
 

 
 

 

 
Nanomaterials 2021, 11, 1959. https://doi.org/10.3390/nano11081959 www.mdpi.com/journal/nanomaterials 

Article 

Solvent-Free Mechanochemical Synthesis and Characterization 

of Nickel Tellurides with Various Stoichiometries: NiTe, NiTe2 

and Ni2Te3 

Matjaž Kristl 1,*, Sašo Gyergyek 1,2, Srečo D. Škapin 3 and Janja Kristl 4 

1 Faculty of Chemistry and Chemical Engineering, University of Maribor, 2000 Maribor, Slovenia;  

saso.gyergyek@ijs.si 
2 Jožef Stefan Institute, Synthesis of Materials Department K8, 1000 Ljubljana, Slovenia 
3 Jožef Stefan Institute, Advanced Materials Department K9, 1000 Ljubljana, Slovenia; sreco.skapin@ijs.si 
4 Faculty of Agriculture and Life Sciences, University of Maribor, 2000 Maribor, Slovenia; janja.kristl@um.si 

* Correspondence: matjaz.kristl@um.si 

Abstract: The paper reports the synthesis of nickel tellurides via a mechanochemical method from 

elemental precursors. NiTe, NiTe2, and Ni2Te3 were prepared by milling in stainless steel vials under 

nitrogen, using milling times from 1 h to 12 h. The products were characterized by powder X-ray 

diffraction (pXRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

energy-dispersive X-ray spectroscopy (EDX), dynamic light scattering (DLS), vibrating sample 

magnetometer (VSM), UV-VIS spectrometry, and thermal analysis (TGA and DSC). The products 

were obtained in the form of aggregates, several hundreds of nanometers in size, consisting of 

smaller nanosized crystallites. The magnetic measurements revealed a ferromagnetic behavior at 

room temperature. The band gap energies calculated using Tauc plots for NiTe, NiTe2, and Ni2Te3 

were 3.59, 3.94, and 3.70 eV, respectively. The mechanochemical process has proved to be a simple 

and successful method for the preparation of binary nickel tellurides, avoiding the use of solvents, 

toxic precursors, and energy-consuming reaction conditions. 
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1. Introduction  

Transition metal chalcogenides have gained much attention over the past two dec-

ades in the field of material science. Among them, nickel chalcogenides have attracted 

significant interest due to their various phases and stoichiometries, exhibiting a wide 

range of physical and chemical properties [1]. Most of the earlier studies report on re-

search in the Ni-S [2,3] and, to a lesser extent, Ni-Se systems, while nickel tellurides seem 

to be less intensively studied. Nickel and tellurium are known to form a continuous series 

of compounds between the compositions of NiTe and NiTe2 [4,5]. All stoichiometric nickel 

tellurides crystallize in a hexagonal structure, with NiTe having a NiAs (B8) type of struc-

ture, while NiTe2 has a Cd(OH)2(C6) type of structure. Ni2Te3 also crystallizes in a hexag-

onal structure with crystal parameters between those of NiTe and NiTe2 [6]. 

Recently, there have been many studies reporting the potential applications of nickel 

tellurides in various cutting-edge research areas. Nickel tellurides have been tested as 

electrode material for the determination of uric acid and adenine in physiological fluids 

[7], glucose sensors [8], anode material for Li-ion batteries [9], supercapacitor [10–12], and 

solar cell [13] materials. The most attractive research area seems to be the possible use of 

nickel tellurides as electrocatalysts for hydrogen/oxygen evolution [14–20]. The lower 
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electronegativity of Te, when compared to S and Se, provides tellurides with a more me-

tallic character, giving them ferromagnetic behavior and properties, which outperform 

sulfides and selenides when applied as electrocatalysts [21]. 

Traditionally, nickel tellurides have been prepared by the solid-state reaction, requir-

ing elevated temperatures, inert atmosphere or evacuated quartz ampules, and long reac-

tion times reaching up to 10 days [14,22,23], making them inconvenient for the preparation 

of nanosized products [7]. Different alternative approaches have been proposed to over-

come this problem, like the precipitation of tellurides from aqueous solutions using un-

stable and very toxic gaseous H2Te [1], solid-state metathesis reaction [24], and the molec-

ular precursor method [25]. More recently, NiTe and NiTe2 thin films have been prepared 

by electrodeposition [26] and chemical vapor deposition [27]. The hydro/solvothermal 

method is also widely used for preparation of nickel tellurides with different stoichi-

ometries like NiTe [4,9–12,19,28,29], NiTe2 [1,20,30,31], NiTe/NiTe2 mixed phases [15], 

Ni3Te2 [8] as well as a whole series of NiTex nanorods with 1 ≤ x ≤ 2 [6]. 

The mechanochemical method, also known as mechanical alloying, is a convenient 

solid-state processing technique in which the precursor powders are exposed to repeated 

welding, fracturing, and re-welding in a high energy ball mill. The method has been de-

veloped in the 1970s for the fabrication of nickel- and iron-base superalloys for applica-

tions in the aerospace industry [32,33] and is nowadays widely used in the processing of 

advanced materials like alloys [34], bimetallic nanocatalysts [35], oxide materials [36,37], 

carbon-based materials [38–40], etc. The first reports of mechanochemical synthesis of 

metal chalcogenides date back to the 1990s, and since then, a number of nanosized sul-

fides, selenides, and tellurides have been prepared using this method. Our group earlier 

reported on the mechanochemical synthesis of copper and cadmium chalcogenides (CuS, 

CuSe2, Cu7Te5, CdS, CdSe, and CdTe) [41] as well as mechanochemical preparation of 

Al2S3, Al2Se3, Ga2S3, and Ga2Se3 [42]. More recently, syntheses of copper-nickel antimony 

sulfide [43]; lead bismuth telluride [44]; zinc sulfide [45]; and silver, indium, and gallium 

selenides [46] using the mechanochemical approach have been reported. After a thorough 

search, we found only one paper reported the preparation of nickel tellurides by mechan-

ical alloying: Campos prepared NiTe nanocrystals by milling a stoichiometric mixture of 

elemental Ni and Te powders in an argon atmosphere for 3 h–10 h [47]. The main aim of 

our research was to study mechanochemical syntheses in the Ni:Te system using changing 

molar ratios with the goal to prepare different members of the continuous NiTex series ( 

1 ≤ x ≤ 2). In this paper, the preparation of three nickel tellurides with the compositions 

NiTe, NiTe2, and Ni2Te3 by a solventless and facile mechanochemical method is reported.  

2. Materials and Methods 

A SPEX 8000 M ball mill (SPEX SamplePrep, Metuchen, NJ, USA), with a 65 mL stain-

less steel vial and two 12.7 mm stainless steel grinding balls were used for the synthesis. 

The precursors Ni (powder, ~3 micron, 99.7%, Sigma-Aldrich, Sant Louis, MO, USA) and 

Te (powder, ~200 mesh, 99.8%, Sigma-Aldrich, Sant Louis, MO, USA ) were used as sup-

plied, without further purification. Ni:Te mixtures in molar ratios 1:1, 1:2, and 2:3 were 

sealed together with the balls in the vial inside a glove box under nitrogen. The ball-to-

powder mass ratio was 10:1 during all experiments. For the 1:1 sample, 0.473 g (=0.008 

mol) of Ni and 1.027 g (=0.008 mol) of Te were used. The samples were mechanically al-

loyed, applying milling times ranging from 1 h to 12 h. Powder diffraction (pXRD) data 

were collected on a D5005 diffractometer, (Bruker-Siemens, Hamburg, Germany) using 

copper radiation (λ = 1.54178 Å, 30 kV, 40 mA), scanning range from 10° to 70°, step size 

0.02° and time/step = 1 s. The morphological characterization was performed using scan-

ning electron microscope HRSEM Sirion NC400 FEI (Thermo Fisher Scientific, Waltham, 

MA, USA) coupled to energy dispersive spectroscopy (EDS) detector. Transmission elec-

tron microscopy (TEM) measurements were performed using a JEOL 2100 microscope 

(JEOL Inc., Peabody, MA, USA). The obtained powders were dispersed in ethanol using 

an ultrasonic bath and placed on a carbon-coated copper grid. The elemental composition 
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of the particles was analyzed using a Jeol JED 2300 EDXS system, (JEOL Inc., Peabody, 

MA, USA). The hydrodynamic particle size was measured by dynamic light scattering 

(DLS) with a Zetasizer Nano-S equipment (Malvern Instruments, Malvern, UK) using dis-

posable 1 cm PS cuvettes. The magnetic properties were investigated with a vibrating 

sample magnetometer (VSM) Lakeshore 7307 (Lake Shore Cryotronics, Westerville, OH, 

USA). A UV-VIS spectrometer Varian Cary 50 Bio (Varian Inc., Palo Alto, CA, USA) was 

used to study the optical properties of the prepared nickel tellurides. The samples were 

dispersed in ethanol in an ultrasonic bath prior to the measurement. The nickel content 

was measured on a Varian SpectrAA-10 flame atomic spectrometer (AAS) (Varian Inc., 

Palo Alto, CA, USA) after digestion of the samples with concentrated HNO3 in PTFE ves-

sels in a microwave oven (MDS-2000, CEM Corporation, Matthews, NC, USA). Thermal 

analysis of the samples was carried out in the Mettler TGA/SDTA 851e system (Mettler 

Toledo, Switzerland) using 70 µL alumina crucibles (TGA) and Mettler DSC 20 (Mettler 

Toledo, Switzerland) using 40 µL aluminum crucibles (DSC). The heating rate was 10 

K/min while the temperature range was from 30 to 900 °C (TGA) and from 30 to 600 °C 

(DSC). 

3. Results and Discussion 

The diffraction patterns of the products, obtained mechanochemically from a Ni:Te 

= 1:1 mixture using 1 h, 2 h, 4 h, and 8 h milling time, are shown in Figure 1. After 1 h 

milling time, all the peaks still belong to both precursors, i.e., nickel (marked by black 

vertical lines, JCPDS file No. 00-004-0850) and tellurium (marked by red vertical lines, 

JCPDS file No. 00-004-0554). First visible peaks belonging to nickel telluride were ob-

served after 2 h milling time. After 4 h, all major peaks could be identified as belonging to 

hexagonal NiTe (JCPDS file No. 00-038-1393), while after 8 h, the product was obtained 

without detectable impurities. The crystallite size was calculated from the Scherrer equa-

tion:  

0.94 57.3

cos
xd



 

 



 

Here, λ is the wavelength of the X-ray radiation (nm), β the full width at half maxi-

mum (FWHM) of the corresponding peak (o), and θ is the diffraction angle (o). The crys-

tallite size calculated from the average of (101) and (110) peaks was found to be 12 nm. 
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Figure 1. XRD patterns of NiTe prepared mechanochemically after 1 h, 2 h, 4 h, and 8 h milling time. 

Black and red vertical lines represent the precursors Ni and Te, respectively. 

Figure 2 shows diffraction patterns of products obtained by milling a Ni:Te mixture 

in the molar ratio of 1:2. When compared to Figure 1, one major difference is the longer 

milling time needed for the formation of the product. After 4 h milling time, the predom-

inant peaks are still those of both precursors, Ni and Te, next to nickel telluride which 

starts to form. Even after 8 h, unreacted Ni and Te are clearly visible. By 12 h milling time, 

we obtained NiTe2 (JCPDS file No. 00-008-0004) with an average crystallite size of 23 nm.  

 

Figure 2. XRD patterns of NiTe2 prepared mechanochemically after 1 h, 2 h, 4 h, 8 h, and 12 h milling 

time. Black and red vertical lines represent the precursors Ni and Te, respectively. 
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The diffraction patterns of products obtained by milling a Ni:Te mixture in the molar 

ratio of 2:3 are presented in Figure 3. Like in the previous cases, the patterns after 1 h and 

2 h show predominantly peaks of nickel and tellurium, while nickel telluride Ni2Te3, 

JCPDS file No. 00-002-0810, starts to emerge after 4 h milling time. After 12 h milling time, 

only peaks of Ni2Te3 with an average crystallite size of 18 nm are visible. 

 

Figure 3. XRD patterns of Ni2Te3 prepared mechanochemically after 1 h, 2 h, 4 h, 8 h, and 12 h milling 

time. Black and red vertical lines represent the precursors Ni and Te, respectively. 

Attempts to prepare Ni-rich stoichiometric compounds by milling a Ni:Te mixture in 

the molar ratio of 2:1 did not yield the desired product. XRD patterns of as-prepared pow-

ders showed a mixture of NiTe and unreacted Ni. 

The surface morphology of the samples has been studied by scanning electron mi-

croscopy. The deposited samples were observed under an acceleration voltage of 10 kV. 

SEM images of NiTe, NiTe2, and Ni2Te3, are shown in Figure 4a–c. The samples are formed 

irregularly shaped agglomerates ranging from several hundreds of nm to micron-sized 

clusters. Most of the agglomerates are formed from smaller rounded particles, which is 

characteristic of powders prepared by dry mechanochemical reactions [37], while some 

clear straight edges of freshly crushed grains can also be observed, especially in Figure 4a. 

The results of EDX analysis (typical pattern shown in Figure 4d) confirm the presence of 

Ni and Te in the sample and the absence of impurities.  
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Figure 4. SEM images of (a) NiTe after 8 h milling time, (b) NiTe2 after 12 h milling time, and (c) Ni2Te3 after 12 h milling 

time. Figure 4 (d) represents the compositional analysis of the NiTe sample. 

TEM images of NiTe (a), NiTe2 (b), and Ni2Te3 (c) nanoparticles, obtained by mechan-

ical milling after 8 h, 12 h, and 12 h, respectively, are shown in Figure 5a–c. The products 

are composed of irregularly shaped clusters reaching up to several hundred nanometers, 

which can be explained with huge mechanical forces during the milling process. How-

ever, at higher magnifications, smaller primary spherical nanoparticles with diameters in 

the 10–20 nm range can be observed, as can be seen in Figure 5d. The EDX analysis showed 

the presence of Ni and Te in the ratios, which correspond fairly well to results obtained 

from pXRD analysis: 48 at.% Ni + 52 at.% Te for NiTe, 29 at.% Ni + 71 at.% Te for NiTe2, 

and 39 at.% Ni + 61 at.% Te for Ni2Te3. The results are in good agreement with Ni content 

determined by AAS with measured values of 30.9 wt.% Ni for NiTe (calc. 31.5%), 18.3 

wt.% Ni for NiTe2 (calc. 18.7%), and 23.3 wt.% Ni for Ni2Te3 (calc. 23.5%). No detectable 

amount of nickel oxides could be detected neither by EDX nor by powder XRD analysis. 

It is worthwhile to mention that during initial experiments, when Ni and Te were loaded 

into the milling vial under ambient air, NiO was always observed by EDX and XRD next 

to prevailing nickel tellurides. 
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Figure 5. TEM images of (a) NiTe after 8 h milling time, (b) NiTe2 after 12 h milling time, and (c,d) Ni2Te3 after 12 h milling 

time. 

To further confirm the morphology of the as-obtained nickel tellurides, particle size 

and hydrodynamic size distribution were measured by DLS in water after dispersion in 

an ultrasonic bath. Three independent measurements were performed for each of the sam-

ples and averaged for particle size calculations, yielding values of 204, 221, and 115 nm 

for NiTe, NiTe2, and Ni2Te3, as shown in Figure 6. It must be noted that results obtained 

by DLS generally tend to give higher values than those obtained by electron microscopy 

due to the fact that in the former case, particles are surrounded by water molecules [48–

50]. 

 

(a) 
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(b) 

 

(c) 

Figure 6. Results of DLS measurements for the number of particles in % of mechanochemically prepared NiTe (a), NiTe2 

(b) and Ni2Te3 (c). 

The literature data reporting on the magnetic behavior of nickel tellurides are scarce 

and seem to be inconsistent. While Zhang et al. state that NiTe is an antiferromagnetic 

compound [4], Lei et al. report paramagnetic behavior of hydrothermally prepared NiTe 

nanorods [6], which seems to be in accordance with bulk NiTe prepared by the solid-state 

reaction in an evacuated quartz ampoule [23]. On the contrary, Wan et al. reported the 

ferromagnetic properties of hydrothermally prepared nanowires [29], which might be at-

tributed to the presence of small amounts of ferromagnetic impurities [6]. The magnetism 

of NiTex nanoparticles (1 ≤ x ≤ 2) is even less researched. The magnetic moment of Ni 

atoms is ‘diluted’ by tellurium atoms; thus, NiTe2 shows diamagnetic properties at 100 K. 

NiTex nanoparticles exhibit a transition temperature from paramagnetism to diamag-

netism at a specific temperature, which ranges from 220 K for NiTe1.15 to 58 K for NiTe2 

[6]. The room-temperature magnetization curves for the samples milled for 8 h demon-

strate ferromagnetic behavior (Figure 7), which is consistent with results published by 
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Wan et al. [29]. The measured intrinsic coercivity (Hc) values for NiTe, NiTe2, and Ni2Te3 

are 134, 131, and 121 Oe, while the corresponding remanence values (Mr) are 30.8 × 10−3, 

35.9 × 10−3 and 5.1 × 10−3 emu/g. It has been reported in earlier studies that the magnetic 

behavior of nickel tellurides depends on the method of synthesis [23]. The mechanochem-

ical method seems to have an advantage when it comes to magnetic properties of as-pre-

pared nickel tellurides since the ferromagnetic properties enable their manipulation 

through an external magnetic field [51], so they can easily be recycled and reused, making 

their applications environmentally friendly.  

 

Figure 7. Room-temperature magnetization curves for NiTe after 8 h milling time, NiTe2 after 12 h 

milling time, and Ni2Te3 after 12 h milling time. The line serves as a guide to the eye. 

The UV-VIS spectra of nickel tellurides are presented in Figure 8. From those data, 

optical band gap energies were determined using Tauc plots and the equation: 

(αhν)n = A(hν − Eg) 

Here, α is the absorption coefficient (cm−1), hν is the photon energy (eV), A is a con-

stant, and n = 2 for a direct transition. By plotting (αhν)2 vs. (hν) and extrapolating the 

linear portion of the curve to the x-axis, the band gap value Eg (eV) can be obtained as the 

intercept [52]. The band gap energies calculated for NiTe, NiTe2, and Ni2Te3 and are 3.59, 

3.94, and 3.70 eV, respectively. The value obtained for NiTe is in very good agreement 

with the result 3.56 ± 0.01 eV reported in the literature [7] for nanosized NiTe prepared by 

the reduction method. The results are of considerable interest in the view of further appli-

cations of mechanochemically prepared nickel tellurides. One particularly promising area 

seems to be the use of nickel tellurides as photo-electrocatalysts and photocatalysts for 

overall water splitting [53,54], making those materials attractive choices as wide band gap 

semiconductors.  
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Figure 8. UV-VIS spectra of different nickel tellurides: NiTe, NiTe2, and Ni2Te3 prepared by solvent-

free mechanochemical synthesis. The inset represents the Tauc plots used for the determination of 

the band gap. 

The results of the thermal analysis of NiTe samples are presented in Figure 9a,b.  

Figure 9a shows the curves obtained by TGA measurements of samples obtained after  

8 h milling time, in nitrogen and in air. Both samples can be regarded as thermally stable 

up to 450 °C. The sample measured in nitrogen remained stable even at higher tempera-

tures, while the behavior in the air is significantly different: after a negligible weight gain 

of 0.3% between 450 and 620 °C, the mass drops by 6.8% by further heating up to 900 °C, 

most probably due to oxidation processes.  

The DSC curves, presented in Figure 9b, further confirm the results of XRD measure-

ments, shown in Figure 1. The uppermost curve (NT 0) represents a mixture of Ni and Te 

(molar ratio 1:1) while the other curves correspond to products obtained by mechanical 

milling of the 1:1 mixture for 1 h, 2 h, 4 h, and 8 h. The sharp peaks in the NT 0 and NT 1 

samples correspond to the melting point of tellurium (449.5 °C), indicating the presence 

of unreacted Te after only 1 h milling time. After 2 h milling time, the Te melting peak is 

still noticeable, while after 4 h and 8 h, no Te melting peak can be observed, indicating 

that Te has successfully reacted with Ni to form NiTe, which is in good agreement with 

results obtained by XRD.  
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Figure 9. TGA curves of mechanochemically prepared NiTe in nitrogen and air (a) and DSC curves 

of NiTe samples after different milling times measured in nitrogen (b). 

4. Conclusions 

Nickel tellurides with different compositions, namely, NiTe, NiTe2, and Ni2Te3, have 

been synthesized from elemental precursors using the mechanochemical method. Powder 

XRD measurements reveal that pure products without detectable amounts of precursors 

were obtained after milling times of 8–12 h. A detailed morphological study by SEM, TEM, 

and DLS measurements revealed the structure consisting of agglomerates in submicron 

to micron sizes, while nanosized primary particles can be observed at higher magnifica-

tion. The method is simple and environmental-friendly by avoiding the use of solvents, 

toxic precursors, and energy-consuming reaction conditions. The tendency to form clus-

ters, which might be considered one of the drawbacks of the mechanochemical method, 

could be overcome during further research by using surfactants during the milling pro-

cess, preventing agglomeration during the synthesis.  
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