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of molybdenum

Imosobomeh L. lkhioya'? and Agnes C. Nkele'>*

" Department of Physics and Astronomy, University of Nigeria, Nsukka 410001, Nigeria
2Department of Physics and Industrial Physics, Nnamdi Azikiwe University, Awka, Anambra State, Nigeria
3 Department of Physics, Colorado State University, Fort Collins, USA

ABSTRACT

This novel research centered on synthesizing NiTe film through electrochemical
deposition technique. The film was doped with molybdenum at varying molar
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29 July 2023 concentrations of 0.1, 0.2, and 0.3 M. The structure, morphology, elemental,
optical, and electrical characteristics of the prepared samples with preferential
© The Author(s), wunder  orientation in the (1 0 0) plane have been investigated. Hexagonal crystal

structure with prominent peaks was gotten from the X-ray diffractograms. The
surface morphologies showed dense micrograins with high optical absorption
while the basic elemental compositions of the deposited films were confirmed
from the EDX plots. Optical plots gave maximum absorbance values at the
ultraviolet region and reduced reflectance values at increasing molar concen-
trations. The band gap energy values ranging from 2.01 to 1.68 eV decreased at
increasing molar concentrations. The electrical results gave improved electrical
conductivity as the dopant concentration increased. The prepared samples find
useful application in optical and solar cell devices.
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flexible characteristics and increased carrier mobility
that makes them useful for application in optoelec-
tronic and solar cell devices [5-7]. They also serve as

1 Introduction

The demand for clean energy is continuously on the

increase. Transition metal chalcogenides have flexible
structures, electrochemically stable nature, energy
storage abilities, and increased conductivity [1-3].
Their nanostructures have nonlinear optical charac-
teristics that make them relevant in optical storage,
catalytic devices, nonlinear refraction, optical sen-
sors, etc. [1, 4]. Transition metal chalcogenides have

useful tools in hydrogen evolution reactions and
charge storage mechanisms [8, 9]. Metal tellurides
have unique physical buildup and surface chemistry
that encourage their diverse applications [10]. They
serve as good energy storage and sensing devices
[11]. Tellurium exhibits improved electrical conduc-
tivity, high electrochemical activity, and good energy
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storage ability [2]. NiTe is a three-dimensional metal
chalcogenide that exhibits different stoichiometry,
various crystal phases, and unique chemical features
[12]. The metallic property allows NiTe to be used as
a highly conductive material [13] and cathode mate-
rial in hydrogen evolution reactions [8]. NiTe has
excellent transport and electrical characteristics that
enhances its diverse application areas [2]. The unique
crystal structure of NiTe makes it useful for
improved catalysis, stability, and electrocatalysis [13].
Several methods of synthesizing NiTe like
solvothermal, electrochemical deposition, physical
vapor transport, atomic layer deposition,
mechanochemical, hydrothermal, chemical vapor
deposition, have been reported [8, 11, 12, 14-16]. The
properties and performance of NiTe can be improved
by doping, annealing, and through the formation of
heterogeneous structures [17]. NiTe finds useful
application in electrocatalytic systems, energy storage
devices, sensors, etc. [18].

Molybdenum has increased free electrons that it
can contribute to enhance the electrical and optical
properties of the host material [19]. The small ionic
radius allows for substitution into the lattice matrix
of the host material [20]. Doping involves the addi-
tion of impurity to a host material. It ensures better
performance, increased conductivity, and efficiency
of a device or host material [21]. The carrier concen-
tration of the element is a major factor in making the
choice of the dopant. Electrochemical deposition
(ECD) involves coating a substrate surface through
electrochemical reactions with the as-deposited film
acting as the working electrode [22]. It is an afford-
able, quick, and easy way of synthesizing films while
regulating the thickness [23].

De Silva et al. electrodeposited NiTe on glassy
carbon electrode for effective catalysis and water
splitting [18]. The films also exhibited stable activity
and improved catalytic performance owing to their
band alignment and electronic structure. The crystal
phase of NiTe was tuned by Xiang et al. through a
hydrothermal technique [8]. This modification was
possible through annealing effects which shifted the
d-band lattice center, increased electrochemical
activity, and enhanced the performance of hydrogen
evolution reaction as an electrocatalyst. NiTe films
have been fabricated by transforming Te films elec-
trodeposited in nickel foils [24]. The fabricated
material recorded reduced contact resistance with
potential use in solar cells. Laminated microsheets of
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Ni;Te, have been fabricated as counter electrodes for
use in dye sensitized solar cells [11]. The chemical
vapor deposited electrodes exhibited hexagonal
crystal structure, fibrous morphology, stable cycles
over time, and average power conversion efficiency
of 10.47%. Nanorods of nickel cobalt telluride were
prepared by hydrothermal method to yield highly
sensitive films with improved electrochemical per-
formance [4]. It can also serve as an effective energy
storage material with improved power density and
stable cyclic performance [1]. Microwave-assisted
method was useful in producing NiTe electrodes
with high specific capacitance of 808.9 F/g and 91%
charge retention [13].

This work focused on preparing NiTe films by
electrochemical deposition method at varying molar
concentrations of the dopant (molybdenum) due to
the unique properties and vast applications. This is
the first report made on molybdenum-doped NiTe
films prepared through electrochemical deposition
technique at varying molybdenum concentrations.
The characteristics of the prepared films were studied
alongside the effects of the dopant (molybdenum) on
the NiTe films.

2 Experimental details
2.1 Materials

Analytical grade chemicals like Nickel chloride hex-
ahydrate (NiCl,-6H,O), Molybdenum dioxide
(MoOy), telluride dioxide (TeO,), Hydrogen Chloride
(HCI), Ammonia solution (NH3z) were used. Poten-
tiostat supplied DC voltage in a three-electrode cell
setup. The electrochemical setup was comprised of a
source of cation (i.e., MoO,, NiCl,-6H,O for Mo>™,
NiZ*), anionic source (i.e., telluride dioxide for Te*"),
deionized water, conducting substrate (Flourine-
doped tin oxide) served as cathode while carbon was
used as the anode. The substrates were purified and
preserved in air-tight storage.

2.2 Experimental

Electrochemical deposition (ECD) method was uti-
lized in depositing the films. 0.1 M of Telluride
dioxide (TeO,) was solvated in 10 ml of aqueous
hydrogen chloride while 0.1 M of Nickel chloride
hexahydrate (NiCl,-6H,O) was dissolved in 100 ml of
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deionized water. Ammonia was added to adjust the
pH of the solution to a value of 7.0. The electro-
chemical bath was stirred with a magnetic stirrer and
the electrochemical deposition was carried out for 5 s
to produce the NiTe film while stirring the solution.
The film was then rinsed, dried, and annealed at 60
°C for 30 min. The dopant solution was made by
dissolving 0.1, 0.2, 0.3 M of Molybdenum dioxide
(MoO,) in deionized water and mixing with the NiTe
precursor solution in the electrochemical bath. The
experimental setup is shown in Fig. 1 while the
parameters utilized in this experimental process have
been outlined in Table 1.

2.3 Characterizations

The structure, morphology, elemental, optical, and
electrical characteristics of the molybdenum-doped
and undoped NiTe samples have been investigated
respectively through the use of Bruker D8 Advance
X-ray diffractometer (XRD) with Cu-Ka line
(4 = 1.54056A), JEOL JSM 6360 scanning electron
microscope (SEM), Energy dispersive X-ray spectro-
scope (EDX), 756 S UV-Vis Spectrophotometer, and a
Four point probe (Model T345).

3 Results and discussion
3.1 Structural analysis

Figure 2 gives the structural plots of the prepared
samples. The X-ray diffractograms in Fig. 2a show

WE

Ag/AgCl

Fig. 1 Schematic illustration of the ECD technique adopted
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hexagonal crystal structure with JCPDS card number:
00-038-1393. For this crystal structure, the nickel ions
and tellurium ions develop strong synergy that yields
the hexagonal lattice structure. The peaks revealed
highly crystalline peaks of the films with well-aligned
prominent diffraction peaks. The impurity-free pat-
terns confirmed successful formation of the hexago-
nal crystal structure [13]. Prominent peaks were
observed for the synthesized samples with no pre-
ferred orientation. The 0.3 M doped sample recorded
the most prominent peaks with preferred orientation
observed on the (1 0 0) plane. Addition of molybde-
num did not significantly distort the crystal structure
as there is no observable peak shift due to the small
ionic size of the dopant.

Scherrer’s equation [25] (D = ) was useful in

calculating the crystallite size, D (& 5 nm) of the NiTe
samples, lattice constants (a, c), interplanar distance
(d), and the dislocation densities, d (1/D?) [26, 27] as
shown in Table 2. were obtained from the preferred
orientation at (100) plane. The calculated average
crystallite size from Table 2. is about 0.81 nm and it
gives the relationship between the different structural
parameters. The varying crystallite sizes and impu-
rity introduction accounted for the dislocation den-
sities and varying lattice constants. Increase in
crystallite size leads to modifications in the lattice
sites which accounts for an increase in the 2 theta
values and varying lattice constant values. The
interplanar distance between the lattice planes have
also been shown to vary over the orientation planes
[28]. Distortions due to introducing the impurity give
room for the dopant to occupy the interstitial position
leading to a change in the lattice structure. These
distortions account for the peak broadening observed
at higher 2 theta values [29]. As the crystallite size got
smaller, the peak got broader at larger 2 theta angle
values [8].

3.2 Morphological study

Figure 3 gives the surface micrographs of the NiTe
samples. The SEM images revealed micrograins
spread throughout the substrate surface. Doping the
NiTe film at different concentrations gave sticky-like
agglomerate due to molybdenum introduction. More
prominent agglomerates were observed in the film
doped at 0.2 M due to greater particle adhesion in the
sample [30]. The morphology also corresponds to the

@ Springer
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Table 1 Table showing the deposition parameters varied during the experimental procedure

Sample NiCl,-6H,0 (ml) TeO, (ml) Dopant Conc. (M) MoO, (ml) Time (s) Voltage (V)
NiTe 20 20 0 0 5 10
NiTe/Mo 0.1 M 20 20 0.1 10 5 10
NiTe/Mo 0.2 M 20 20 0.2 10 5 10
NiTe/Mo 0.3 M 20 20 0.3 10 5 10

6 3.3 Elemental studies

(3]
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Fig. 2 X-ray diffractograms of the doped and undoped NiTe films

random orientation obtained from their structural
result [21]. The undoped, 0.1, 0.2, and 0.3 M samples
had particle sizes of 6.3, 7.0, 8.2, and 9.1 nm, respec-
tively, as seen in Fig. 3b gotten using Image] Soft-
ware. Average particle size of about 7.65 nm was
obtained. Incorporating molybdenum also gave rise
to rough surfaces which would facilitate optical and
photocatalytic activities [20].

Table 2. Structural

The EDX plots of the doped and molybdenum-doped
NiTe samples are shown in Fig. 4. Nickel (Ni) and
Tellurium (Te) were prominent peaks observed from
the spectra while the doped sample revealed the
additional presence of molybdenum (Mo) from the
dopant. This confirms the presence of the synthesized
materials. The elemental compositions of the films in
atomic weight (%) have been outlined in Table 3. and
increasing atomic percentages of molybdenum con-
firms the increasing concentrations of the dopant.

3.4 Optical analysis

Figure 5 gives the absorbance and reflectance plots of
the undoped and Mo-doped NiTe samples. It can be
clearly seen that doping NiTe with molybdenum
altered its optical characteristics. Doping with
molybdenum increased their absorbance property as
maximum absorbance was recorded for the film
prepared at 0.3 M. This corresponds to the direct
proportionality between absorbance and concentra-
tion where more light gets blocked due to the inter-
ference of more molecules. Higher concentration of
impurities introduced into the host lattice is respon-
sible for the increased absorbance and reduced
reflectance at increasing dopant concentrations [31].
These properties make them useful for window

parameters of the prepared 20 (°) hkl FWHM D x 1072 (nm) a (nm) ¢ (nm) d (nm) S (nm)

NiTe films 2642 (100) 025 69 0.09 0.16 0.08 2.08
3110 (001) 032 44 0.28 0.49 0.25 5.10
3791 (101) 042 33 0.42 0.74 0.37 8.98
4941 (200)  0.18 86 0.12 0.20 0.10 1.36
5510 (011) 051 36 0.08 0.15 0.08 7.51
5830 (111) 024 89 0.09 0.16 0.07 1.24
6140  (102) 0.1 171 0.09 0.15 0.08 0.34
64.62  (201)  0.19 119 0.09 0.16 0.09 0.71
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Fig. 3 SEM images of the
undoped and Molybdenum-
doped NiTe samples
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Table 3. Elemental components of the Molybdenum-doped and undoped NiTe samples
NiTe NiTe/Mo
Undoped 0.1 M 02M 03 M
Elements Atomic weight(%) Elements Atomic weight (%) Atomic weight (%) Atomic weight (%)
Nickel 56.73 Nickel 53.08 53.08 53.08
Tellerium 36.80 Tellerium 35.80 35.80 35.80
Silicon 5.54 Molybdenum 6.78 6.85 6.96
Calcium 0.80 Silicon 3.41 3.45 3.49
Sodium 0.13 Calcium 0.83 0.82 0.86
Sodium 0.10 0.10 0.17

coating and optical devices. The refractive index and
band gap energy plots of the NiTe films are shown in
Fig. 6(a-b). The higher the dopant concentration, the
more the refractive index values of the films. This is
because the film thickness increases and creates a
denser medium which yields higher refractive

indices. This makes the material useful for potential
application in optoelectronic devices [24]. Band gap
energy plots were estimated from Tauc’s equation
and the energies were gotten by extrapolating the
linear portion of the graph. The obtained band gap
energies are seen in Fig. 5b and give increasing band
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gap energies as the molar concentrations increased.
The reduced band gap energies upon addition of
molybdenum could be because the host electrons
gained more energy for band transition [12]. The
undoped sample recorded higher band gap energy
which decreased upon doping with molybdenum.
Increasing the concentration of dopant resulted in
decreasing band gap energies because increased
thickness increases the localized states within the
band gap [32]. The low energy band gap makes the
films potential photovoltaic materials.

3.5 Electrical studies

Figure7 gives the electrical plots (resistivity and
conductivity versus thickness) of the synthesized
samples. It can be observed that increasing the
dopant concentration led to an increase in the film
thickness and increased conductivity [33, 34]. This
trend is due to a reduction in the value of density of
surface states at the grain boundaries. The values of
the electrical parameters have been outlined in
Table 4.. Adding molybdenum led to increase in
concentration of the synthesized films and

@ Springer

subsequent increase in material conductivity through
the addition of extra electrons. The improved elec-
trical properties make the materials potentially useful
in solar cells [35].

4 Conclusion

This work successfully synthesized NiTe films pre-
pared through electrochemical deposition. The sam-
ples were doped with molybdenum at varying molar
concentrations of 0.1, 0.2, and 0.3 M. The structure,
morphology, elemental, optical, and electrical char-
acteristics of the NiTe samples were investigated
using XRD, SEM, EDX, UV-Vis spectrophotometer,
and a Four point probe respectively. Hexagonal
crystal structure with prominent peaks was gotten
from the XRD results. Micro-grained morphology
was observed from the SEM images while the con-
firmation of constituent elements in the as-deposited
film was confirmed. Optical results gave high
absorbance values with band gap energy values
ranging from 2.01 to 1.68 eV. Increasing the dopant
concentration led to more film thickness and
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Fig. 7 Plots showing the
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Table 4. Electrical parameters
of the undoped and Mo-doped Samples Thickness (nm)  Resistivity, p x 10" (Q.cm) Conductivity, ¢ x 10'%(S/m)
NiT. 1
1e samples NiTe 123.02 10.98 0.091
NiTe/Mo 0.1 M 142.32 10.52 0.095
NiTe/Mo 0.2 M 144.12 10.21 0.098
NiTe/Mo 0.3 M 147.56 10.00 0.100
subsequent electrical conductivity. The prepared References

samples find potential application in optical, solar
cell, and optoelectronic devices.
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