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A B S T R A C T 
 

In this study, a hydrothermal method was used to synthesize Tix MnNiO 
nanostructures for photovoltaic applications. The synthesized films display a 
hexagonal phase and are polycrystalline. They exhibit a preferred alignment on 
the (111), (112), (116), (121), and (200) planes. The angles 2 theta are (26.612, 
30.816, 32.154, 33.154, and 37.856) degrees. The structural properties of the 
material are enhanced by incorporating titanium into the lattice of manganese, 
nickel oxide. By integrating titanium into the MnNiO lattice, the material's UV 
absorbance was enhanced. At 310 nm, the noticeable peaks of the materials show 
a rise in titanium concentration, leading to enhanced absorbance during 
synthesis. The material absorbance decreases as the wavelength of light in the 
visible region increases. The indirect bandgap energy of the synthesized Tix 
MnNiO film decreases with increasing molar concentration, ranging from 2.75 eV 
to 1.82-1.50 eV. 
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Introduction 

he growing demand for energy is 
shifting focus to renewable 
technologies because of the rapid 
consumption of fossil fuels [1-3]. 
Nanomaterials possess remarkable 

cycling stability, high-power density, and 
excellent reversibility, making them ideal for 
energy-storage applications. Nanomaterials 
play a crucial role in portable electronic 
products, electric vehicles, and industrial 
power supplies. Nanotechnology combines 
knowledge from various fields to make 
scientific advancements [4,5]. It has uses in 
medicine, biofuel production, wastewater 
management, and drug delivery. Various 
technologies utilize nanoscale materials, 
including pharmaceuticals, cosmetics, and 
catalysis/photocatalysis. Nanotechnology is 
based on the use of nanoparticles as 
fundamental building blocks. Synthesis of 
metal nanomaterials with exact shape and size 
was achieved for catalysis and biomedicine. 
Nanomaterials comprise nanoparticles that are 
100 nm or smaller [6-12]. Nanoparticles can 
range in size from 1 to 100 nm. Nanoparticles 
were used in electronics and biofuel 
production because of their small size. The 
nanomaterials functionality is enhanced by 
factors like physical properties and an 
increased surface to volume ratio [14,15]. The 
hydrothermal method allows for composition 
control of materials via multiphase reactions. 
The synthesis route is straightforward, 
manageable, fast, and affordable, producing 
nanomaterials with low vapor pressure and 
minimal material loss. 

The attention on opting for electrode 
materials with outstanding electrochemical 
performance has intensified, because electrode 
materials mainly limit the specific capacitance 
and energy density of nanomaterials [16,17]. 
Electric double-layer capacitors often use 
activated carbon, porous carbon, carbon 
nanotubes, and graphene as electrodes. 
Transition metal oxides such as V2O5, MnO2, 
RuO2, and as well as hydroxides like Co(OH)2 

and Ni(OH)2, are notable examples. There are 
countless. They are often used. Researchers 
have extensively studied high-capacitance 
pseudo-capacitive materials, including 
conductive polymers. Despite this, particular 
transition metal hydroxides such as Co(OH)2 
and Ni(OH)2 demonstrate properties 
resembling those of batteries [18-20]. The 
range of oxidation states and superior 
electrochemical performance make ternary 
transition metal oxides valuable over binary 
oxides. Researchers have extensively studied 
NiCo2O2 and CoMo2O2 as electrode materials 
for supercapacitors with a spinel structure. 
The economic and technical impact of 
replacing Co with Cu and Mn in alternative 
spinel materials is expected to be significant, 
considering the high cost of Co and the 
necessity for improved electrochemical 
performance. The capacitive behavior of Ni-Mn 
based oxides has resulted in widespread 
research. NiMnO3, which has an ilmenite 
structure, has not received the same level of 
research as its well-known counterparts, such 
as NiMn2O4, which are extensively studied as 
electrode materials for supercapacitors [21-
23].  

A significant technology challenge in the 
21st century is the replacement of fossil fuels 
with renewable energy for humanity. There is 
hope for achieving energy sustainability 
through recent advancements in PV solar cell 
technology. Modern solar panels are inefficient 
and costly by large-scale power grids. The 
major determinant for large-scale power 
generation of any PV solar technology is cost 
[19]. Technological advancements offer 
numerous possibilities for tackling the 
worldwide energy crisis. Metal oxide-based 
solar cells have significantly advanced PV 
technology. Nanomaterials such as MnNiO, 
nanowires, or quantum dots could enhance the 
efficiency of PV cells [24-29]. The concern is 
significant about reducing manufacturing costs 
through the use of affordable nanostructured 
materials and processes. 

A composite of MnNiO3/Ni6MnO8 was 
synthesized by Guo et al. [30] through 
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hydrothermal conditions at 120-160 °C with 
different growth times. The MnNiO3/Ni6MnO8 
nanospheres with a flower-like 3D structure 
was successfully synthesized at 140 °C for 10 
hours. The MnNiO3/Ni6MnO8 structure, with its 
unique 3D spherical shape and mesopores, 
enhances electrolyte ion transport and 
increases redox active sites. The energy 
storage mechanism of MnNiO3/Ni6MnO8 is 
examined, revealing its dominance as a 
diffusion-controlled process in battery-type 
electrode material. The MnNiO3/Ni6MnO8 
nanospheres prepared in this way are also 
used for constructing a hybrid device. At a 
specific power of 1074.7, the device can 
provide a specific energy of 22.3 Wh/kg. The 
MnNiO3/Ni6MnO8/AC device can successfully 
light up commercial LEDs of different colors, 
demonstrating the promising application 
potential of the MnNiO3/Ni6MnO8 electrode.  

Hydrothermal synthesis is a process that 
crystallizes substances in a sealed container 
from their high-temperature aqueous solution 
[13]. This technique produces a greater 
amount of crystalline material compared to 
other methods. The preparation of distinctive 
titanium-manganese, nickel oxide (Tix MnNiO) 
nanostructures involves hydrothermal 
treatment. The material melting point may 
lead to the creation of unstable crystal phases. 
As far as we know, the hydrothermal approach 
has not been employed to synthesize titanium 
with MnNiO material. 

Titanium-manganese, nickel oxide (Tix 
MnNiO) nanostructures material was 
synthesized using a hydrothermal approach in 
this study for photovoltaic application. Various 
characterization equipment's will be used to 
conduct structural, elemental, optical, and 
visible analysis of the material. 

Experimental  

Materials 

The study involves these materials: 
titanium tetrachloride (TiCl4), 

manganese (II) nitrate hexahydrate 

(Mn(NO3)2·6H2O) Sigma-Aldrich 98%, nickel 
(II) nitrate hexahydrate. Ni(NO3)2·6H2O Sigma-
Aldrich 99%, potassium hydroxide (KOH), α-
terpineol, polyethylene glycol, FTO-substrate, 
deionized water, heating mantle, an oven that 
has a temperature range of 50 to 1000 °C. 

Synthesis of Tix MnNiO (X= 1, 2, and 3 mL) 

A 0.2 M of Manganese (II) nitrate 
hexahydrate (Mn(NO3)2·6H2O), nickel (II) 
nitrate hexahydrate Ni(NO3)2·6H2O and 
potassium hydroxide (KOH) were used to 
synthesize Tix MnNiO (X= 1, 2, and 3 mL). 20 
mL of potassium hydroxide with titanium 
tetrachloride (TiCl4) at (1-3) mL was stirred 
for 40 minutes at room temperature. To 
achieve a consistent solution, a mixture of 0.5 g 
of α-terpineol, polyethylene glycol, and other 
solutions was stirred for 45 minutes at room 
temperature. For hydrothermal processing, 
the FTO glass and solution were placed in a 
stainless-steel autoclave lined with Teflon. The 
temperature of the solution stayed at 200 °C 
for of 7 hours. After cooling down naturally to 
room temperature, the deposited Tix MnNiO 
(X= 1, 2, and 3 mL) on FTO substrate was 
vacuum-dried at 70 °C for 40 minutes, as 
displayed in Figure 1. The films were analyzed 
using different techniques to determine their 
optical, electrical, structural, morphological, 
and elemental compositions. Structural and 
elemental compositions were analyzed using 
the NPUFEI-NNS45 SEM. The absorbance 
wavelength of the films was measured using a 
756S UV-Visible spectrophotometer between 
300 to 1000 nm. The electrical properties of 
the films were analyzed using the Jandel four-
point probes method. 

Results  

Optical study of Tix MnNiO (X= 1, 2, and 3 mL) 

The optical properties of Tix MnNiO (X= 1, 
2, and 3 mL) synthesized through 
hydrothermal process were analyzed using a 
visible spectrophotometer (300 to 1000 nm), 
as shown in Figure 2. Incorporating titanium  
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into the lattice of MnNiO improved the 
material's absorbance in the UV region of the 
spectra, as demonstrated in Figure 2 (H1). The 
materials' prominent peaks become apparent 
at 310 nm, indicating a rise in titanium 
concentration during synthesis and boosting 
material absorbance. The material absorbance 
decreases as the wavelength of light radiation 
at the visible region increases. The greater 
amount of titanium results in the highest 
absorbance in the spectra and increasing the 
film concentration improves all optical 
properties. Harnessing energy from the sun 
requires vital synthesized materials. 
Hydrothermally synthesized Tix MnNiO (X=1, 
2, and 3 mL) is crucial for photovoltaic and 
solar cell applications. The material absorbs at 
a higher rate with a higher concentration of 
titanium. Introducing titanium may have led to 
a larger crystallite size, as indicated by the 
increase in the observed crystallite peak in the 
XRD pattern. A larger crystallite size can cause 
a higher specific surface area and increased 
optical absorbance. The films have excellent 
absorbency, making them perfect for solar cell 
and energy production. 

At 310 nm, Figure 2 (H2) shows an 
exceptionally high transmittance rate, 
exceeding 100%. Tix MnNiO (X=1, 2, and 3 mL) 
exhibits an increase in transmittance in the 
infrared spectral range for all materials. As the 

concentration of titanium increases, the 
transmittance spectra decrease. The films 
displayed a drop in electrical resistivity, 
implying it could potentially be the reason. A 
higher specific surface area may be achieved 
by decreasing the film thickness, which could 
improve optical transmittance. Because of 
their high transmittance rate, these films are 
ideal for solar cell systems photovoltaics, and 
energy production. The highest reflectance 
was observed in the UV region, as illustrated in 
Figure 2 (H3). The evaluation showed that the 
films had low reflectance in both regions, 
making them perfect for solar and photovoltaic 
cells. The low reflectance of the material is 
caused by light interacting with its surface and 
canceling out reflected light waves. 
Overestimating the material's optical thickness 
results in their occurrence. The earlier 
estimate may not fully consider larger-than-
expected errors in surface reflectance. The 
influence of adjacency effects and persistent 
residuals explains this primarily. Figure 2 (H4) 
illustrates the energy bandgap representation 
of Tix MnNiO (X=1, 2, and 3 mL) through the 
(αhv)2 against hv plot. The graph helped 
determine the indirect bandgap of the films. 
The indirect bandgap energy of the 
synthesized Tix MnNiO (X=1, 2, and 3 mL) film 
decreases as the molar concentration of the 
material increases, shifting from 2.75 eV to a

 

 
Figure 1 Schematic diagram illustrating the synthesis procedure 
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range of 1.82–1.50 eV. Figure 3 (H5) displays 
the refractive index of the synthesized 
material. The plot shows that the refractive 
index increases as titanium concentration 
increases, reaching a maximum value before 
sharply decreasing with MnNiO with the 
lowest refractive index. The extinction 
coefficient of Tix MnNiO (X=1, 2, and 3 mL) is 
inidicated in Figure 3 (H6). The material with 

the highest concentration of titanium showed 
the highest extinction coefficient value. The 
real dielectric constant of Tix MnNiO (X=1, 2, 
and 3 mL) increases with higher titanium 
concentration, peaks between 2.5-3.5 eV, and 
then decreases at higher photon energy 
(Figure 3, H7 and H8). The dielectric constant 
of the deposited films increases as the titanium 
concentration rises. 
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Figure 2 (H1) absorbance, (H2) transmittance, (H3) reflectance, and (H4) bandgap energy 
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Figure 3 (H5) refractive index, (H6) extinction coefficient, (H7) real, and (H4) imaginary dielectric 
constant 

XRD analysis of Tix MnNiO (X=1, 2, and 3 mL) 

The XRD result of Tix MnNiO materials with 
different X values (1, 2, and 3 mL) is shown in 
Figure 4. The synthesized films exhibit a 
hexagonal phase and are polycrystalline, with 
a preferred orientation along the (111), (112), 
(116), (121), and (200) planes [31,32]. The 
corresponding 2 theta angles are (26.612, 
30.816, 32.154, 33.154, and 37.856) degrees. 

The structural properties of the material are 
improved by incorporating titanium into the 
lattice of manganese, nickel oxide. Equations 
(1-4) were utilized to approximate the 
structural characteristics in Table 1. 

D = kλ
cosθ⁄                      (1) 

d = λ 2 sin θ⁄                (2) 

δ = 1 
D⁄                      (3) 

a = d√ℎ2 + 𝑘2 + 𝑙2                  (4) 
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Figure 4 XRD pattern of Tix MnNiO (X=1, 2, and 3 mL) 

 
 

Table 1 Structural properties of Tix MnNiO (X=1, 2, and 3 mL) 

Films  2θ  
(deg.)  

d (spacing)  
Å  

 a (Å) (β)  (hkl)  (D) 
 nm  

 𝛔 
lines/m2  

X 1018                                   
MnNiO 26.536 3.358 5.817 0.9234 111 1.543 1.277 
 30.716 2.910 5.820 0.9243 112 1.556 1.256 

 32.115 2.786 5.573 0.9245 116 1.561 1.248 

 33.714 2.658 5.942 0.9252 121 1.567 1.240 

 37.787 2.380 5.830 0.9256 200 1.584 1.213 

Ti 1 mLMnNiO 26.612 3.349 5.800 0.7367 111 1.925 8.133 

 30.816 2.901 5.802 0.7369 112 1.953 7.988 

 32.154 2.783 5.866 0.7371 116 1.959 7.937 

 33.154 2.648 5.922 0.7374 121 1.966 7.879 

 37.856 2.376 5.820 0.7376 200 1.988 7.704 

Ti 2 mLMnNiO 26.612 3.349 5.800 0.7255 111 1.965 7.888 

 30.816 2.901 5.802 0.7257 112 1.983 7.747 

 32.154 2.783 5.866 0.7260 116 1.989 7.700 

 33.154 2.648 5.922 0.7264 121 1.996 7.645 

 37.856 2.376 5.820 0.7268 200 2.018 7.480 

Ti 3 mLMnNiO 26.612 3.349 5.800 0.7564 111 1.885 8.574 

 30.816 2.901 5.802 0.7569 112 1.901 8.427 

 32.154 2.783 5.866 0.7575 116 1.906 8.383 

 33.154 2.648 5.922 0.7579 121 1.913 8.323 

 37.856 2.376 5.820 0.7582 200 1.934 8.140 
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Surface micrograph of Tix MnNiO (X=1, 2, and 3 
mL) 

The surface micrograph of Tix MnNiO (X=1, 
2, and 3 mL) is demonstrated in Figure 5. The 
films have a noticeable nano structure, with a 
visible pebble-like material. Incorporating 
titanium into the MnNiO lattice causes a 
decrease in nanoparticle size. The high 
concentration of titanium led to an increase in 
the surface energy of the material, resulting in 
the presence of nonflake clusters on the film's 
surface. The nanoparticle's susceptibility to 
agglomeration increased because of a higher 

concentration of titanium. Due to strain, the 
lattice experienced a change in orientation, 
leading to the formation of a dislocation near 
the surface. The lattice strain aligns with the 
observed strain in their structural property. 
Figure 6 displays the elemental composition of 
Tix MnNiO for X values of 1, 2, and 3 mL. The 
spectrum displays all the elements needed for 
Tix MnNiO formation (X=1, 2, and 3 mL). It is 
possible that the composition of the FTO 
substrate used during synthesis is the other 
observed element. 
 
 

 

Figure 5 SEM analysis of the material 
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Figure 6 Material's energy dispersive X-ray analysis 

 
Investigation of the electrical properties of Tix 
MnNiO (X=1, 2, and 3 mL) 

Film thickness, resistivity, and conductivity 
are correlated, as shown in Figure 7. 
Decreasing material thickness leads to 
increased films conductivity and decreased 
resistivity. The alignment occurs because 
higher titanium concentration increases 
carrier concentration, enhancing the material's 
conductivity. The material's capacity for 
handling increased current is helpful in 
photovoltaic applications. Table 2 provides 
valuable insights into the photovoltaic 
properties of Tix MnNiO (X=1, 2, and 3 mL) by 
displaying the resistivity and conductivity 
values. The film's conductivity rose from 1.711 
to 2.423 (S/m) as its thickness decreased from 
127.19 to 114.42 nm because of titanium 

concentration, resulting in a decrease in 
resistivity from 58.420 to 41.260 (ῼ.cm). The 
electron-hole pairs in Tix MnNiO (X=1, 2, and 3 
mL) are influenced by the titanium 
concentration, which is associated with the 
size of the crystals. The material's conductivity 
increases because of titanium concentration, 
which is attributed to the difference in 
crystallite sizes compared to MnNiO film. 
There is a correlation between the decrease in 
resistivity and film thickness of Tix MnNiO 
(X=1, 2, and 3 mL) and the concentration of 
titanium. These materials have the potential to 
improve solar cell efficiency. The resistivity of 
Tix MnNiO (X=1, 2, and 3 mL) makes it highly 
suitable for buffer layers in photovoltaic 
systems.  
 

 
Table 2 Investigating the electrical characteristics of Tix MnNiO at different X values (1, 2, and 3 
mL) 

 
 
 
 
 

Films  t, (nm) ρ, (Ω.cm) x 108 σ, (S/m) x 106 
MnNiO 127.19 58.420 1.711 
Ti 1 mLMnNiO 121.97 52.941 1.888 
Ti 2 mLMnNiO 118.87 43.492 2.299 
Ti 3 mLMnNiO 114.42 41.260 2.423 
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Figure 7 Resistivity and conductivity vs. thickness 

 
Conclusion  

Using a hydrothermal approach, we have 
successfully synthesized Tix MnNiO (X=1, 2, 
and 3 mL). The synthesized films are 
polycrystalline and exhibit a hexagonal phase. 
They show a preferred orientation along the 
(111), (112), (116), (121), and (200) planes. 
The 2 theta angles are (26.612, 30.816, 
32.154, 33.154, and 37.856) degrees. 
Incorporating titanium into the lattice of 
manganese, nickel oxide improves the 
material's structural properties. The 
integration of titanium into the MnNiO lattice 
improved the material's UV absorbance. The 
prominent peaks of the materials are visible 
at 310 nm, suggesting an increase in titanium 
concentration during synthesis and 
enhancing material absorbance. As the 
wavelength of light in the visible region 
increases, the material's absorbance 
decreases. The indirect bandgap energy of the 
synthesized Tix MnNiO (X=1, 2, and 3 mL) 
film decreases as the molar concentration of 
the material increases, shifting from 2.75 eV 
to a range of 1.82-1.50 eV. 
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