 
 
Nanorods have a typical size between 1 and 100 nm with standard aspect ratios -length 
divided by width- of 3-5. Synthetic pathways for synthesis of these structures allow them 
to grow at different rates, producing an elongate nanomaterial with outstanding properties 
and different applications, such as display technologies or theragnostic. According to 
Komarneni’s group report, tellurium nanorods can be easily synthesized by a 
hydrothermal process using the reducing property of glucose, and Na2TeO3 as precursor. 
The glucose acted as both reducing agent and directional template (Lu, Gao, and 
Komarneni 2004). 
 
Furthermore, Zhaoping Liu’s group described a surfactant-assisted approach for the 
synthesis of uniform NR of trigonal tellurium with size control. These NR were 
synthetized from an original colloidal suspension of amorphous tellurium and TeNPs at 
RT - first formed through the reduction of (NH4)2TeS4 by Na2SO3 in aqueous solution 
(Zhaoping Liu et al. 2003). They demonstrated that by utilizing different surfactants 
during the manufacturing, nanorods with well-controlled diameters and lengths could be 
reproducibly synthesized. W. Huang et al., in a similar study, reported an easy one-pot 
synthesis of tellurium nanorods functionalized with a polysaccharide-protein complex by 
using an hydrothermal approach (W. Huang et al. 2016). The NR stayed stable in aqueous 
media and in phosphate-buffered saline, they also showed high hemocompatibility. 
 
Tellurium nanotubes 
 
Nanotubes are nanomaterials that have a tube-like structure. Although the most famous 
ones are made of carbon, other materials are gaining interested in the field due to their 
properties. For example, Na2TeO4 and formamide were used to prepare TeNT via a 
simple hydrothermal reduction approach. The diameters of the nanotubes could variate 
from 200 to 600 nm, and lengths from 4 to 15 nm (Guangcheng Xi et al. 2004). A simple 
strategy of selective synthesis of tellurium nanotubes with an inclined and hexagonal 
section by surfactant-assisted solvent, thermal method under mild conditions was also 
presented by Song’s group. The NT were synthesized by ethanol reduction in the 
presence of cetyltrimethylammonium bromide (CTAB) with TeO2 as the precursor. They 
also found when the surfactant CTAB is replaced by cellulose acetate (CA), TeNT with 
hexagonal cross-sections can be generated as well (Song et al. 2008). 
 
In an independent study, T. Liu et al. developed an easy microwave-assisted 
monosaccharide reducing approach for the preparation of nanotubes, showing the vital 
role of the reductant agent in the synthesis as a modulator of the final shape (T. Liu et al. 
2007). Similarly, single crystalline TeNT with triangular cross sections can be prepared 
through a simple approach of vaporizing and condensation of the metallic tellurium in an 
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inert atmosphere onto a substrate, with diverse morphologies being produced depending 
on the synthetic parameters (Paritosh Mohanty et al. 2005). The simple approach might 
provide some new applications and stimulate theoretical studies related to the stability of 
the high-energy configuration. 
 
Tellurium nanobelts 
 
Tellurium belt-shaped structures can be readily synthesized using traditional approaches. 
For example, Wang et al. prepared high-quality TeNB by thermal evaporation and 
deposition method in a vacuum system. According to the experimental data, the 
formation of TeNB followed the gas-solid mechanism mediated by agglomeration. In 
addition, it has been proved that TeNB evolve into helical bands when subjected to 
electron beam (EB) action (Qun Wang et al. 2007). 
Wan et al. group firstly reported the synthesis of lead tellurite nanobelts using composite 
molten salts (KNO3/LiNO3) approach, which is an economic, one-step, easy to control, 
realized in conditions of low-temperature and ambient atmosphere (Wan et al. 2010). A 
vacuum vapor deposition technique was followed by Qun Wang’s and colleagues to 
prepare high-quality ultrawide TeNB, reporting that helical structures where achieved 
when TeNB were in contact with electron beams (Qun Wang et al. 2007).  
 
 

 
 
Figure 4. Different tellurium nanostructures. SEM images of the synthesized TeO2 in the 
(A) absence ultrasonic irradiation and (B) presence ultrasonic irradiation (Arab, 
Mousavi-Kamazani, and Salavati-Niasari 2017); TEM images of Te nanorods from a 
reaction mixture after an aging time of (C) 15 h, and (D) 20 h at room temperature 
(Zhaoping Liu et al. 2003); SEM images of tellurium nanotubes synthesized on a Si (100) 
substrate (E) (Paritosh Mohanty et al. 2005); TEM images of the morphological evolution 
of the tellurium nanowires at 4 h (F), 6 h (G), and 12 h (H) (Qian et al. 2006); and SEM 
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images of Te nanobelts deposited on Si substrates at different magnifications (I, J) (Qian 
et al. 2006). 
 
Two-dimensional Te nanostructures: Tellurene 
 
Since the discovery of graphene in 2004 (Novoselov et al. 2004), there has been a 
tremendous interest in the research of elementary two-dimensional (2D) materials, which 
often present differentiated physicochemical properties with respect to their bulk 
counterparts (Y. Chen et al. 2018). Examples of synthesized elementary 2D materials 
beyond graphene are silicene (B. Feng et al. 2012), germanene (Derivaz et al. 2015), 
stanene (Yuhara et al. 2018), borophene (Mannix et al. 2015), antimonene 
(Martínez-Periñán et al. 2018), and black/blue phosphorene (J. L. Zhang et al. 2016; H. 
Liu et al. 2014). The characteristic feature of these materials is that they belong to the 
groups III-V. More recently, theoretical and experimental investigations on group VI 
elemental 2D materials, such as selenene and tellurene has opened up the possibility to 
synthesize novel topological insulators (Xian et al. 2017), thermoelectric materials 
(Sharma, Singh, and Schwingenschlögl 2018) and photodetectors (Q. Wang et al. 2014). 
For instance, Huang et al growth mono- and few-layers Te films on graphene by 
molecular beam epitaxy (MBE) (X. Huang et al. 2017). They found that the band gap 
increases monotonically with decreasing Te film thickness, reaching the energy gap (Eg = 
1.5 eV, near-infrared) for the monolayer Te nanostructure. Moreover, Wang et al 
synthesized 2D Te using a hydrothermal method, in which Na2TeO3 was reduced by 
hydrazine in alkaline solution at 160-180 °C (Y. Wang et al. 2018). The solution-grown 
Te nanomaterial was used to fabricate a tellurene-based field effect transistor that 
exhibited on/off ratios on the order of 106, field-effect mobilities of about 700 cm2 V−1 s−1 
and stability at normal conditions for over two months.    
 
Complex tellurium nanostructures 
 
Complex tellurium nanostructures often possess a nanocrystalline structure and involved 
the presence of features at the nanoscale, is composed of multiple arrangements of 
nanosize crystals. They also can contain dispersions of nanoparticles, bundles or 
nanowires and nanotubes and multinanolayers.  
 
The synthesis of these structures is not an easy task. However, some methods have been 
reported. For instance, a two-step hydrothermal method was studied for the preparation of 
a novel gold-modified tellurium hybrid with a trip-shaped planar microstructure (D. 
Wang et al. 2013). Alternatively, the synthesis of a self-standing Bi2Te3 network of 
interconnected nanowires was reported (Ruiz-Clavijo, Caballero-Calero, and 
Martín-González 2018). The reaction was achieved in a three-dimensional porous anodic 
alumina template. They showed how the crystalline structure and composition of the 3D 
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Bi–Te nanowire network were modified by changing the applied voltage and the 
relaxation time off without applying current density during the deposition. They observed 
as well that the templates in which the complex-Te structures were grown could be 
dissolved and the network of interconnected nanowires is self-standing without affecting 
its composition and orientation properties.  
 
Chiral tellurium nanostructures 
 
Chiral structures are the ones that are non-superimposable with their mirror image. Chiral 
Te nanostructures can be synthesized by using chiral biomolecules as initiators. For 
example, hydrazine can reduce the metalloid precursors in the presence of a large number 
of thio-chiral biomolecules. Consequently, Te nanostructures with different chiral shapes, 
such as small nanocrystals, large crystals, broken hexagonal tubes, and long hollow tubes, 
can be generated under different synthetic conditions. These different chiral 
nanostructures are generally characterized by high optical activity (Ben-Moshe et al. 
2014). 
 
Once generated, they are useful in research, since semiconductors with chiral geometries 
at the nanoscale and mesoscale can provide a powerful material substrate for polarization 
optics, photocatalysis, and biomimetics. The relationship between the geometry of the 
chiral semiconductors and their chiroptical properties is not clearly expressed, in 
comparison with metallic and organic optical materials. W. Feng et al. reported that 
semiconductor helices can be prepared with an absolute yield of ca 0.1% and 
enantiomeric excess (e.e.) of 98% or above from cysteine-stabilized cadmium telluride 
nanoparticles dispersed in methanol (W. Feng et al. 2017). 
 
Tellurium-based alloys and hetero-nanostructures 
 
Alloys and hetero-structural nanomaterials have been widely used in nanotechnology. For 
instance, designing a large number of nanomaterials with heterojunctions at the interface 
between two different crystal regions are key in the development of advanced materials 
for emerging applications.  
 
As a consequence of its easily controlled morphology and bandgap, successfully 
synthesized tellurium-based alloys and heterostructures have attracted widespread 
attention. Single crystal Se0.5Te0.5 alloy nanorods can be synthesized in solution in 
dimensions of 50-250 nm. The morphology of the alloy was determined by the helical 
chains of Se or Te, because they have a similar lattice structure (B. Mayers et al. 2001). 
 
These alloys can have an important impact on the main applications of nanoscale 
tellurium. For instance, Y. Yang et al. noticed the challenge in the design and production 
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of one-dimensional metal chalcogenide nanostructured materials with controllable 
components and properties (Y. Yang et al. 2015). Therefore, they reported a usual 
chemical transformation process for the synthesis of more than 45 types of 
one-dimensional nanostructures of alloyed or hybrid metal chalcogenide forms, all 
coming from a common template TeXSeY-Se core-shell nanowires with variable 
compositions. Nine different kinds of alloys - including just one chalcogen in the 
structure- NW (such as AgSeTe, HgSeTe, CuSeTe, BiSeTe, PbSeTe, CdSeTe, SbSeTe, 
NiSeTe, and CoSeTe) were synthesized, providing a new general route for the 
controllable synthesis of a new generation of one-dimensional metal chalcogenide 
nanostructures. 
 
Large scale production of tellurium nanostructures 
 
The scale-up of processes for the synthesis of nanomaterials is a challenge for research, 
due to problems related to reproducibility and feasibility for adaptation to industrial scale. 
However, some examples are gaining importance over time. Tellurium is an example of 
one of these materials whose scale-up deserves the investment, due to the increase of its 
use in the industrial sector.  
 
A large scale synthesis of tellurium nanoribbons in aquatic media was reported (Z. He 
and Yu 2005). The super long single crystal nanoribbons were produced in in 
tetraethylene pentamine aqueous solution at a temperature of 80 °C, the resulting 
structures presented a width of 200−300 nm and length of hundreds of micrometers. In a 
similar study, H. Zhu et al. reported in large scale utilizing an easy hydrothermal 
approach to synthesize various one dimentional tellurium nanostructures such as 
nanotubes, nanowires, and nanorods on by the use of a NaOH solution (H. Zhu et al. 
2011). The impact of reaction conditions like pH value, temperature, reducing agent, and 
reactant concentration over the dimentions and morphology of the nanostructures were 
studied as well as the relationship between the growth rate and structural modification on 
the systems. 
 
Kim’s group successfully reported the large scale synthesis of single crystalline TeNW by 
the process of vaporization and later deposition of the tellurium metal and above a Si 
substrate using an inert atmosphere (Mohanty, Park, and Kim 2006). The resulting 
structures presented a high degree of purity due to the unique use tellurium metal in the 
vaporization process. The industrial application of this material is easily facilitated due to 
the low temperature and high-yield of the synthetic approach. 
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Figure 5. Different 3D Tellurium nanomaterials. Low-magnification SEM image of 
Au-decorated tripod-shaped tellurium hybrids (A, B) (D. Wang et al. 2013); STEM 
tomography of R-helix assembled from D-Cys CdTe nanoparticles (C) and L-helix 
assembled from L-Cys CdTe nanoparticles (D) (W. Feng et al. 2017); and TEM image of 
AgSeTe nanowires (E) and HgSeTe nanowires (F) (Y. Yang et al. 2015). 3D illustration of 
the structure of tellurene (G) (Y. Wang et al. 2018) 
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7.2. Green synthesis of tellurium nanomaterials 
 
All the methodologies explained before for synthesis of different dimensions are based on 
physicochemical approaches, known as traditional chemical or physical processes. These 
approaches work pretty well, with establish and easy-to-follow methods for a quick and 
reproducible generation of nanomaterials. Nevertheless, they are not free of drawbacks, 
such as the use of hazardous materials, production of toxic by-products, often use of 
harsh conditions -such as very basic or acid conditions or high temperatures- and 
expensive instruments.  
 
Therefore, new approaches for generation of nanomaterials are needed, and nature may 
have the answer. Green nanotechnology was born for the use of environmentally-friendly, 
cost-effective and green approaches for generation of nanomaterials. These green 
synthesis approaches involve the synthesis of nanomaterials using living organisms and 
biological compounds from different sources, such as bacteria, yeast, food, plants and 
waste materials.  
 
Various applications take profit of the advantages of biological mediated synthesis over 
chemical or physical nanoparticles syntheses, including lower capital and operating costs. 
In addition, they showed enhanced biocompatibility and stability of the nanomaterials, 
mainly due to the application of biosurfactants or capping agents on their surfaces. The 
size, morphology, and properties of nanoparticles can be controlled by modifying 
parameters such as temperature, pH, reaction time, metal ion concentration or quantity of 
organic matter present in the reaction.  
 
Many microorganisms have shown the ability to reduce metallic ions to elemental 
nanoparticles as part of their natural detoxification processes. For instance, Zonaro et al. 
reported the use of the tellurite-reducing bacterial strain Ochrobactrum sp. MPV1 
isolated from polluted sites (Zonaro et al. 2015). They discovered that by regulating the 
culture conditions and exposure time to the tellurite oxyanions, differently sized 
zero-valent Te nanoparticles were produced. Besides, these nanoparticles showed 
antimicrobial and biofilm eradication activity against different bacterial strains. Similarly, 
Ramos-Ruiz et al. focused on the recovery of elemental tellurium (Te0) from aqueous 
streams with presence of water-soluble oxyanions such as tellurate (Te6+) and tellurite 
(Te4+) utilizing microorganisms like bacteria (Ramos-Ruiz et al. 2016). The study showed 
how a microbial culture composed of an anaerobic mix - present in methanogenic 
granular sludge – had the ability to catalyze the reduction of the two oxyanions to 
generate Te0 nanoparticles (NPs) in a medium free of sulfur. They also found that the 
redox mediators and electron donors had an effect on the morphologies and locations of 
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Te0 NPs, suggesting that NP production can be specifically designed for a particular 
application. 
 
Fungi are another kind of microorganisms that are able to show resistance to tellurium, 
whose behavior can be used by researchers to develop alternative synthetic ways. For 
instance, Abo Elsoud et al. used six fungal isolates with the ability to reduce potassium 
tellurite (K2TeO3) into elemental tellurium nanoparticles with potential biomedical 
applications (Abo Elsoud et al. 2018). 
 
Hydrothermal methods are also considered green pathways for the generation of 
nanoparticles, allowing a clean and water-based reaction. In this line of research, Medina 
Cruz et al. developed an environmentally-friendly approach for coating nanocolumnar 
titanium with Te nanorods with enhanced antibacterial properties against Gram-positive 
and negative bacteria (Medina Cruz et al. 2019) 
 
Despite these examples, many other green nanotechnologies, such as the use of waste 
material or natural biomolecules, should be tested as potential pathways for synthesis of 
tellurium nanostructures, overcoming the main limitations of traditional physicochemical 
approaches.  
 
8. Nanoscale tellurium. Applications beyond biomedicine.  
 
As it happens with many other metallic elements, the properties of tellurium 
nanomaterials changed and showed differences with the ones found in a bulk form. 
Tellurium nanomaterials, due to their large specific surface area and the effect of 
quantum-confinement, exhibit specific physical and chemical properties, with a large 
array of applications. Therefore, in this section, some of the main applications of 
tellurium in nanomaterial form are presented and discussed, whereas its role in biology 
and medicine will be discussed in the following two sections.  
 
Tellurium nanostructures as a photoconductive conversion material 
 
Several physicochemical studies show that non-metal elements with a relatively high 
refractive index should be photoconductive materials (Palik 1998). Therefore, many 
elements have been checked for this property, with some successful discoveries. Intensive 
research has been done over the years in terms of electrical properties of tellurium by a 
group at Purdue University (Bottom 1952). They discovered a powerful photoconductive 
effect in tellurium films, while the conductivity of the metal was found unaltered by 
radiation (Blackband 1951)  
 
After the discovery, one of the most intriguing potential applications for TeNP happens to 
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be in renewable energy – in the use of nanophotonic materials for solar energy harvesting 
and photothermal conversion. Ma et al. found that the photothermal conversion utilizing 
TeNP surpassed that of plasmonic or all-dielectric nanoparticles previously known, 
indicating a substantial potential utility for tellurium nanoparticles as an improved 
photothermal conversion material for solar-enabled water evaporation. This advanced 
photothermal conversion property of tellurium nanoparticles may provide utility in 
desalination plants and in hydroelectric power generation as less energy is required to 
convert water into steam for use in these applications (Ma et al. 2018).  
 
Besides nanoparticles, other structures showed photoelectric properties, such as Te 
nanowires that are synthesized by layer-by-layer (LBL) strategy (J.-W. Liu et al. 2010). 
Carotenuto et al. prepared a material that was composed of hexagonal tellurium and 
α-phase of tellurium oxide, whose electrical properties were studied, demonstrating the 
linear functionality of the photoconductivity of the film – in sandwich contact 
configuration - in relation to the light power density (Carotenuto et al. 2015). Besides, 
ultrathin TeNW can be synthetized by the Langmuir-Blodgett technique, showing 
reversibly switched photoelectric properties in a range from the higher- and 
lower-conductivity states in function of the light was on or off respectively, and the 
influence on the photocurrent was due to the light intensity and the amount of monolayers 
of the nanowire. In a similar study, Hackney et al. studied the photoconductive and 
polarization properties of single CdTe nanowires (Hackney et al. 2010). These NW 
showed a power conversion efficiency of 0.56%, a higher value in comparison with 
similar but more complex nanomaterials. 
 
 
Nanoscale tellurium as a catalyst 
 
Tellurium can be used as a catalyst as well when brought to the nanoscale, although its 
use is not really extended over the scientific community. Nevertheless, some examples 
can be found in the literature. For instance, with the aim to enhance the catalytic 
performance of platinum-based compounds in formic acid electro-oxidation, an 
electrochemical leaching process was used to prepare dealloyed PtXTeY/C catalysts. (F. 
Zhou et al. 2017) F. Zhou et al. conducted studies, in which the Te-based catalyst showed 
increased performance and stability in the electro-oxidation of formic acid with a mass 
activity at 0.25 V being 10.6 times higher and at 0.4 V being 16.5 times higher than the 
commercially available Pt/C catalysts (F. Zhou et al. 2017). The improved 
electro-oxidation of formic acid may prove useful in the generation of formic acid fuel 
cells. 
 
Alternatively, Tian et al. achieved a highly selective hydrogen peroxide synthesis directly 
from hydrogen and oxygen using a highly efficient palladium-tellurium (Pd-Te/TiO2) 
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catalyst that showed selectivity of nearly 100 % toward H2O2 under mild conditions (Tian 
et al. 2017). They demonstrated that the Te-modified palladium surface could 
significantly weaken the dissociative activation of O2, leading to the non-dissociative 
hydrogenation of the molecule.  
 
 
 
 
Nanoscale tellurium as a chemical transformation template and building blocks 
 
The use of prefabricated and nanostructured materials for influencing the placement of 
building blocks is the basis for the so-called templating techniques. These techniques 
offer the possibility to prepare nanostructured materials with several applications. 
Depending on the particular techniques, the templating material should have suitable 
properties. For instance, in a solution-based template synthesis, a proper template should 
have not only a uniform dispersion but also a high reactivity when used as a chemical 
template (Huczko 2000; Sotiropoulou et al. 2008) 
 
Tellurium, in its nanostructure form, is a suitable material for templates. For instance, Te 
nanowires with a high surface to volume ratio are often used as templates in the synthesis 
of 1D functional nanowires, together with other metals, such as silver, cadmium or lead. 
Various methodologies have been developed for the facile synthesis of different metal 
telluride nanowires by using a template made of Te nanowires (H. Yang et al. 2014). 
Another example was reported by Samal and Pradeep, who reported a facile production 
of platinum telluride nanoparticles (Pt3Te4 NPs) in a solution phase at room temperature 
by the use of a template-assisted methodology (Samal and Pradeep 2010).  
 
It is well established that elemental selenium and tellurium have similar anisotropic and 
isomorphous crystal properties, leading to an epitaxial growth process that can be 
designed to achieve the production of complex and heterogeneous Te–Se nanostructures. 
A method for generation of TexSey and Se core-shell NW by epitaxial growth was 
recently reported. These nanostructures are used as templates for the formation of some 
kinds of monometallic chalcogenide alloys (MSeTe, M = Ag, Hg, Cu, Bi, Pb, Cd) with 
nanowire-like structure (Y. Yang et al. 2015). Alternatively, these hybrid metal 
chalcogenide nanowires could also be synthetized only by mixing two or more types of 
metal precursors in one batch, thus showing a quick and facile production. 
 
Besides, tellurium compounds can be used as mediators for the synthesis of other 
nanomaterials. For instance, Fernández-Lodeiro et al. confronted the challenge of 
preserving the properties of gold nanoparticles during a long-time period in both solution 
and dry powder form (Fernández-Lodeiro et al. 2016). By using organotellurium 
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derivatives they were able to overcome this challenge when adding them as reducing and 
stabilizing agents in the process of developing the gold nanoparticles. Diphenyl 
ditelluride (Ph2Te2), which had never been exploited in the synthesis of gold 
nanoparticles, was the key component in the synthetic approach due to its photochemical 
and oxidative properties. Moreover, the same group reported the synthesis of novel PtTe2 
through an annealing process using new nanostructured Pt-Te organometallic NPs as a 
single source precursor, the resulting nanoparticles were multi-crystallite and in various 
sizes (Fernández-Lodeiro et al. 2017). 
 
Nanoscale tellurium as a piezoelectric energy harvester 
 
A few tellurium nanostructures have been reported to show both a high work function and 
narrow bandgap energy. These can be used as a single- component metallic 
bonding-based piezoelectric materials (Royer and Dieulesaint 1979). Wang’s group 
developed an easy fabrication method for a high-power density piezoelectric energy 
device based on tellurium (Lee et al. 2013). They used a trigonal Te nanowire that shows 
an asymmetric crystal structure in its radial direction. Therefore, the structure has a strong 
potential to serve as a raw material for ultrathin nanogenerator (NG). 
 
New advances for the piezoelectric properties of tellurium have been recently developed. 
They introduced the fabrication of a flexible strain sensor based on a single tellurium 
wire (Liang, Zha, et al. 2014). These Te nanowires were synthesized using a simple 
solvothermal process, rendering ultralong wires with a diameter of 40 nm and length of 
about 3 mm (Liang, Zha, et al. 2014). Polydimethylsiloxane (PDMS) was used to cover 
the tellurium wire -strain sensor- with the aim to improve the adhesion and prevent the Te 
wire from oxidization (Liang, Zha, et al. 2014). 
 
Alternatively, in similar work, Wen He’s group reported a novel strategy for synthesis Te 
nanoflakes via an hydrothermal process at low temperature (Wen He et al. 2017). Once 
created, the Te nanoflakes were used for the building of a nanogenerator device. This 
system was composed of a sandwich-like structure with PDMS-coated Te structures in 
the center. The device exhibits fully flexible mechanical performance, reaching an 
open-circuit voltage and a closed-circuit current of 3 V and 290 nA during periodic 
bending tests. 
 
 
Nanoscale tellurium in ion detection and removal 
 
Contamination for heavy metals is a serious concern that environment researchers are 
trying to solve. From all the heavy metals, probably mercury is the most dangerous 
element to human health. Different concentrations of this inorganic element can be found 
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in rivers, potable water, and industrial effluents, leading to different degrees of toxicity 
(Nolan and Lippard 2008). Te and Hg have a strong hybridization and can undergo a 
galvanic replacement reaction that induces the dissolution and aggregation of Te in the 
presence of mercury ions. In line with this fact, Huang et al. reported a pure gel-based 
membrane composed of TeNT and agarose gel for the effective detection and removal of 
mercury ions (C.-W. Wang et al. 2013). They took profit of the high surface area of the Te 
nanostructure and the strong hybridization between both elements (C.-W. Wang et al. 
2013). A detection limit of about 10 nM for the Hg2+ ion was found (C.-W. Wang et al. 
2013), which is the maximum allowable level of Hg in potable water. Moreover, 
compared with other metal ions, the Te-based membrane responds selectively toward 
Hg2+ by a factor of 100 (Khayat and Dencker 1984; C.-W. Wang et al. 2013) 
 
Nanoscale tellurium in batteries 
 
Rechargeable Li-ion batteries consist of lithium ions going in the direction from negative 
to positive electrode during discharge and reverse when charging. They have applications 
in modern consumer electronics and even in electric vehicles. However, the quickly 
increasing demand and the need of advancement in the field -particularly for low cost 
energy storage- cells for batteries with enhanced energy/ power density and superior 
cycling with trustful stability (Qifeng Zhang et al. 2013).  
 
Lithium–chalcogen batteries with high theoretical specific energy are treated as the most 
promising candidates, but they still face challenges, such as the low electrochemical 
performance and poor cycling stability. Compared with S or Se, Te has a higher material 
density (6.24 g cm-3) and higher rate capability due to its high electronic conductivity 
(200 S m-1), which turned it into a suitable candidate.  
 
In 2017, He et al. used a nanoporous structure based on a metal-organic framework 
(MOF) composed of cobalt and nitrogen codoped carbon polyhedra (C-Co-N) which was 
generated and applied as tellurium host for Li-Te batteries (J. He et al. 2017). Results 
showed increasing cycling stability with superior capacity retention of 93.6%, and ∼99% 
coulombic efficiency after 800 cycles.  
 
Besides, it is known that pure Te is reported to decay quickly without carbon support with 
a significant volume change (Zhong et al. 2014). The combination of Te nanostructures 
with carbon nanomaterials increases the reaction area due to the high aspect ratio. An 
superior mechanically reduced Te/C nanocomposite electrode material was created with 
elevated energy density, excellent cyclability, and quick rate capability. The 
nanocomposite electrodes could be properly used as as both cathode or anode in Li-Te 
secondary batteries or in rechargeable Li-ion batteries respectively (Seo, Seong, and Park 
2015). Besides, binder/collector free Te cathodes for high-energy Li-Te batteries have 
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been prepared via a hydrothermal carbonization process (J. Xu et al. 2016).  
 
Nanoscale tellurium for gas sensing 
 
Elemental Te shows a significant gas response at room temperature, especially for 
nitrogen dioxide (NO2) (M. Zhang et al. 2012) carbon monoxide (CO) (Tsiulyanu, 
Marian, and Liess 2002), ammonia (NH3) (Becher et al. 2015), and hydrogen sulphide 
(H2S) (Sen et al. 2006), among others, which allows the fabrication of gas-sensitive 
devices of small size but with high sensitivity. The sensitivity to these gases depends 
mainly on the microstructure of tellurium, film thickness, and the environmental 
conditions.  
Tsiulyanu’s group reported that the sensitivity of Te films strongly increases with a 
decrease in film thickness (Tsiulyanu et al. 2005). They also showed that there exists an 
inverse relationship between conductivity and film thickness, especially noticeable when 
the thickness is on the nanometer scale. The effect of the surface grain boundary at low 
thickness is the main reason for this behavior. As a consequence, they reported that when 
the thickness of the film is decreased, the film conductivity is decreased as well. 
Therefore, there will be a stronger sensitivity.   
 
H Park et al. reported a method of synthesis with controlled size, morphology, and 
crystallinity for large and hollow tellurium nanofibers showing an outstanding 
performance as NO2 sensor at room temperature (H. Park et al. 2013). Similarly, Kumar’s 
group reported the use of different tellurium nanostructures for NO gas sensing. TeNT on 
Ag templates were prepared, showing an enhanced detection of NO compared to other 
gases like H2S or NH3. There was a significant improvement in terms of selectivity 
response to NO in comparison with previously known Te thin film sensors (Kumar et al. 
2009). 
  
Sen’s group also reported the response of Te films toward H2S gas, that showed 
sensitivity toward 0.1 ppm of the gas at RT (Sen et al. 2006). It was shown that the 
response time decreased with an increase in gas concentration and took nearly 5 min at a 
concentration of 1 ppm, while the recovery time showed the contrary tendency, taking 
nearly 20 min under the same conditions. This response allows for the potential 
development of H2S gas sensor. Sen’s group also reported a sensor based on Te film, 
produced through a vacuum evaporation process, which showed high sensitivity for NH3 
(Sen et al. 2004). The study showed an increase on the resistance of the Te films due to 
the exposure to NH3 and, at concentrations lower than 100 ppm, the response of the film 
is shown to be linear.  
 
 
Nanoscale tellurium as a doping agent 



 42

 
Element doping is a technique in which an intentional introduction of impurities is done 
into another material of high purity with the purpose to modulate several of its properties. 
It is an usual technique in semiconductor production, with the aim to change electrical 
optical and structural properties of the material (X. Chen et al. 2005). Te has exhibited 
wide applications in the metallurgy industry, while nearly 80% of the metalloid was 
consumed for industrial use (Sznopek 2006). As it was discussed in a previous section, 
the addition of Te into steel and Cu produces an alloy with better machinability and 
enhanced mechanical properties, while in Pb alloy, the addition of the metalloid improves 
its strength and durability, decreasing the corrosive action acids such as H2SO4 (Guo et al. 
2009). 
Therefore, tellurium is often selected as the dopant for the production of multicomponent 
materials for optimization properties. The reason behind it is because the metalloid has a 
large atomic radius, a heavy atomic mass, and a narrow band gap structure. As a 
consequence, the doping of Te mainly shows a great synergistic effect in applications in 
thermoelectric devices (Liang, Su, et al. 2014), photoconductive systems (Avidan and 
Oron 2008) and in the enhancement of conductive properties (Tang et al. 2010).   
 
Z. Zhang et al. showed the synthesis single crystals of tellurium nanostructures doped 
with black phosphorus (Te-doped BP) with superior crystalline quality, generated by a 
process of chemical vapor transport (Z. Zhang et al. 2018). They studied for the first time, 
the properties of electrocatalytic oxygen evolution reaction (OER) of few-layer nanosheet 
made of Te-doped BP and synthetized by a process of liquid exfoliation. 
 
The metalloid has also been used as doping in copper-silver-selenium-tellurium alloys for 
higher thermoelectric properties (Qiu et al. 2015), while Te doping in amorphous 
selenium for increased photo-generation efficiency has been reported (W.-D. Park and 
Tanioka 2014). Tao et al. reported the use of tellurium as doping palladium, small 
concentration of the metalloid could selectively convert CO2 to CO with a low 
overpotential, improving the catalytic properties of the material (Tao et al. 2018). 
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Figure 6. (A) Comparative relation between dark and illuminated (150 W halogen lamp) 
I − V curves. Top inset: SEM image of an Au-Cd0.42Te0.58-Au nanowire, EDS data 
showed the multi-component structure of the nanowires. Bottom inset: SEM image of a 
single Au-Cd0.42Te0.58-Au nanowire connected to microelectrodes via Pt-deposited 
films (Hackney et al. 2010); Energy profiles for the synthesis of H2O2 on Pd3Te1/Pd(111) 
surface (B) and representation of the lower (green) pathway (C). Blue, brown, red, and 
white spheres are Pd, Te, O, and H atoms, respectively (Tian et al. 2017); The schematic 
diagrams of the fabrication process and general characterization of the TFNG device (D) 
and schematic of the process for fabricating the TFNG devices (E) (Wen He et al. 2017); 
(F) Schematic representation for crystallographic transformation during cycling (blue: Te 
atoms, red: Li atoms) (Wen He et al. 2017); TEM images of multi-crystallite PtTe2 NPs 
generated after the annealing process (G) (Fernández-Lodeiro et al. 2017). 
 
9. The biological role of tellurium 
 
Despite the previously described diversity and reactivity of tellurium compounds, the rare 
metalloid is having trouble to find its position as an essential agent in biology. Living 
organisms and biomolecules try to avoid the presence of the metalloid in their 
mechanisms and actions with feasibility. However, a few examples of the interaction of 
the element and different organisms can be found in nature.   
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Tellurium in bacteria 
 
Some microorganisms have the ability to proliferate in the presence of the main tellurium 
salts in nature -tellurate and tellurite-. These living microorganisms can generate 
elemental tellurium, insoluble Te0, which does not exhibit any risk for the biological 
activity of the organisms by a process of reduction of both anions (Ogra 2009). Therefore, 
tellurium-resistance can be commonly related to reductive processes. Interestingly, these 
metabolic transformations are related to existing mechanism based on selenium 
metabolism. A remarkable example is H2Se, a compound that is naturally generated from 
SeO3

2- via selenodiglutathione (GSSeSG) enzyme. The hypothesis now came into action: 
there is an existing possibility that tellurium ‘skyjacks’ the metabolic route related to 
selenium, and therefore H2Te is produced in a similar manner. As a consequence, 
tellurodiglutathione (GSTeSG) might be found there, nonetheless has not yet been 
reported in the metalloid metabolism (Olm et al. 2009). In line with this, Bajaj and Winter 
reported that selenite reducing heterotrophic non-halophilic aerobic bacteria could 
successfully reduce tellurite anion and, therefore, produce the elemental form, which do 
not present any toxicity associated, hence generate extracellular nanospheres during the 
detoxification process (Bajaj and Winter 2014). They also showed that small quantities of 
selenite in the medium, which has less toxicity than tellurite, favors the bioreduction of 
tellurite leading to the generation of extracellular SeTe nanospheres.  
 
Tellurate and tellurite anions play a key role on the metabolism of some microorganisms, 
as they promote the growth of some specific bacteria by acting as electron acceptors in 
the respiratory chain. Therefore, some of these bacterial species have been reported, 
including Bacillus selenitireducens, Sulfurospirillum barnesii, and Bacillus beveridgei sp. 
nov. (Baesman et al. 2007), commonly extracted from deep ocean hydrothermal vent 
worms. The microorganisms showed the capacity of generate Te0 nanoparticles with a 
uniform distribution of size, as a result of growing in a medium with presence of hen 
grown with tellurate or tellurite anions, acting as terminal electron acceptors. 
 
Ramos-Ruiz et al. reported how a mixture of anaerobic microbes present in a 
methanogenic granular sludge had the ability to catalyze the reduction of both Te 
oxyanions with the aim to synthetize Te0 nanoparticles without the presence of sulfur in 
the media (Ramos-Ruiz et al. 2016). They discovered that the redox mediators and 
electron donors play a key role the morphologies and location of the metalloid NPs, 
hence the synthesis of these structures can be modified for any particular application. 
Alternatively, Presentato et al. reported the ability of the Gram-positive bacteria 
Rhodococcus aetherivorans BCP1 cells showed the capacity to generate Te 
nanostructures as NR or NP through the bioconversion of TeO3

2- based on the oxyanion 
initial concentration and time of cellular incubation (Presentato et al. 2018). Pugin and 
colleagues used a common biochemical strategy to look for an innovative telluride 
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reductase present on an Antarctic bacteria Pseudomonas sp. strain BNF22 with the aim to 
generate tellurium nanosystems (Pugin et al. 2014). They identified a new tellurate 
reductase as glutathione reductase, which was consequently produced in higher quantities 
by Escherichia coli. The characterization of this enzyme demonstrated that the tellurite 
reductase was NADPH-dependent. 
 
Tellurium in fungi 
 
In the case of fungi, biovolatisation – a process where a dissolved sample is vaporized by 
a living organism- have a pivotal function in the elimination of tellurium. Analogous to 
selenium compounds present in nature, specific fungal species are capable of digesting 
tellurium structures by biomethylation, which results in (CH3)2Te, a highly toxic and 
volatile compound which is continuously eliminated from the system (Chasteen and 
Bentley 2003).  
 
Recently, Abo Elsoud et al. studied tellurium myconanoparticles. Six fungal isolates were 
analyzed for their capacity of reduction of tellurium from K2TeO3 to elemental NP (Abo 
Elsoud et al. 2018). They reported that the most likely fungal isolate was Aspergillus 
welwitschiae. Special conditions, such as free-sulfur medium containing sodium tellurite 
deposited in the soil, tellurium-containing amino acids (tellurocysteine, tellurocystine and 
telluromethionine) and also proteins are generated. These pathways are largely known for 
selenium, but the ability of incorporation of the metalloid to these mechanisms has just 
started to be documented. For instance, Ramadan and colleagues reported that Aspergillus 
fumigatus, Aspergillus terreus, and Penicillium chrysogenum can grow on a medium free 
of sulfur mended with 0.2% (w/v) tellurite (Ramadan et al. 1989). Tellurium was 
incorporated into different kinds of proteins with low and high molecular weight. These 
novel detected tellurium- containing proteins had a remarkably elevated level of tellurium, 
as well as telluro-cysteine, -cystine, -methionine, and -serine. 
 
Tellurium in plants 
 
For instance, plants show high variability in the levels of the metalloid that they can stand, 
depending on factors such as the presence of the element in the soil or the surrounding 
environment. Samples all over the world have shown that there is an extremely low 
abundancy of the metal in the surface of the planet, estimated around 0.027 ppm (Ba et al. 
2010). Cowgill et al. reported, after extensive research with more than a thousand 
samples from different locations in the US, that plants that are recognized to collect 
selenium were capable of doing the same with tellurium up to concentrations of nearly 1 
ppm (Cowgill 1988).  
 
Anan et al. wanted to show the metabolism of Te in plants and they decided to choose as 
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a plant model, garlic due to its recognized Se accumulation. Garlic was grown in aquatic 
media and exposed to sodium tellurate (Anan et al. 2013). The use of HPLC coupled with 
inductively coupled plasma mass spectrometry (ICP-MS) allowed the identification of 
metabolites that contained tellurium in the aqueous extracts of garlic leaves. They 
discovered two metabolites: Te-methyltellurocysteine oxide (MeTeCysO) and cysteine 
S-methyltellurosulfide. Therefore, it was shown that telluroamino acid is synthesized in a 
higher plant for the first time. 
 
Therefore, it was hypothesized that despite the unknown role of tellurium in the 
biochemistry and biology of these species, it could be detoxified using the normal routes 
of selenium, with the aim to remove it from polluted areas, allowing a proper 
development of the plant. These tellurium phytoremediation was stated to happen via 
different routes, such as phytoextraction, rhizofiltration, phytodegradation, 
phytostabilisation or phytovolatilization (Babula et al. 2008).  
 
Tellurium in human biology  
 
Tellurium-related metabolism and toxicity in humans has not been extensively studied, 
hence there remain many unknowns that should be addressed. Probably, the lack of 
information and research around human toxicity is because tellurium has hardly been 
used on an industrial scale, hence with a low impact profile in society. Therefore, its 
toxicity and related concerns are related to the academic environment. Nevertheless, this 
is about to change, and rapidly. Tellurium is now present in daily goods, through both 
intentional application and contamination. Consequently, society is becoming more and 
more exposed to the element.  
 
A critical remark should be stated from the beginning: tellurium and its compounds are 
rather known as toxic; therefore, they have largely been treated as not suitable for drug 
development due to this early relationship with toxicity and different undesired effects on 
humans. Certainly, researches until the 19th century showed that the ingestion of 
tellurium-containing compounds, such as TeO2 or tellurite, generated breath with a 
“disagreeable garlic-like odor” associated with both humans and animals. More severe 
clinical manifestations may appear including a metallic flavor, sickness and vomiting 
(Yarema and Curry 2005). Clinical reports of two children with tellurium-containing 
solution ingestion were reported. Clinical features included vomiting, black discoloration 
of the oral mucosa, and a garlic odor breath. No sequelae were found on the patients, 
which is common on tellurium-associated toxicity. 
 
No toxicity has been generally applied to tellurium. Nonetheless, there are effects 
specifically related to some tellurium compounds depending on the chemical structure in 
which the metalloid is present. For instance, inorganic and organic tellurium compounds 
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do not behave the same inside the body. Besides, the oxidation state has a strong 
dependence on its biochemistry. Consequently, organotellurium compounds with 
moderate degree stability on the Te-C bonds are usually treated as less toxic in 
comparison to inorganic Te compounds (Cristina W. Nogueira, Zeni, and Rocha 2004). 
  
How can tellurium enter in the biology of a living human being? Direct oral intake of 
tellurium compounds has been reported to cause acute or chronic poisoning. Another way 
to consider is that the inhalation of Te-dust can penetrate the body through the lungs. 
Once tellurium compounds enter in the body, they can generate toxicity in different ways, 
mainly by strong interaction with proteins and enzymes that contain cysteine. Various in 
vivo studies performed in rats and mice utilizing compounds such as tellurite, showed, for 
example, that intake of TeO3

2- provokes transient demyelination of peripheral nerves as a 
consequence of the repression of squalene epoxidase (squalene monooxygenase), an 
enzyme that uses NADPH and molecular oxygen to oxidize squalene to 
2,3-oxidosqualene (squalene epoxide). Nogueira and colleagues realized that diphenyl 
ditelluride presented neurotoxicity in mice, which was in part related to the interaction of 
diphenyl ditelluride with the thiol groups of cysteinecontaining proteins and enzyme 
(Cristina Wayne Nogueira et al. 2001). The use of fiphenyl ditelluride (DPDT) and 
tellurium tetrachloride (TeCl4) for toxicity in transformed (HT-29, Caco-2) and 
non-transformed colon cells (CCD-18Co) was evaluated as well (Vij and Hardej 2012). 
Notable rise in caspase 3/7 and 9 performance were detected with DPDT leading to 
apoptosis. No miningful increases in caspases were seen with TeCl4 leading to necrosis. 
These caspases, cysteine-aspartic proteases, are a family of protease enzymes that play a 
pivotal role in programmed cell death and inflammation.  
 
The chemistry of sulfur and tellurium might have an explanation for biological toxicity 
related to tellurium materials. Nonetheless, the high affinity of tellurium to selenium is 
related to some biochemical activities of the metalloid inside the body. Therefore, another 
motive of tellurium toxicity can be associated with the binding between tellurium 
compounds and selenium that can be found in some selenium proteins and enzymes, 
causing significant toxicity for human cells. As a consequence, it has been hypothesized 
that tellurium compounds are more likely to bind with selenium than sulfur since it 
exhibits a some specificity for cellular Se proteins (Garberg et al. 1999). Additionally, 
undesired interactions between Te compounds and S- and Se-containing biomolecules 
may have severe consequences. Interestingly, tellurium compounds can weaken the cell’s 
antioxidant defense at the same time that actively produce reactive oxygen species (ROS). 
These ROS are related to different molecules such as super-oxides, hydrogen peroxide or 
ozone (Nathan and Cunningham-Bussel 2013). Tellurium – as similar metalloids and 
metals – induces the overproduction of these species that generate mitochondrial 
dysfunction, and as a consequence, the cells die due to a process of apoptosis – 
self-programmed death – (K. S. Kim et al. 2015; Brenneisen and Reichert 2018). For 
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instance, the antibacterial activity presented in tellurium nanowires was explained due to 
the generation of ROS in a dose-dependent amount (Chou et al. 2016).  
 
Despite all the mechanisms of tellurium toxicity, the human body is capable of digesting 
and eliminating tellurium. However, the specific metabolic pathway is not totally 
understood yet. Again, it seems to resemble selenium’s pathways. As previously stated, 
tellurium might ‘highjack’ the metabolic routes that are commonly used for the other 
chalcogens. After the intake of tellurite and tellurate, the anions are transformed to 
telluride, probably via GSTeSG and Te(0), generally considering chemical processes 
rather than enzymatic ones. Once it reaches the liver, telluride is involved in a process of 
methylation, causing the generation of two compounds: dimethyltellurium ((CH3)2Te) 
and trimethyltellurium ((CH3)3Te+). These methylated species are possibly the most 
abundant forms of tellurium in circulation, generally found in the kidney and then 
recirculed to the spleen and the lungs. Finally, tellurium is eliminated through the urine 
(mostly as ionic, polar (CH3)3Te+) and also via the breath, mostly as volatile (CH3)2Te 
(Feldmann and Hirner 1995). 
 
In the line of these findings, Kron, Hansen, and Werner decided to investigate the 
metabolic behavior of tellurium in humans (Kron, Hansen, and Werner 1991). Therefore, 
tellurium in various structures was administered perorally to healthy male human 
volunteers in the form of sodium tellurate, sodium tellurite, metallic colloid and 
intrinsically bound in cress. After the administration, the urinary excretion of tellurium 
was determined. From the cumulative tellurium elimination in the first four days after the 
administration, a percentage intestinal absorption of 25% +/- 10% for soluble tellurium 
salts was calculated. They reported that renal tellurium excretion is faster after 
administration of hexavalent tellurium than after the tetravalent form. This can explain 
the higher toxicity of the tetravalent tellurium compounds found in animal experiments. 
Other species such as dimethyltellurium can also accumulate in red blood cells. This 
circumstance has been researched in rats, where (CH3)2Te bound to haemoglobin has 
been observed. Elevated concentrations in the spleen have been related to the 
accumulation of such tellurium compounds in red blood cells. 
 
Although different research into tellurium nanostructures have demonstrated the 
reduction of toxicity in comparison to the bulk material, these compounds can still have 
some problems associated to their nanometric size as they tend to accumulate in the body 
and cause cytotoxic effects that may compromise their effectivity as biomedical agents. 
Therefore, there is still a need to find a complete explanation of the different mechanisms 
and applications. This particular element may offer in the biological field.  
 
 
10. Tellurium nanomaterials for biomedical applications 
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As primarily known, and previously commented, the biological role of Te bulk 
compounds is relatively limited due to the high toxicity involved and to the lack of study 
on the matter (A. Taylor 1996). Nevertheless, in his nanoscale form, Te has shown 
promising applications in the biomedical field, such as antibacterial [29], antifungal 
(Zonaro et al. 2015), anticancer (C. D. Brown et al. 2018) and imaging (Na et al. 2010) 
applications. Therefore, tellurium nanomaterials are presented as a new field of 
investigation for their use in biomedicine and, as an alternative of other well-known 
metallic NP that have been present in the field for a long time, like Au or Ag (Ba et al. 
2010). 
 
 
Nanoscale tellurium as an antimicrobial agent  
 
Tellurium has been largely known for its cytotoxic properties. Indeed, toxic tellurium 
agents were already known at the beginning of the 20th century. In the pre-antibiotic era, 
tellurite was used as an antibiotic, inhibiting the growth of many microorganisms (Turner, 
Weiner, and Taylor 1999). Tellurite was used in the research field as an antibiotic 
nonetheless not used to treat infections in humans. It was on 1932, when Sir Alexander 
Fleming brought into comparison the antibacterial properties of penicillin and tellurite 
and could be generally observed that penicillin-insensitive bacteria were also 
tellurite-sensitive and in the other way around. Fleming reported the antibacterial 
capacity of tellurite ions (Fleming 1932), and since then TeO3

2− has been utilized 
constantly to isolate tellurite-resistant strains as Escherichia coli O157 (Chapman et al. 
1991). Nevertheless, in those days, issues like tellurium toxicity and possible selectivity 
were not contemplated 
 
With the rise of the antibiotic era, tellurite was not the most promising candidate, a trend 
that has persisted to today. Different synthetic tellurides have been found to be toxic 
when in contact with cells or animal models. Recently, antimicrobial resistance (AMR) 
has become one of the main concerns in the healthcare system (Ventola 2015), leading us 
to the threat of a post-antibiotic era. New cases arise every day, as data from the Centers 
of Disease Control and Prevention (CDC) showed that there are more than 23.000 
death/year as a consequence of antimicrobial resistance infections, thus situating AMR as 
one of the leading causes of death in the USA. Different metals, such as silver or zinc, 
have been largely recognized as powerful antibacterial agents in bulk towards both 
Gram-negative and positive bacteria (Webster and Seil 2012). Moreover, and thanks to 
the use of nanotechnology - and to the high surface to volume ratio that nanomaterials 
present - new materials present antimicrobial activity, and therefore can be used as 
potential solutions to the AMR crisis (L. Wang, Hu, and Shao 2017). 
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Some tellurium bulk compounds showed antibacterial properties in a range of bacterial 
strains, for instance, Tellurium AS101 – an organocompound – showed potential 
antibacterial activity against the species Enterobacter cloacae (Daniel-Hoffmann, Sredni, 
and Nitzan 2012). In addition, many other tellurite compounds were used during the 20th 
century as bactericidal agents. Nevertheless, the toxicity associated with metallic 
tellurium discourage their use. Notwithstanding that, as said beforehand, the application 
of nanotechnology allowed the employment of this material as a novel antimicrobial 
agent with low cytotoxicity associated (Figueroa et al. 2018).  
 
Distinct structures – from nanocrystals to nanowires and nanoparticles – have been tested 
showing a common antibacterial behavior against a broad spectrum of bacteria (Z.-H. Lin 
et al. 2012). For instance, tellurium nanostructures were synthesized using enzymes 
showing antibacterial activity against S. aureus and E. coli (Pugin et al. 2014). In a 
similar study, Zare’s group reported how Bacillus sp. BZ, extracted from the Caspian Sea 
in northern Iran, showed the capacity to generate elemental tellurium nanoparticles. The 
nanorods demonstrated bactericidal effect over different bacteria such as Salmonella 
typhi and Pseudomonas aeruginosa (Zare et al. 2012). Besides, TeNP produced by 
physicochemical approaches also presented antibacterial activity on E. coli, P. aeruginosa 
and Acinetobacter baumannii (Jassim et al. 2015). Similarly, TeNR obtained through an 
environmentally-friendly hydrothermal approach showed antibacterial activity against 
antibiotic-resistant bacteria such as Methicillin-resistant Staphylococcus aureus (MRSA) 
and Multi-drug resistant (MDR) Escherichia coli in a large variety of concentrations (C. 
D. Brown et al. 2018).  
 
Although there is not a strictly predetermined mechanism, it has been primarily 
hypothesized that the antimicrobial properties may be mainly related to the production of 
ROS or metal – ion release mechanisms (Slavin et al. 2017). The metal – ion release 
mechanism is applied when nanoparticles are in solution, as it is known they tend to 
dissolve and release ions; these ions can interact with the bacteria and penetrate the walls, 
generating toxicity that ends in cell death (Slavin et al. 2017; Dutta et al. 2011) 
 
In summary, tellurium nanomaterials have proven to be powerful antimicrobial agents 
and an alternative solution to the widespread use of antibiotics in a number of different 
structures and mechanisms of synthesis. Nonetheless, the future prospect of tellurium 
nanostructures as antimicrobial agents is largely undiscovered but is most likely to be 
focused on finding novel structures with low cytotoxic effects associated and establishing 
a common mechanism for the antibacterial behavior (L. Wang, Hu, and Shao 2017). 
 
Nanoscale tellurium as an anticancer agent 
 
The American cancer society defines cancer as a conjunction of more than 100 diseases 
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that are characterized by the abnormal and overgrowth of cells in different parts of the 
body such as lungs, breasts or blood. The number of cases reported each year lead to an 
ever-growing concern over this disease. Different studies suggest that in 2018, more than 
20 million people would suffer some variant of cancer and, as a consequence, 
approximately 10 million people would die (Bray et al. 2018). Due to poorly lifestyles 
and environmental quality, cancer is estimated to be a rising problem in the future years 
(Boini et al. 2004). 
 
Nanomaterials have been suggested as an alternative to the well-established treatments 
for cancer such as chemotherapy (Shewach and Kuchta 2009), radiotherapy (Baskar et al. 
2012) and surgery (Benjamin 2014) as a potential solution to overcome some significant 
drawbacks (Nakamura 2018; Ramirez et al. 2009) and the increasing resistance to 
chemotherapy drugs (Housman et al. 2014). As a result, these traditional treatments 
would no longer be effective and will end in an increasing death patient (Sredni 2012).  
 
A variety of tellurium organo-compounds – such as AS101 or Octa-O-bis-(R,R)-tartrate 
ditellurane (SAS) – have been reported as potential anticancer agents (Daniel-Hoffmann, 
Sredni, and Nitzan 2012; Sredni 2012) by their capability of inactivating enzymes that 
compromise tumor surveillance (Silberman et al. 2016). In addition, and in order to 
enhance the performance of tellurium compounds as anticancer agents, new 
nanomaterials have recently emerged in different sizes and morphologies, although still 
in a reduced number. In one such study, tellurium nanorods synthesized using 
hydrothermal processes and coated with PVP showed in vitro anticancer properties on 
melanoma cells with low cytotoxicity for human dermal fibroblast cells (C. D. Brown et 
al. 2018) 
 
Similar to the level of understanding existing of these nanostructures’ antimicrobial 
properties, the mechanisms of action of these nanostructures are not clearly defined or 
fully researched. At first sight, the process of oxidation and later repression of cysteine 
proteins and enzymes can be treated as a drawback, it can present diverse profits. The 
oxidation of cysteine residues in proteins is considered an effective and therefore 
selective mechanism, by which it can target successfully the majority of the reactive 
residues. This knowledge is the foundation for an innovative field in anticancer 
investigation of tellurium compounds. Redox modulators, also known as ‘sensor/effector’ 
agents (Fry and Jacob 2006), are based on the mixture between high activity and 
chemical selectivity with the aim to detect cancerous cells above healthy ones and 
therefore and selectively end with these cells without causing severe damage to healthy 
ones. Investigations done along the last two decades demonstrated that a high number of 
cancerous cells reproduce in conditions of oxidative stress (OS), i.e., in the presence of 
elevated levels of ROS and an impaired antioxidant defense. By further controlling this 
disturbed redox balance, exist the possibility to reach a critical level known as ‘redox 



 52

threshold,’ which unleash an apoptotic signal cascade that finally end with cancer cell 
death. The concentration of ROS (and other stressors) are generally low in healthy cells, 
they are less affected by these mechanisms (X.-F. Zhang et al. 2016). Hence, it seems that 
the catalysts in question ‘identifies’ or ‘sense’ a particular ‘biochemical signature’ of OS 
in cancer cells and generate their effects in consequence. 
 
Therefore, tellurium-based catalysts with glutathione peroxidase (GPx)-like activity have 
a significant impact in the anticancer field. As an example, a fairly selective activity of 
2,3-bis(phenyltellanyl)naphthoquinone studied in different cancer cell lines, such as 
HT29 and CT26 human colon cancer cells, that are particularly more sensitive to 
tellurium compound in comparison with normal cultured NIH 3T3 fibroblast cells. 
Comparable effects were observed in a model of human chronic lymphocytic leukemia 
(CLL). Significant reduction of cell proliferation was observed when CLL B-cells were 
isolated from patient blood were treated with 2,3-bis(phenyltellanyl)naphthoquinone. On 
the contrary, healthy B-cells extracted from identical patients and control peripheral 
blood mononuclear cells (PBMC) cells were considerably less affected. More detailed 
studies exposed that redox modulation is the explanation for the observed results. As a 
consequence, compounds such as 2,3-bis(phenyltellanyl)naphthoquinone have the ability 
to rise OS, with three possible mechanisms by producing ROS, by transforming less 
reactive ROS into more active species or by catalyzing the ROS-driven oxidation of 
proteins and enzymes (H. et al. 2005; N. M. Giles et al. 2003). The catalysis can be 
performed on either tellurium site or using other sites, like the redox-active quinone. 
 
With independence of the chemical and biochemical processes involving Te compounds, 
their cytotoxicity is considered more complicated and elaborated than thought beforehand. 
Late investigations suggest the feasibility of tellurium-agents to control the activity of 
particular apoptosis-inducing proteins in cancer cells and therefore trigger an antioxidant 
response in normal cells. The compound AS101 shows the biochemical complexity 
related to different tellurium agents. This compound particularly inactivates cysteine 
proteases by binding with and lately oxidizing the catalytic thiol to a disulfide. In 
addition, it participates in the inhibition of caspases and therefore down-regulating 
caspase-1 inflammatory products, such as interleukin-18 (IL-18) and IL-1b. 87 The 
up-regulation of glial cell line-derived neurotrophic factor (GDNF)is produced by direct 
inhibition of anti-inflammatory cytokine IL10, which at the same time provokes the 
associated cell survival pathways (Carmely et al. 2009). 
 
With time, different vinyl tellurium compounds have been applied as therapeutic agents, 
which in turn can inhibit cysteine proteases, alike AS101 (Cunha et al. 2009). The 
compound RT-04, as an example, inhibits principally cathepsin B and hence it is capable 
of inducing apoptosis in HL60 cells without toxic effects observed in normal bone 
marrow cells. Materials surrounding these and comparable compounds offers as a huge 
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field for future investigations so as to the production of further complex—tellurium 
agents. 
 
Besides those mechanisms, hyperthermia - which describes the self-destruction of the cell 
if temperatures higher than 43C are applied - is also considered for developing powerful 
cancer treatment (Luk, Hulse, and Phillips 1980; Ahmed and Zaidi 2013). For example, 
due to their optical properties, tellurium nanoparticles can be excited using near-infrared 
light with high throughput (Ma et al. 2018). Thus they can be used as a target to induce 
hyperthermia in tumors. As an example, tellurium nanorods were tested on a variety of 
cancer lines - such as hepatocarcinoma and melanoma - as well as healthy vascular 
epithelial cells; the results showed significant anticancer effect with low cytotoxicity and 
no modification on the morphology and size of the nanostructures after treatment (W. 
Huang et al. 2017). 
 
Future studies on anti-cancerous properties of tellurium nanoparticles are necessary and 
should strive to elucidate the unknown mechanisms of cell interaction of these novel 
nanoparticles. Moreover, further research including the optimization of the sizes and 
morphologies of various created tellurium nanostructures is required for discovering 
potential applications. In addition, extensive in-depth cytotoxicity studies would allow us 
to comprehend the vast utility of these compounds in human therapeutic applications (Y. 
Huang et al. 2017). 
 
 
Nanoscale tellurium as an imaging agent and a biological marker 
 
The imaging of tissues and organs have become a vital tool for accurate medical 
diagnostics and research in the medical field (Iglehart 2006). Imaging comprehends 
different techniques such as computed tomography (CT) (Garvey and Hanlon 2002) – 
based on the use of X-Ray - and magnetic resonance imaging (MRI) (Grover et al. 2015) 
- based on the phenomenon of nuclear magnetic resonance (NMR) –both allowing for the 
visualization of components in the body for further diagnosis of diseases. Even though 
these techniques have been well established, they suppose a high economic impact 
(Picano 2005) and new materials for screening diseases have been found in the last years 
coming from the use of nanotechnology (Toy et al. 2014).   
 
One of the advantages of using nanomaterials is that they could be novel contrast agents 
for the use in imaging techniques, as they are designed to interact with parts of the body 
selectively, consequently, they give accurate responses and improved images (Murthy 
2007). Their unique physical properties allow for tuning their characteristics and for 
adapting to the desired configuration in order to obtain a high throughput (Smith and 
Gambhir 2017). For instance, they can be used as multi-model imaging tools (Leary and 
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Key 2014) – for doing more than one imaging technique at a time -, or to target specific 
compounds such as macrophages (Weissleder, Nahrendorf, and Pittet 2014). Another 
important key to be used in vivo is their biodistribution, related to the low cytotoxicity to 
human cells and the ability to be eliminated using renal or hepatic ways (Choi and 
Frangioni 2010). Consequently, there is a vast variety of materials that provide imaging 
response (Nune et al. 2009), such as iron oxide nanoparticles (MIONs) used for MRI as 
powerful magnetic nanoparticles (Shen, Wu, and Chen 2017) or gold nanoparticles for 
CT specific tumor-targeted imaging (Popovtzer et al. 2008). 
 
 
The different physical, chemical and especially spectroscopic characteristics of the 
metalloid have brought into attention the chance to use it as a useful biological marker. It 
is well known that the chemistry of the element somewhat resembles that of sulfur, the 
reason why it might be possible to included it into amino acids like cysteine and 
methionine (X. Liu et al. 2009). Intriguingly, the presence of compounds such as 
telluromethionine in the medium have result into the naturally addition of tellurium into 
methionine and consequently into proteins and enzymes. The modification of light S for a 
heavier element such as Te have potential benefits, as an example in terms of protein 
structural studies using X-ray crystallography. It has been largely reported that selenium 
can be introduced biologically in form of selenomethionine nonetheless, it is only able to 
contribute to certain protein structure information by the multi-wavelength anomalous 
dispersion (MAD) methodology. On the other hand, as it is heavier than the other 
elements, tellurium is able to provide clear signals. The increasing benefits of using Te as 
labeling agent cover the suitableness of the labeling methodologies, selective labeling at 
the methionine sites, the stability of telluromethionine, elevated isomorphism with the 
parent molecule, and—from a crystallographic point of view—high phasing power, 
relative abundance and mobility of target sites. Further investigations on the labeling field 
can lead to surprising discoveries. 
 
At the beginning of the 1980s, Knapp, Kirsch, and collaborators produced a variety of 
fatty acids which contained different forms of tellurium, along with the radioactive 
123mTe isotope. These compounds were largely investigated in rats and dogs. The 
presence of tellurium in the fatty acids provoked their difficult metabolization, and the 
results showed they were ‘stopped’ in the myocardium (heart muscle) (Knapp and 
Ambrose 1980). Some possible applications of this technology can be in the field of 
nuclear imaging or medicine as the Te-containing fatty acids can accumulate in particular 
organs, and therefore be used for diagnosis of heart and pancreatic diseases (Okada et al. 
1982). 
 
Nonetheless, quantum dots (QDs) are considered a reference for biomedical applications 
of nanomaterials. QDs are fluorescent semiconductor nanoparticles with size-dependent 
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emission of light, with a broad absorption and narrow emission spectra band (Valizadeh 
et al. 2012). These novel materials are employed in bioimaging: they present a core and a 
shell structure composed by semiconductor materials, therefore, in here is where 
tellurium plays its major role (Barroso 2011). Here, the different of fluorescent tellurium 
particles are not only formulated as CdTe, but also like CdSeTe, CdHgTe and CdTe/ZnTe, 
each of them showing its own biological profile (L. Chen et al. 2009; Bailey and Nie 
2003).    
 
P. Xu et al. researched innovative fluorescent nanocomposites based on gambogic acid 
(GA) and cadmium–tellurium (CdTe) QDs. The incorporation of cysteamine in the 
structure was designed with the aim of use them for cancer labeling and combined 
treatment (P. Xu et al. 2013). Furthermore, other structures of CdTe QDs allowed the 
direct imaging of human serum proteins. Alternatively, Hui Peng and colleagues 
developed an easy one-pot approach for the synthesis of Gd-doped CdTe QDs in aquatic 
media as fluorescence and magnetic resonance imaging dual-modal agent, showing a 
close size distribution and average dimensions about 5 nm (C. Jiang et al. 2016). Mason 
RP et al. configured and prepared red CdTe and NIR CdHgTe QDs for fluorescent 
imaging (J. Zhang et al. 2008). They demonstrated the fluorescent imaging by utilizing 
CdTe and CdHgTe QDs as fluorescent probes both in vitro and in vivo. Their results gave 
sensitive detection over background autofluorescence in tissue biopsies and live mice, 
making them suitable probes for in vivo imaging for deep tissues or whole animals.  
 
There is no report on the literature demonstrating TeNP with imaging properties in spite 
of the QDs structure. However, there is a strong belief that this metalloid can be used 
alone as a contrast agent due to the few reports on bulk tellurium materials. such as Te- 
123m-labeled 23-(isopropyl telluro)-24-nor-5 alpha-cholan-3 beta-on (Knapp and 
Ambrose 1980) or tellurium-123m-labeled-9-telluraheptadecanoic acid (Okada et al. 
1982) for adrenal gland and cardiac imaging agent respectively. 
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Figure 7. Colony forming assay of (A) Escherichia coli and (B) f after 8 h treatment with 
PVP-coated tellurium nanorods. N = 3. *p < 0.01 in comparison to control (0 μg/mL 
concentration), **p < 0.005 in comparison to control (0 μg/mL concentration) (C. D. 
Brown et al. 2018); Effect of AS101 treatment on the testicular damage induced by 5 
weekly injections of 200 mg/kg cyclophosphamide (Cy) (n = 5). Histological sections of 
testis from mice injected with (C) phosphate buffered saline, (D) AS101, (E) Cy or (F) 
Cy + AS101. The cross-sections of Cy-treated mice were characterized by empty and 
atrophic seminiferous tubules, compared with the standard cellular content of the controls. 
In the Cy + AS101 group showed many tubules with undamaged spermatogenesis 
therefore with less severe damage associated (Carmely et al. 2009). 
 
 
 
12. Conclusions 
 
Tellurium has been known since the 18th century as a rare element of severe isolation. 
Despite its properties, that allow finding it useful for photoconductive, photothermal and 
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electronic applications, among others, many of its potential applications remain 
surrounded by uncertainty, especially in terms of bio-interactions. Widely used in the 
industry for enhancement of the properties of other materials, the research associated 
with the development of alternative ways to either produce or use it remains in a low 
profile. However, it seems like the future opens a broad range of possibilities to tellurium 
that, nowadays, remain as the forgotten element.  
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