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H I G H L I G H T S  

• Synthetic methods of telluride nanotubes have been reviewed. 
• Thermoelectric properties have been offered. 
• Water splitting ability has been presented.  
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A B S T R A C T   

Metal tellurides have been explored extensively just like their sulfide and selenide cousins due to their surface 
chemistry, quantum confinement and physical properties. Nanotubular metal tellurides are more promising in 
terms of their unique physics and chemistry. This review article presents synthesis of metal telluride nanotubes 
via hydro/solvothermal methods, electrochemical methods, chemical methods, microwave methods and com
bination processes. Thermoelectric applications, electrocatalytic activities for water oxidation and super
capacitive behavior of metal telluride nanotubes have also been discussed and compared with other materials.   

1. Introduction 

Properties of materials can be controlled by controlling the sizes and 
shapes. As the size decreases, surface to volume ratio increases which 
imparts hybrid properties to the materials. These hybrid properties are 
different from bulk properties of same chemical composition. Shape on 
the other end determines the facets (reaction sites). Type and number of 
atoms on those facets are different for different morphologies. Metal 
chalcogenides are the combination of electropositive elements and 
groups VIA elements (sulfur, selenium and tellurium). Oxides are 
generally not discussed with chalcogenides. Metal chalcogenides have 
been under immense investigation as a reciprocal of noble metal mate
rials such as platinum, rhodium, iridium, palladium and gold for device 
applications [1–6]. 

The fact that inorganic compounds can exist in the form of graphitic 
layers of formulae MX2 (M = W, Mo, Nb, Hf and X = S, Se) [7] was 
known well before the discovery of carbon nanotubes [8]. In these 
compounds metal atoms are sandwiched between two chalcogen atoms 
layers with coordination number four (trigonal pyramidal) or six 
(octahedral) [9]. When these layers are observed from c-axis, dangling 
pattern is observed due to the absence of one metal or chalcogen atom at 

the edge. These dichalcogenide layers cannot bend like graphite but can 
roll into curved shapes. However first synthetic attempt of inorganic 
nanotubes was published in 1992 [10]. 

Metal tellurides are the chalcogenides which consist of tellurium as 
electronegative element with different electropositive metals. Tellu
rium, selenium and polonium are metalloid whereas sulfur and oxygen 
are nonmetals in oxygen family (16 A group of periodic table). These 
characteristic properties of elements in 16 A group play an important 
role for structural dependent applications of metal oxides, sulfides, 
selenides and tellurides. Metal tellurides have been synthesized via solid 
state metathesis [11], solvo (hydro)thermal methods [12], colloidal 
nonaqueous synthesis [13] and microwave assisted methods [14]. Low 
temperature synthesis helps to synthesize polytellurides which improve 
the morphology and crystal structure. Soft synthetic chemistry is 
important for the fabrication of desired low dimensional tellurides. 
Keeping synthetic methods on one side, concentrations of reactants 
(metal and tellurium) also play vital role for different dimensions of 
tellurides. In case of metal rich tellurides, metal-metal bonding extends 
to three dimensional network whereas tellurium rich tellurides have 
tellurium-tellurium extended structures to produce low dimensional 
tellurides with anisotropic physical properties [15]. Transition metal 
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(TM) tellurides which exist as clusters have triangular, tetrahedral and 
octahedral motifs. Poly tetrahedral clusters are exhibited by group 7 and 
8 elements whereas poly octahedral structures are predominant for 
molybdenum tellurides (Mo6Te14) [16]. 1D motifs provide chains of 
PtTe2 ribbons or PtTe zigzags separated by alkali metals [17]. With 1D 
motifs, fused octahedral chains have been observed for K4Ti3Te9 [18], 
K2ZrTe3 [19] and CsTaTe3 [20]. In 1D motifs category, tetrahedral 
chains exist via vertex sharing (Ba2MnTe3 [21], Ba2CdTe3 [22] and 
Ba2HgTe3 [15]) and edge sharing (K2ZnTe2 [23], K2MnTe2, Rb2MnTe2, 
and Cs2MnTe2 etc.) [24]. Other two classifications with 1D motif are 
layers having TMTe4 tetrahedra (K2Cu5Te5) [25] with Te–Te bonds and 
TMTe6 octahedral layers (LiTiTe2, LiCrTe2 and NaCrTe) [26]. Due to 
large electronegativity of tellurium relative to sulfur and transition 
metals, its compounds are not electron deficient (except poly tellurides) 
and therefore low dimensional motifs prevail. 3D networks also exists 
(Ba3Cu13+xTe12 and Cs3Cu20Te13 and K4Ag8Te11) [27,28] but mostly 
they may be broken down to simple repeating 1D structural motifs [15]. 
Metal tellurides have shown interesting optical, electrical and thermal 
properties [29] but work in this domain on nanotubular morphology is 
seldom reported. 

Metal chalcogenides especially metal sulfides (copper sulfide [5,30, 
31], cobalt sulfide [32], nickel sulfide [33], zinc sulfide [34], manganese 
sulfide [35], cadmium sulfide [36] and silver sulfide [37]) and metal 

selenides (cadmium selenide [4], nickel selenide [2], copper selenide 
[3], iron selenide [38–43], manganese selenide [44,45] etc.) have been 
explored extensively with all the morphologies and sizes for water 
splitting, counter electrodes in solar cells, self repairable electrodes, 
thermoelectric properties, flexible electronics, fuel cells, photocatalysis, 
supercapacitors, chemical sensing and superconductivity. After such an 
extensive research, next logical goal was to check metal tellurides for 
same applications. Metal tellurides find applications in optoelectronics, 
photocatalysis, electrocatalysis and biology. Metal telluride nano
materials have been reviewed in detail by Deepika Jamwal et al., in 
2019 [29]. This review article discusses size controlled synthetic stra
tegies, substantial properties and some applications of metal tellurides. 
Another important review article by Hayati Mamur et al. covers the 
synthesis and thermoelectric applications of bismuth telluride. To the 
best of our knowledge there is no review article which covers nano
tubular morphology of metal tellurides specifically therefore in this re
view article we have covered all the synthetic approaches, applications 
and future horizons for this particular morphology. 

2. Synthesis of metal telluride nanotubes 

Metal telluride nanotubes have been synthesized over the years by 
using bottom up approach. Methods which have been used for synthesis 

Table 1 
Metal telluride nanotubes synthesized by different methods.  

Material Method Precursors Template Temp (◦C), 
time (h) 

Additives Ref. 

Ag2Te Hydrothermal Silver nitrate, sodium 
tellurate 

nil 120, 12 hydrazine, ammonia [46] 

Ag2Te Electrospinning, Thermal 
reduction, Electrodeposition, 

Silver nitrate, Tellurium Ag nanofibers  polyvinylpyrrolidone [67] 

CdTe Electrospinning, 
Electrodeposition, Cation 
exchange 

Ag2Te, cadmium nitrate Ag nanofibers 50-90, 2 tributylphosphine [65] 

CdTe DC-Electrodeposition Cadmium sulfate, tellurium 
oxide, cadmium chloride 

Anodic 
aluminum oxide 

70, 1 nil [58] 

CdTe Chemical CdTe nanoparticles nil 68, 1-6 thioglcolic acid, dodecanethiol [60] 
CoTe Hydrothermal Cobalt sulfate, tellurium 

oxide 
Te nanorods (in 
situ) 

180, 30 glucose, ethanol amine [49] 

CoTe and 
CoTe2 

Hydrothermal Cobalt nitrate, H2TeO3 nil 140, 24-48 hydrazine [51] 

CoTe Hydrothermal Cobalt hydroxy carbonate 
film, Te powder 

nil 90, 3 and 5 rongalite [50] 

CoTe2 Solvothermal Cobalt chloride, Te Te NTs (in situ) 200, 24 oleic acid, ethylene glycol [55] 
In2Te3 Solvothermal Sodium tellurate, Indium 

nitrate 
nil 180, 48 polyvinylpyrrolidone, ethylene diamine [56] 

MoTe2 Electron irradiation Commercial MoTe2    [95] 
PbTe Electrospinning, 

Electrodeposition, Cation 
exchange 

Ag2Te, lead nitrate Ag nanofibers 4 h for cation 
exchange 

tributylphosphine in cation exchange [66] 

Bi2Te3 Microwave assisted Bismuth nitrate, tellurium 
oxide 

nil (180, 190, 
195), 0.5–1 

ethylene glycol [64] 

Bi2Te3 Hydrothermal Bismuth chloride, Te 
powder 

nil 67, 3.5 d sdium borohydride, sodium hydroxide, EDTA [54] 

Bi2Te3 Chemical Bismuth-TOPO, Te 
nanowires 

Te nanowires 80-86, 12 trioctylphosphine oxide [61] 

Bi2Te3 Hydrothermal Bismuth chloride, Sodium 
tellurate 

nil 180, 48 EDTA, polyvinylpyrrolidone, sodium dodecyl 
sulfate, cetyltrimethyl ammonium bromide 

[52] 

Bi2Te3 Solvothermal Bismuth chloride, Te 
powder 

nil 140, 10-36 dimethyl formamide, Na-EDTA [53] 

Bi2Te3 Electrodeposition Bismuth oxide, Tellurium 
oxide 

polycarbonate  nitric acid (2 M) [57] 

Bi2Te3 Galvanic displacement Bi3+,Te2+ Ni NTs   [59] 
Bi2Te3 Hydrothermal Bismuth chloride, K2TeO3 nil 140, 1 week polyvinylpyrrolidone [71] 
Bi2Te3 Chemical Tellurium oxide, Bismuth 

nitrate 
Te NRs 140-160, 

0.5–1 
polyvinylpyrrolidone, KOH, Ethylene glycol [72] 

Bi2Te3 Chemical Bismuth nitrate, Tellurium 
oxide 

Te NWs (in situ) 160, 1 ethylene glycol, polyvinylpyrrolidone, 
hydrazine 

[62] 

Sb2Te3 Microwave assisted 
solvothermal 

Antimony chloride, 
Tellurium oxide 

nil 200, 0.25 ethylene glycol, hydrazine [68] 

Ni0⋅33Co0⋅67Te Solvothermal, cation exchange Ni(NO3)2⋅6H2O, Co 
(NO3)2⋅6H2O, Na2TeO3 

nil 120-180, 8-12 urea, nickel foam, hydrazine [69]  
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include hydrothermal method, solvothermal method, chemical method, 
electrodeposition, electronic irradiation method, microwave method 
and cation exchange method. During synthesis of metal telluride nano
tubes, templates may be added as a reactant or they may be in situ 
produced. Template free synthesis of metal telluride nanotubes is also 
common due to their inherent structural rolling up capabilities. We shall 
now discuss the synthesis of metal telluride nanotubes by these methods 
one by one in detail below. 

2.1. Hydrothermal method 

Hydrothermal methods are widely used for the synthesis of metal 
chalcogenide nanostructures [1–4,32,35,36,38–43]. These methods are 
characterized by the mixing of reactants in water and carrying out the 
reaction inside a metallic autoclave. High temperature and pressure 
treatments generally increase the solubilities of reactant and they 
combine to form the desired products. To prevent the aggregation and 
agglomeration, surface active agents (ehylenediaminetetraacetic acid 
(EDTA), polyvinylpyrrolidone (PVP), trioctylphosphine oxide (TOPO), 
sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide 
(CTAB), ethylene glycol, ethylene diamine, tributyl phosphine (TBP), 
oleylamine (OlA) and oleic acid (OA)) may be added (Table 1). Ions of 
electropositive metals and electronegative tellurium show too much 
affinity for oxygen to form oxides. To avoid the impurity of oxygen in 
tellurides, reducing agents such as hydrazine and sodium borohydride 
are also used wherever required. Monoclinic β-Ag2Te nanotubes were 
synthesized using hydrothermal method in the presence of ammonia 
(Table 1) [46]. Presence of ammonia is necessary for the formation of 
nanotubes in this study. If ammonia is not used then elemental Ag and Te 
are the products. In fact, ammonia forms a complex ([Ag(NH3)2]+) with 
Ag+ ions which hinder their reduction to metallic Ag before their re
action with Te. Formation of nanotubes proceeds by the formation of 
nanobelts at an early stage of reaction which are then changed to half 
tubes and then complete tubes [46]. To have a glimpse of growth 
mechanism, crystal structure of β-Ag2Te was considered along b and c 
planes (Fig. 1). Ag (1) is tetrahedrally bonded to Te forming a sheet 
which is parallel to (100) plane. Similarly Ag (2) also forms a sheet 
which is linked to the fist sheet via two tetrahedral corners. These two 
layers roll up to form Ag2Te nanotubes just like other natural and arti
ficial lamellar solids [47,48]. 

In a very similar way hexagonal CoTe nanotubes of 80–120 nm 
diameter and 10–20 nm wall thickness (Fig. 2) were produced in a 
stainless steel autoclave with glucose and ethanol amine as additives 
(Table 1) [49]. Fig. 2b (inset) shows that the tubes are polycrystalline 
however they preferably grew along (210) direction. This (210) direc
tion is at right angle to Te nanorods which served as templates. In the 
absence of glucose and keeping all the other conditions of reaction same, 
CoTe nanorods were produced. This means that ethanol amine can 
reduce TeO2 to Te2− which then reacts with cobalt to form CoTe 

nanorods. When 0.5 g of glucose is used in the reaction, CdTe nanotubes 
of 60 nm inner diameter are formed. By increasing the concentration of 
glucose to 1 g this average diameter reduces to 20 nm. So by changing 
the concentration of glucose, average internal diameter of CoTe nano
tubes can be managed easily. Time resolved studies showed that at an 
early stage of reaction (1 h), Te nanorods are formed. When reaction is 
prolonged to 5 h these Te nanorods are converted to Te2− anions. At 
third stage these anions react with Co2+ to form CoTe nanoparticles. 
Glucose in these reactions acted as a reducing agent which reduces TeO2 
to Te2− or we should say it supports the reduction process. When Te 
nanorods are reduced they produce a vacancy for the induction of CoTe 
nanoparticles. With this successive addition of CoTe nanoparticles, CoTe 
nanotubes are formed along (210) plane [49]. Sometimes combination 
of methods is used to prepare the telluride nanotubes of desired 
composition and morphology. Kim et al. have synthesized cobalt hy
droxyl carbonate films via hydrothermal method and then these films 
were immersed in Te precursor solution to have CoTe nanotubes thin 
films (Table 1) [50,51]. 

Effect of four different surface active agents EDTA, PVP, SDS and 
CTAB have been monitored for hydrothermal synthesis of Bi2Te3 in 
different experiments. Only EDTA produces the nanotubular 
morphology. Reason lies in multidentate donation sites of EDTA which 
may form different types of multinuclear bismuth complexes which are 
linked with each other via hydrogen bonding to produce lamellar moi
eties. These lamellar moieties then decompose in specialized manner 
during hydrothermal treatment to form the nanotubes [52]. When re
actants (BiCl3, Na2TeO3 and EDTA) are mixed together, complexation of 
bismuth ions takes place with EDTA. Remaining bismuth ions will 
slowly react with Te ions to start the nucleation of Bi2Te3. At 180 ◦C 
these nuclei are converted to nanoflakes with defects in their crystal 
structure. These defects twist the flakes into spirals which then generate 
the nanotubes [52]. Similar results have been obtained for solvothermal 
synthesis of Bi2Te3 in the presence of EDTA–Na salt [53]. Some other 
workers have synthesized Bi2Te3 nanotubes of 100 nm diameter and 
500–1000 nm length via hydrothermal route using sodium borohydride 
as a reductant and EDTA as surfactant however they have carried out 
this experiment in beaker rather than a steel autoclave [54]. Although 
working with autoclave in an electric furnace may be safe but hydro
thermal reactions may be carried out in glassware as well. 

2.2. Solvothermal method 

In chemistry, effect of reaction conditions and environment is very 
important. If we replace water in hydrothermal method then the process 
will be called as solvothermal. Keeping aside the curiosity of using other 
solvent/s instead of water there are sometimes problems of oxide and 
hydroxide formation with certain metals. Water is strongly hydrogen 
bonding solvent and lone pair on its oxygen is easily donatable to form 
labile coordination complexes with transition metals. While using water, 

Fig. 1. Structure of β-Ag2Te along b and c axes. Reproduced with permission from Refs. [46]. Copyright ACS 2007.  
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we cannot achieve a reaction temperature of more than 100 ◦C. 
CoTe2 nanotubes have been fabricated by using a mixture of ethylene 

glycol and OA (5:3) as solvents under solvothermal conditions (Table 1) 
[55]. Time dependent studies show that Te is converted to hexagonal Te 
nanotubes after 3 h of experiment (Fig. 3) and serve as in situ templates. 
After 3 h, conversion of Te nanotubes to CoTe2 nanocrystals starts and 
after 5 h their peaks are evident in PXRD. After 5 h smooth surface of Te 
nanotubes becomes rough with emergence of small CoTe2 nanoparticles 
(Fig. 3f). After 12 h the product is predominantly CoTe2 but with the 
impurities of hexagonal Te. After 24 h of reaction pure CoTe2 nanotubes 
were obtained [55]. Self sacrificing of Te templates and alloying process 
was proposed to be the mechanism of this reaction. During self sacrifice, 
freshly prepared Te nanotubes of high chemical activities react with 
metal to form telluride nanoparticles. During alloying process, cobalt 
atoms produced by reduction with ethylene glycol diffuse in Te nano
tubes to form CoTe2 nanoparticles on the surface of Te nanotubes. This 
growth process in one dimensional confined space produced CoTe2 
nanotubes. This method was further extended for the synthesis of CdTe, 
PbTe, Sb2Te3 and Bi2Te3. 

First attempt on In2Te3 nanotubes of 500 nm diameter and 50–100 
nm thickness at different reaction temperatures, reaction times, PVP and 
ethylene diamine addition was made with solvothermal method [56]. At 
lower temperature (100–120 ◦C) nanorods are formed and nanotubes 
are only formed above 160 ◦C. After 12 h of reaction, mostly nanowires 
are obtained and predominant formation of nanotubes is achieved after 
48 h only. As for as PVP is concerned, its addition definitely plays a role 
during alignment of species and its optimal concentration used in this 
study was 1140 mg. Further studies are still required to have a clear 
picture about the role of PVP. Higher is the concentration of ethylene 
diamine, formation of nanoparticles instead of nanotubes is favored. 

Nucleation of In2Te3 nanotubes starts by the reduction of TeO3
2− to Te or 

Te2− . Then on the circumferential edges of these reduced species, next 
growth starts on c-direction. This preferential growth on one direction 
may have yielded final nanotubular product. Covalent bonded growth 
along c-axis is faster which gives length to the tubes than the van der 
Waals interactions which provide thickness along circumference [56]. 

2.3. Electrodeposition 

Electrodeposition is the oldest method for the fabrication of nano
materials via templates. Template pores can be filled with electroless 
deposition, sol gel method, chemical vapor deposition and physical 
vapor deposition etc. but electrodeposition is the most reliable tech
nique for nanowires and nanorods. Two important factors for smooth 
deposition are applied potential and deposition rate (diffusion of ions to 
the deposition site). For fracture free smooth growth an additional 
amount of overpotential is also important to consider. 

Bismuth telluride nanotubes have been deposited using PC (poly 
carbonate) sputtered with gold as working electrode and saturated 
calomel (SC) as reference electrode [57]. Electrolyte consisted of 0.01 M 
bismuth oxide and 0.01 M tellurium oxide in 2 M nitric acid. PC template 
produced nanotubes with an outer and inner diameter of 360 ± 15 nm 
and 240 ± 12 nm respectively at − 400 mV. At − 65 mV vs. SCE outer and 
inner diameter of nanotubes were 310 ± 10 nm and 210 ± 15 nm 
respectively [57]. Wall thickness of nanotubes at − 400 mV and − 65 mV 
were ~60 ± 3 and ~50 ± 5 nm respectively. Fabrication at higher po
tential yielded p-type (Bi rich) and at lower potential produced n-type 
(Te rich) bismuth telluride. Formation of nanotubes instead of nano
wires is because of gold which is present at the bottom wall of PC 
templates and it promotes deposition in this region. Consequent gas 

Fig. 2. FESEM and HRTEM images of CoTe nanotubes. Modified from Refs. [49]. Copyright ACS 2008.  

Fig. 3. PXRD patterns after a) 3 h, b) 5 h, c) 12 h, d) SEM image Te nanotubes after 3 h, e) HRTEM of Te nanotubes, f) SEM and TEM (inset) of product after 5 h, g) 
SEM image of product after 12 h. Reproduced with permission from Refs. [55]. Copyright Elsevier 2009. 
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evolution during deposition process may have restricted the growth in 
centre region of pores to favor nanotubular morphology [57]. 

Electrodeposition has been used to fabricate CdTe nanotubes on 
anodic aluminum oxide (AAO) as template and working electrode, Pt 
mesh as a counter electrode and Ag/AgCl as a reference electrode. 
Electrolyte composition was 0.05 M cadmium sulfate, 0.005 M tellurium 
oxide in 1 M sulfuric acid in sulfate bath and 0.05 M cadmium chloride 
with 0.005 M tellurium oxide in 1 M hydrochloric acid in chloride bath 
at pH 2 which was maintained by dropwise addition of sodium hy
droxide. Deposition was carried out at 598 mV with 0.02–0.13 mA (DC) 
for 1 h at 70 ◦C. At completion of deposition AAO was dissolved in 2 M 
sodium hydroxide for 30 min at 50 ◦C. During cathodic polarization in 
sulfuric acid, protons are dissociated from electrolyte and are reduced to 
molecular hydrogen at AAO [58]. Hydroxide is produced at pore bottom 
and decomposes the barrier layer with increase in pH. Reactions at 
cathode are as under [58];  

2H+ + 2e− → H2(g)                                                                         (1)  

2OH− + Al2O3 → 2AlO2
− + H2O                                                      (2)  

AlO2
− + H2O + H+ → Al(OH)3                                                         (3) 

Reaction at anode is  

4OH− →2H2O + O2 +4e− (4) 

In sulfate bath well aligned arrays of CdTe nanotubes (80 ± 10 nm 
diameter) were produced (Fig. 4). Whereas in chloride bath 3D super
structure microflower composed of Te rich nanorods are produced. 
Electrochemical reactions for this experimental fact are as under;  

HTeO2
+ + 3H+ + 4e− → Te(s) + 2H2O Eₒ = 0.55 V vs. NHE                (5)  

Cd2+ + 2e− → Cd(s) Eₒ = − 0.4 V vs. NHE                                         (6)  

Cd2+ + Te(s) + 2e− → CdTe(s) Eₒ = 0.55 vs. NHE                               (7) 

Chloride ions in comparison to sulfate ions change the deposition of 
CdTe by suppressing the activity of HTeO2

+. This shifts the equilibrium 
curve of HTeO2

+/Te− to less positive potential and hinders the formation 
of CdTe [58]. 

In another attempt nickel nanotubes were synthesized by electroless 
deposition and were used as a sacrificial template for the fabrication of 
bismuth telluride nanotubes (outer diameter 634 ± 16 nm and wall 
thickness 52 ± 2 nm) via galvanic displacement reaction [59]. During 
galvanic displacement reaction elemental nickel reduces bismuth and 
tellurium ions according to following equation;  

2Bi3+(aq) + 3HTeO2
+

(aq) + 9Ni(s)+ 9H+
(aq) → Bi2Te3(s) + 9Ni2+(aq) +

6H2O(aq)                                                                                         (8)  

2.4. Chemical synthesis 

Chemical methods for the synthesis of nanomaterials are conven
tional, comparatively mild and are carried out in glassware. Use of 
immiscible solvent interface for the synthesis of nanoparticles is well 
reported but self assembly of these nanoparticles to hollow spheres and 
then to nanotubes has been reported for CdTe [60]. In a typical synthesis 
CdTe quantum dots (QDs) were prepared by the reaction of Cd2+ and 
NaHTe in the presence of thioglycolic acid (TGA) as a surfactant. ~10− 3 

M aqueous solution of these CdTe QDs was mixed with acetone (35 mL) 
and dodecanthiol (10 mL) in a 100 mL round bottom flask. Reaction 
mixture was refluxed with vigorous magnetic stirring. Mixing of QDs to 
DDT took minutes for the formation of nanoparticles which were 

Fig. 4. FESEM micrographs of CdTe nanotubes a) top view, b) side view, c) cross sectional view, d) EDX of CdTe nanotubes. Reproduced with permission from 
Ref. [58]. Copyright Elsevier 2019. 

R.A. Hussain and I. Hussain                                                                                                                                                                                                                  



Materials Chemistry and Physics 256 (2020) 123691

6

transformed to nanotubes after 4 h of reaction [60]. Surface of CdTe is 
passivated with TGA in aqueous phase. When CdTe QDs are transferred 
to DDT, there is extraction of QDs to DDT (the nonpolar solvent). Ac
cording to authors, this extraction process is not much efficient due to 
small interface between water and DDT. When acetone is added in the 
reaction mixture which is miscible with both water and DDT, this 
interface is converted to an emulsion. In this emulsion CdTe nano
particles get the privilege of interaction with two ligands i.e. TGA and 
DDT. TGA is attached on the surface of CdTe nanoparticles with thiol 
functionality in aqueous phase whereas carbonyl is free to bind with 
other species. When CdTe nanoparticles are transferred from aqueous 
phase to organic phase there is a competition between TGA and DDT for 
binding. The interaction between TGA and DDT forms the basis for 
hollow spheres which are then converted to hollow nanocylinders and 
finally to CdTe nanotubes (Fig. 5). 

Another chemical strategy for the synthesis of Bi2Te3 nanotubes is 
the reaction of Bi precursor (Bi-TOPO) with Te precursor (Te-TOPO) in a 
way that Te nanowires serve as a template [61]. For the synthesis of Te 
nanowires Te-TOPO is swiftly injected in a hot solution (200 ◦C) of OA 
and OlA. After the synthesis of Te nanowires, temperature of flask is 
reduced to 80 ◦C and Bi-TOPO precursor and phenyl hydrazine are 
simultaneously injected in it. Exothermic reaction increases the tem
perature to 86 ◦C but 80 ◦C is maintained after 5 min. Reaction is carried 
out for 12 h at this temperature for completion and then winding up 
steps of washing give Bi2Te3 nanotubes. Lower temperature (80 ◦C) is 
mandatory for uniform growth of nanotubes because if the reaction s 
carried out at higher temperature, enough time is not available for 
smooth growth of nanotubes. Bi nanoparticles are produced from 
Bi-TOPO and get attached on the surface of Te nanowires. Under the 
experimental conditions, Bi and Te layers diffuse mutually in an alloying 
process to form Bi2Te3. Outward diffusion of Te from nanowires espe
cially at high diffusivity may be a reason for nanotubes formation. If all 
the reactants above are mixed together and reaction is carried out hy
drothermally, Bi2Te3 nanotubes can be generated but they are of poor 
quality. Drawback with chemical synthetic methods is that they depend 
on too much variables such as type of reactants and their mixing 
sequence, reaction temperatures, reaction times, type of reductants and 
their concentrations [62], type of capping agents and their 

concentrations which make these methods industrially unfavorable. 
Moreover people who work on the application of synthesized nano
materials have no expertise in such type of difficult methodologies. They 
favor simple methods of synthesis for practical applications concerns 
[61]. 

2.5. Microwave methods 

A microwave synthetic method is advantageous in terms of higher 
reaction rates, rapid volumetric heating, better selectivity and shorter 
reaction time. Bi2Te3 hollow nanospheres have been reported by this 
method [63] but first successful attempt of Bi2Te3 nanotubes was put 
forth by Qin Yao et al. [64]. In this methods bismuth nitrate solution was 
prepared in a flask using ethylene glycol as a solvent and heated at 
170–195 ◦C by microwave (2.45 GHz). In this flask, second solution of 
TeO2 in nitric acid and ethylene glycol was added. The mixture was 
maintained as such for 30–60 min to get Bi2Te3 nanotubes which were 
washed with 1 M nitric acid after centrifugation [64]. In this method, 
nanosheets are formed at 180 ◦C, nanosheets with folding were observed 
at 190 ◦C and majority of nanotubes were observed at 195 ◦C (Fig. 6). 
Above 180 ◦C, reducing ability of ethylene glycol may convert metal 
ions to zero oxidation state according to the equations below;  

3HTeO2
+ + 9H+ + 4e− → 3Te + 6H2O Eₒ = 0.56 V                            (9)  

2Bi3+ + 6e− + 3Te → Bi2Te3 Eₒ = 0.45 V                                       (10) 

Over all reaction will be written as  

3HTeO2
+ + 2Bi3+ + 9H+ + 18e− → Bi2Te3 + 6H2O                          (11) 

Due to higher reduction potential of Eq (9) than Eq (10), higher 
concentrations of Te will be available for lower concentrations of Bi3+. 
Therefore comparatively higher concentration of Bi3+ is necessary at the 
start of reaction to move forward (10) and to avoid Te impurity in the 
final product [64]. 

2.6. Combination processes 

Sometimes combination of different processes is required to 

Fig. 5. TEM images of CdTe a) nanoparticles after several minutes, b) hollow nanospheres after 1 h, c) hollow nanocylinders after 2 h, d) nanotubes after 4 h, e) 
fragments after 5 h, f) nanowires after 6 h. Reproduced with permission from Refs. [60]. Copyright Royal Society of Chemistry 2009. 
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synthesize the desired nanotubes. CdTe [65] and PbTe [66] nanotubes 
have been synthesized by combination of electrospinning, electrode
position and cation exchange reaction. CdTe nanotubes have wall 
thickness (7 nm) and length (22 nm) in nanometer range when syn
thesized with conventional water oil (dodecanethiol) interface method 
[60]. By using positives of different methods, desired CdTe nanotubes 
are achieved comparatively easily. For CdTe nanotubes, first Ag nano
fibers were produced by mixing PVP and silver nitrate in water/ethanol 
and homogenizing them for 12 h. This solution was then fed with 
capillary tube (0.14 mm diameter) at a fixed flow rate of 0.2 mL/h in a 
drum collector on a glass substrate at 20 KV. This produced electrospun 
AgNO3/PVP fiber which were reduced to Ag nanofibers by calcinations 
in hydrogen at 150 ◦C for 3 h and then at 250 ◦C for 90 min at 2 ◦C/min. 
These silver wires were electrotellurated with 10 mM HTeO2

+ solution in 
1 M nitric acid using Ag/AgCl as a reference and Pt as a counter elec
trode. As prepared Ag2Te nanotubes [67] on glass substrate were 
immersed in 50 mM cadmium nitrate solution using 20 mL of methanol. 
Cation exchange produced ultra long zinc blende CdTe nanotubes with 
controlled dimensions and morphology (Fig. 7). Transformation of silver 
telluride to cadmium telluride is not thermodynamically favorable due 
to lower Ksp value of silver telluride. This process is made kinetically 
favorable by the addition of TBP which forms complex with silver ions to 
shift the balance of reaction towards cadmium telluride. 

Antimony telluride nanotubes have been fabricated by combining 

microwave assisted heating of solvothermal mixture in a Teflon auto
clave via template free process [68]. Advantage of microwave heating 
for solvothermal process is the requirement of minimal time (15 min) as 
compared to hours in furnace heating [68]. Chemical reactions involved 
in this process are as under;  

TeO2 + N2H4 → Te + N2 + 2H2O                                                  (12)  

2Te + N2H4 + 4OH− → 2Te2− + N2 + 4H2O                                   (13)  

2Sb3+ + 3Te2− → Sb2Te3                                                               (14) 

Another combination approach is the synthesis of bimetallic 
Ni0⋅33Co0⋅67Te/Ni composites via solvothermal process first and then 
their conversion to nanotubes during ion exchange [69]. Use of hydra
zine in solvothermal reaction is important because it reduces the tellu
rium precursor via following reaction;  

3N2H4 + 2TeO3
2− → 2Te2− + 6H2O+ 3N2                                        (15) 

Ion exchange is between hydroxyl and nitrate ions of 
(Ni0⋅33Co0.67)3(NO3)2(OH)4 and Te2− ions which are produced during 
reaction (15). During ion exchange, conversion of nanosheets to nano
tubes starts after 10 h and is completed after 12 h. Length of these 
nanotubes is 10 μm and diameter is ~40 nm. These reaction timings are 
necessary to be followed strictly because when reaction time reaches 15 

Fig. 6. TEM images of Bi2Te3 at 195 ◦C for 30min (a and b) nanotubes, inset of (b) ED pattern of nanotubes, (c and d) TEM images of the nanosheet bending in width 
direction. Reproduced with permission from Refs. [64]. Copyright Elsevier 2009. 
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h, internal diameter of nanotubes increases and some tubes show 
deformation as well. If concentrations of reactants are not proper say for 
example at higher concentrations of Na2TeO3 linear tubular structure is 
converted to thick aggregates of sheets. Retention of nanotubular 
structure synthesized at 180 ◦C after 12 h is necessary for optimal 
electrochemical performance [69]. 

3. Applications of metal telluride nanotubes 

3.1. Thermoelectric applications 

Thermoelectric materials are important because they covert thermal 
power to electrical power by Seebeck effect. This electrical power is 
generated by temperature difference. Another important effect is the 
Peltier effect which makes use of electrical energy for refrigeration. Both 
these effects have not achieved industrial excellence because of poor 

conversion efficiencies of thermoelectric materials relative to mechan
ical systems requirements. Efficiency of a thermoelectric material is 
measured by a dimensionless figure of merit ZT = S2σT/k, where T is the 
absolute temperature, σ is electrical conductivity, S is the Seebeck co
efficient and k is the thermal conductivity. In a semiconducting material 
all these parameters are mutually interdependent and best thermoelec
tric materials manufactured so far have a ZT = ~1. If scientists are able 
to improve the efficiency of thermoelectric materials then problem of 
noise, working fluid and moving part aging and failure associated with 
conventional coolers and power generators can be tackled. 

Different morphologies of antimony telluride were investigated for 
their thermoelectric properties [68]. Antimony telluride nanorods with 
branched nanosheets have S values of 275–332 μV/K which are better 
than half nanotubes (214–257 μV/K). S value of antimony telluride 
nanosheets (194–245 μV/K) are superior than antimony telluride 
nanorods (166–211 μV/K) [68]. This difference in S values may be 

Fig. 7. SEM micrographs of (a, b) Ag nanofibers, (c, d) Ag2Te nanotubes and (e, f) CdTe nanotubes. Reprinted with permission from Refs. [65]. Copyright Elsev
ier 2017. 
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attributed to size effects and self assembly of antimony telluride. How
ever in this study, clear cut demarcation between antimony morphol
ogies was not available i.e. there were mixtures of different shapes. 

Nanotubular hot pressed Bi2Te3 and PbTe samples have inferior S 
values as compared to melt samples (Fig. 8). This may be attributed to 
the hindrance caused by the grain boundaries in the flow of electrons. 
Similarly, thermal conductivities of nanotubular hot pressed Bi2Te3 and 
PbTe samples are approximately 80% lower than the melt samples. This 
may be due to the scattering of phonons on grain boundaries owing to 
polycrystalline nature of samples [61,70]. This suppression of thermal 
conductivity of Bi2Te3 nanotubes (0.62 W/mK at 470 K) has also been 
reported by other workers [71]. However maintenance of high electrical 
conductivity in this study was attributed to high crystalline nature of 
Bi2Te3 nanotubes which gave a power factor of 9.08–10.3 μW/cmK2 and 
ZT value of 0.77 at 464 K [71]. Performance of Bi2Te3 can be improved 
by incorporating the impurity of potassium to synthesize K0⋅06Bi2Te3.18 
[72]. This incorporation increases the power factor to ~43 μW/cmK2 

with a high ZT value of >1.1 at 323 K. This high power factor is due to 
unconventional electron donation by potassium ions [72]. Thermal 
conductivities of Bi2Te3 nanotubes are lower than nanowires due to 
additional scattering of electrons at side walls of nanotubes. This gives 
almost double ZT values to nanotubes than nanowires [73]. 

3.2. Electrochemical water oxidation 

Due to increase in population of mankind on our planet, pollution 
free energy demand has increased. Among many other environmental 
friendly technologies (fuel cells, solar cells, batteries, supercapacitors 
etc.), water splitting is an important domain to aim at. Catalysts which 
have given acceptable performances for water splitting are noble (Pt, Ir, 
Ru) metal oxides and are rare in earth crust [74–77]. These limitations 
make them industrially rejected. So, this is need of the time to have a 
catalyst of relatively abundant and less precious metals or their com
pounds for water oxidation. Extensive research has been carried out in 
this regard using transition metal oxides, sulfides and selenides [2–4, 
78–81]. CoTe nanotubes deposited on FTO glass from aqueous solutions, 
have been evaluated for hydrogen and oxygen evolution reactions (OER) 
[50]. Overpotential for oxygen evolution reaction is 0.37 V (without iR 
compensation) at 10 mA/cm2. This performance is attributed to 
enhanced electrochemical surface area and improved electrical con
ductivity via intergranular connectivity [50]. This OER performance of 
CoTe films annealed at 200 ◦C is comparable to state of the art Ir catalyst 
(0.35 V at 10 mA/cm2) [82] and is better than other chalcogenides re
ported in literature such as CoTe2 (0.357 V) [83], CoTe (0.365 V) [83], 
CoTe2/CoOx (0.38 V) [84], NiCo2S4@N/S-rGO (0.47 V) [85] and 
Co9S8@MoS2/C NFs (0.43 V) [86]. 

3.3. Supercapacitive applications 

Portable electronic devices are the requirement in modern era. These 
devices require portable energy storages of high energy density and high 
power density. Supercapacitors are energy storage devices which have 
high power density, high energy density, long cycle stability, swift 
charge discharge and are secure as well. But there is a drawback when 
we compare supercapacitors with commercial batteries in terms of lower 
energy densities. Recently different hybrid materials of Co and Ni have 
been evaluated for their supercapacitive behavior [87–89]. In this realm 
nanotubes of Ni0⋅33Co0⋅67Te on Ni foam have been recently evaluated for 
supercapacitive behavior [69]. In a three electrode system, 
Ni0⋅33Co0⋅67Te on Ni foam was used as free standing working electrode, 
Hg/HgO as a reference and Pt foil as a counter electrode. In cyclic vol
tammetry (CV) scan rates were between 5 and 200 mV/s and in galvanic 
charge discharge (GCD) current densities were between 1 and 20 A/g. 
Fig. 9a presents the nonlinear GCD of Ni0⋅33Co0⋅67Te nanotubes. High 
specific capacity of Ni0⋅33Co0⋅67Te nanotubes is due to high specific 
surface area and excellent contact between electrode and electrolyte. 
Oxidation and reduction maxima in CV profile (Fig. 9c) at different scan 
rate confirm the faradaic reactions during energy storage process. 
Fig. 9b presents the specific capacities of optimized Ni0⋅33Co0⋅67Te 
nanotube electrode which are 131.2, 116.2, 108.4, 99.3, 89.1, 83.6 and 
79.3 mA h/g at current densities of 1, 2, 3, 5, 10, 15 and 20 A/g, 
respectively. Ni0.33Co0.67Te nanotube electrode show long cycle stability 
at 5 A/g i.e. 92% after 5000 cycles (Fig. 9e). This excellent performance 
owe to; i) efficient electron transfer and diffusion in the porous hierar
chical Ni0⋅33Co0⋅67Te nanotubes, ii) non aggregation caused by hin
drance of volume changes during electrochemical reactions by 
interpenetrating network of nanotubes and iii) rich redox reaction of 
bimetallic electrode due to its high electrical conductivity (3.30 × 104 

m/S). Furthermore Ni0⋅33Co0⋅67Te/AC (activated carbon) hybrid super
capacitor shows energy density of 54 W h/Kg and power density of 918 
W/kg at an operating voltage of 1.6 V. This energy density is maintained 
at 31.9 W h/Kg which is better than Ni0⋅67Co0⋅33Se/RGO (36.7 W h/kg at 
750 W/kg) [90], H–NiCoSe2/AC (25.5 W h/kg at 3750 W/kg) [91], 
Ni0⋅5Co0⋅5Se2//RGO (37.5 W h/kg at 750 W/kg) [92], 
Ni0⋅33Co0⋅67/Se2/AC (29.1 W h/kg at 800 W/kg) [93], NiTe:Co/AC 
(36.8 W h/kg at 800 W/kg) [89] and CoTe/AC (23.5 W h/kg at 793.5 
W/kg) [94]. 

4. Conclusions and future horizons 

Metal tellurides nanotubes can be synthesized with and without 
templates. Templated synthesis of metal telluride is identical to all other 
binary inorganic materials but nontemplated synthesis of metal telluride 
nanotubes is due to their inherent structural bending just like their sulfur 
and selenium analogues. Length and internal diameter of metal telluride 
nanotubes synthesized via hydrothermal/solvothermal methods 

Fig. 8. Comparative thermoelectric properties of hot-pressed nanotubular and melted Bi2Te3 and PbTe. Reproduced with permission from Ref. [70]. Copyright Royal 
Society of Chemistry 2014. 
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depends upon concentration of capping agent (ammonia, glucose, 
EDTA, etc.), reaction time and reaction temperature. Generally higher 
reaction times and higher reaction temperatures are recommended for 
nanotubes to grow but conditions have to be optimized for particular 
types and dimensions of nanotubes. 

In electrodeposition polycarbonate, anodic aluminum oxide and 
nickel nanotubes have been used as templates for synthesis of bismuth 
telluride, cadmium telluride and bismuth telluride, nanotubes, respec
tively. Compositions of bath, deposition potentials and pH have to be 
optimized for telluride nanotubes of specific internal diameter and 

Fig. 9. a) Galvanic charge discharge curves, b) specific capacities of the as-prepared electrodes with different reaction times c) cyclic voltammetry curves, d) galvanic 
charge discharge curves, (e) cycling stabilities at 5 A/g, f) Electronic impedance spectroscopic spectra before and after 5000 cycles of the optimized Ni0⋅33Co0⋅67Te/Ni 
foam electrode. Reprinted with permission from Ref. [69]. Copyright Royal Society of Chemistry 2020. 
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lengths. 
Chemical methods for synthesis of metal telluride nanotubes are 

complex combination of a sequence in which type of reactants, their 
mixing sequence, their concentrations, time of reaction, capping agents 
and reductants are very important. Templates are generally produced in 
situ and a main difference with hydrothermal methods is that nano
tubular morphology is favored at comparatively lower temperatures in 
chemical methods. Microwave method is advantageous due to higher 
rate of reactions and this method also supports higher temperature hy
pothesis for nanotubes formation. 

Metal tellurides of bismuth, copper, mercury, antimony, nickel, lead, 
zinc, cobalt, cadmium, indium and molybdenum have been reported in 
literature. Some of these materials were converted to nanotubes which 
was the focus of this review however there remains a thirst in this field 
for the synthesis of other transition metal tellurides. One problem is 
common for all the methods discussed above for the synthesis of metal 
tellurides i.e. more affinity of metals with oxygen than tellurium. To 
tackle this problem different strategies are followed in different 
methods. In hydro/solvothermal methods reductants are used. To opti
mize the concentration of reductants is the main task for synthetic 
chemists. In case of electrochemical methods especially cyclic voltam
metry, cells containing the electrolytic media have to be purged with 
inert gases (nitrogen or argon). Chemical methods require the use of 
vacuum lines or glove boxes to avoid the contamination of oxide phase/s 
in the telluride products. Except electrodeposition all other methods 
produce metal tellurides with surface defects which are however 
favorable for different device application. When we discuss nanotubular 
morphology of metal tellurides, methods such as chemical vapor depo
sition, chemical vapor transport, spin coating, laser beam epitaxial 
growth, aerosol assisted chemical vapor deposition, solid state reactions, 
chemical bath deposition, sol gel method, sputtering methods etc. are 
not common. Applications of metal telluride nanotubes have not been 
investigated in detail. Applications studies are at the level of nano
science only and much more remain to achieve nonotechnologically. To 
the best of our knowledge no product of metal telluride nanotubes has 
been marketed yet. 
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