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Polyhedral-grained nickel oxide (NiO) nanostructures were 
electrochemically deposited on silicon Si (111) substrates under a constant 
deposition time for different applied current density and employed as 
an active sensing layer for ammonia (NH₃) gas detection. The variation 
in current density produced polyhedral NiO nanocrystals with different 
packing densities, which significantly influenced their structural and NH₃ 
gas-sensing properties. The morphological and structural characteristics 
of the prepared polyhedral NiO nanocrystals with different densities were 
investigated using field-emission scanning electron microscopy and X-ray 
diffraction respectively. A metal–semiconductor–metal (MSM) NH₃ gas 
sensor with an Al/polyhedral NiO/Al configuration was fabricated using 
aluminum electrodes. The sensor exhibited promising sensitivity toward 
ammonia gas, strongly influenced by the size and packing density of 
the polyhedral NiO grains. Among the prepared samples, the best NH₃ 
sensing performance was obtained for the NiO sensor fabricated at 3mA/
cm2 applied current density, owing to its well-defined polyhedral grains, 
high surface coverage, improved crystallinity, and exhibited relatively fast 
rise and decay times, indicating efficient adsorption and desorption of NH₃ 
molecules on the NiO surface. 

INTRODUCTION
Nickel Oxide (NiO) had been the subject of 

many fundamental and applied researches due 
to its unique an intrinsic p-type semi-conductor 
material, band gap width of approximately 
( 3.6 to 4 e V) , a good resistivity up to (106 Ω) 
,and has ferromagnetic properties with low 
temperatures and acts as paramagnetic material 
in high temperatures[1–3].NiO showed a great 
interest for applications in high-performance 
and durable electrochemical energy storage 
systems[4,5],as electrode material for super 
capacitor applications[6]. NiO is a Promising 

candidates for the degradation of various organic 
pollutants due to its photocatalytic activity [7].
In addition NiO has gained significant interest for 
use in Sensing Applications[8–13].P-type nickel 
oxide (NiO) semiconductor devices displayed the 
best photoconductivity gain and sensitivity in 
photodiodes and dye-sensitized solar cells[14],fast 
and sensitive ultraviolet photo detector[15],an 
impressive photo response in the NiO/GO 
nanocomposite[16]

Various methods have been used to prepare 
NiO thin layers, including successive ionic layer 
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adsorption and reaction (SILAR) method were used 
to synthesis of hierarchical nanoflake structure 
of NiO thin film [17], electrochemical deposition 
[4], atomic layer deposition [16], and pulsed 
laser deposition [17]NiO thin films synthesized 
by sol-gel[18]High-quality NiO thin film by spray 

combustion method at low temperature [19].In 
reactive sputtering, NiO had been prepared by 
electron beam evaporation of nickel in an oxygen 
atmosphere[20]

Electrochemical deposition was adopted as a 
controllable growth strategy for tailoring polyhedral 

 

  

 

  

  

Fig. 1. MSM structure used in the fabrication of MSM 
Ammonia gas sensor.

Fig. 2. FESEM images of NiO grown on Si(111) substrate at (a) 1, (b) 2, (c) 3 and (d) 4 mA/cm2.



3621J Nanostruct 16(3): 3619-3625, Summer 2026

R. Ahmed et al. / NiO Nanograins for NH₃ Gas Sensing

NiO nanostructures. In contrast to previous studies 
that mainly focus on the preparation of NiO thin 
films, this study demonstrates the role of applied 
current density as an effective tool for engineering 
the morphology, grain-boundary network, and 
sensing activity of polyhedral NiO nanostructures. 
This approach provides a direct link between 
electrochemical growth conditions, morphology 
evolution, and NH₃ gas-sensing behavior, which 
represents the main novelty of the present work.

MATERIALS AND METHODS
An n-type square pieces with dimensions of 1.3 

cm × 1.3 cm, silicon substrates of (111) orientation, 
(1-10 Ω.cm) as resistivity and thickness about (580 
± 0.25 µm), was used as cathode in electrochemical 
cell to deposit Ni on silicon substrate. The substrate 
has been cleaned in isopropanol, methanol and 
acetone respectively using ultrasonic waves. 
Native oxide layer removed by immersing the 
samples were in (HF) solution for 50 sec and then 
washed with deionized water.

The solution was prepared using nickel chloride 
(NiCl2) which is a green crystal have molecular 
weight (23.769 g/mol) to be nickel ions source 
(Ni⁺²) in deposition solution. Platinum (Pt) wire 
was used as anodic electrode. The deposition time 
was fixed on 120 min., 0.1 M (number of moles) 
of Sigma-Aldrich Nickel(II) Chloride (NiCl2) as 
(powder). To obtain a number of moles equivalent 
to 0.1 M, 1.34 g of NiCl2 powder was dissolved in 

50 mL of water.
The deposition current density is an important 

variable in electrochemical deposition (ECD). We 
deposited NiO on Si (111) under four deposition 
current density (1,2,3 and 4 mA/cm2). At fixed 
deposition time(120min).). The resulting Ni film 
was placed inserted in the Oven under ambient 
environment to oxidize them to produce NiO 
films. The oven temperature was maintained 
at 900 °C. The oven temperature was then 
cooled to room temperature. The morphology 
produced NiO films were observed with Field 
Emission Scanning Electron Microscopy (FESEM, 
NovananoSEM450, FEI). X-ray diffraction (XRD, 
X’PertPROMPDPANalytical) was used for the 
structural measurements. NiO nanocrystals 
NH3 gas sensor fabricated in vacuum thermal 
evaporator involves heating a small evaporation 
boat containing aluminum powder. The contacts 
are patterned on NiO films by using a metal mask 

The change in sensor resistance when exposed 
to NH3 gas is taken. The NiO sensor was placed 
inside the chamber (Fig. 1), later the desired 
gas (NH3) with concentration of 78.58 ppm was 
injected and the Al/polyhedral NiO/Al sensor 
inside a gas-sensing chamber at two separate 
operating temperatures 100 oC and 200 oC.

RESULTS AND DISCUSSION
The FE-SEM micrographs in Fig. 2 illustrates 

the evolution of the NiO surface morphology 

Sample 2θ (°) FWHM β (rad) d-spacing (Å) Lattice 
parameter a (Å) 

Crystallite size D 
(nm) 

NiO-a 37.2 0.0108 2.415 4.183 13.5 
NiO-b 37.2 0.0087 2.415 4.183 16.8 
NiO-c 37.2 0.0052 2.415 4.183 27.9 
NiO-d 37.2 0.00698 2.41 4.183 21.0 

 
  

Sample 2θ (°) FWHM β (rad) d-spacing (Å) 
Lattice 

parameter a 
(Å) 

Crystallite size D 
(nm) 

NiO-a 43.2 0.01012 2.092 4.185 14.7 

NiO-b 43.2 0.00838 2.092 4.185 17.8 

NiO-c 43.2 0.00524 2.092 4.185 28.5 

NiO-d 43.2 0.00733 2.092 4.185 20.3 
 
  

Table 1. Crystallite size of NiO nanoparticles using XRD at the dominant diffraction peakNiO (111).

Table 2. Crystallite size of NiO nanoparticles using XRD at the dominant diffraction peakNiO (200).
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as a function of applied current density. The FE-
SEM images demonstrate that the applied current 
density has a pronounced influence on the 
surface morphology in tailoring the density and 
arrangement of polyhedral NiO nanograins. 

At (1 mA/cm2) low current density, the 
deposited layer of NiO shows limited nucleation, 
the grains appear less dense and randomly 
distributed, leading to isolated and non-
uniformly distributed grains on the Si (111) 
surface. With increasing current density (2 
mA/cm2), the nucleation density increases 
significantly, promotes the formation of closely 
packed polyhedral nanograins. This morphology 

provides a high density of grain boundaries and 
surface-active sites, which are essential for gas 
adsorption and resistance modulation during 
NH₃ exposure. The enhanced supply of Ni ions 
and faster electrochemical reaction rate near 
the substrate surface as a result of changing the 
applied current density which controls the rate of 
Ni²⁺ ion reduction and the subsequent nucleation 
and promotes the formation of a higher number 
of NiO nuclei, optimum current density (3 mA/
cm2) characterized by dense polyhedral grains 
and well-developed grain boundaries, produces 
the best balance between high grain density, 
surface uniformity, and accessible active sites, 

 

  

  

Fig. 3. The XRD patterns of NiO grown on Si(111) substrate at (a) 1, (b) 2, (c) 3 and (d) 4mA/
cm2.
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whereas excessive current density may promote 
overgrowth and grain agglomeration. This 
current-density-controlled morphology evolution 
represents an important feature of the present 
work and directly supports the improved NH₃ 
gas-sensing performance of the fabricated NiO 
sensor. However, further increase in current 
density (4 mA/cm2) may enhance nucleation and 
surface coverage, lead to the formation of overly 
compact and agglomerated polyhedral NiO grains, 
which can reduce the effective sensing surface. 
As a result, NH₃ adsorption and surface reaction 
become less efficient, leading to a lower sensing 
response.

Fig. 3 presents the XRD patterns of polyhedral 
NiO nanostructures deposited on Si (111) 
substrates at different applied current densities. 
The diffraction peaks located at approximately 2θ 
= 37° and 43° correspond to the (111) and (200) 
planes of cubic NiO, respectively, confirming the 
formation of the face-centered cubic NiO phase. 
At lower current density (1 mA/cm2), weak NiO-
related peaks with a broad background; one 
sharp substrate-related peak is visible, indicating 
smaller crystallite size and lower crystallinity. 
With increasing current density (2 mA/cm2), NiO 

peaks become more visible, especially around 
37° and 43° the peaks become sharper and more 
intense (Fig. 3b), suggesting improved crystallinity 
and enhanced NiO crystal growth. The dominant 
(111) peak indicates preferential orientation 
along the (111) plane. Strong and sharp NiO 
diffraction peaks; clear peaks at 2θ ≈ 37° and 43° 
with increasing applied current density to (3 mA/
cm2) (Fig. 3c), the peaks become sharper and 
more intense, suggesting improved crystallinity 
and enhanced NiO crystal growth which indicates 
that the crystallinity of the polyhedral NiO 
nanostructures is strongly dependent on the 
electrochemical growth conditions.

NiO peaks are still present but less intense/
broader than sample (Fig. 3c) with further 
increasing the applied current density (4 mA/
cm2) (Fig. 3d), can promote overgrowth and 
agglomeration of the polyhedral NiO grains, 
resulting in a more compact structure with 
fewer accessible active sites for NH₃ adsorption. 
Therefore, an optimum current density is required 
to balance crystallinity, surface coverage, and gas-
sensing performance. These results demonstrate 
that the applied current density plays a crucial 
role in controlling the structural quality of the 

 Fig. 4. The Sensitivity of the (Al- NiO -Al) gas sensor measured under 78.8 ppm NH3 gas flow. (A) Operating temperature at 100 °C (B)
Operating temperature at 200 °C.
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polyhedral NiO nanostructures. The observed 
diffraction peaks are consistent with the standard 
NiO data (JCPDS No. 04-0835) [21–24].

The XRD characteristics of the polyhedral NiO 
nanostructures deposited at different applied 
current densities are summarized in Tables 1 and 
2. The peak position, FWHM, d-spacing, lattice 
parameter, crystallite size, were estimated by 
using Scherrer formula [25]at the dominant NiO 
diffraction peaksNiO (111).

D = Kλ
βcosθ 

                                                                        
(1)

The variation in these parameters confirms that 
the applied current density significantly influences 
the crystallinity and structural quality of the 
electrochemically deposited NiO nanostructures.

Sensor response at at 100 °C and 200 °C 
operating temperatures for 78.58 ppm NH3 Fig. 4.  
The sensing response is strongly affected by the 
density and packing of the polyhedral NiO grains. 
In both cases, the resistance increases upon NH₃ 
exposure and in air, oxygen molecules are adsorbed 
on the NiO surface and extract electrons, which 
increases the hole concentration and decreases 
the resistance during air recovery, confirming the 
p-type semiconducting behavior of NiO toward 
reducing ammonia gas. At 100 °C, the sensor with 
denser polyhedral NiO grains exhibits a stronger 
response, indicating that the grain-boundary-
rich morphology provides more active sites for 
NH₃ adsorption. At 200 °C, the response of some 
samples becomes faster and more pronounced 
due to enhanced surface reaction kinetics. 
However, further improvement is not observed 

for all samples, suggesting that excessive grain 
compactness or rapid NH₃ desorption may limit 
the effective gas–surface interaction. Therefore, 
the sensing performance depends not only on the 
operating temperature but also on the current-
density-controlled morphology of the polyhedral 
NiO nanostructures.

Operating temperature at 200 °C gives better 
response (Fig. 4a), indicating improved NH₃ 
adsorption/reaction kinetics, as can be observed 
from the behavior of the response curves 
resistance increases slowly after NH₃ exposure and 
recovers after air introduction. A clear increase in 
resistance under NH₃, followed by recovery in air 
as clearly demonstrated by the response curves in 
Fig. 4b. shows a much stronger resistance increase 
and good recovery as its illustrated, the sensing 
performance at 200 °C, showing a faster response 
and more efficient recovery compared with the 
behavior observed at 100 °C. Fig. 4c. shows that 
100 °C operating temperature may be more 
stable, while 200 °C gives stronger gas interaction 
but slower recovery. Fig. 4d. shows that 100 °C 
operating temperature is better, while 200 °C 
may reduce effective sensing due to compact/
agglomerated morphology or fewer accessible 
sites.Therefore, the different responses observed 
at 100 °C and 200 °C reflect the combined 
influence of temperature, surface adsorption/
desorption processes, and current-density-
controlled polyhedral morphology. The following 
tables summarizes the estimated Response and 
Recovery time s extracted from the response–
recovery curves at 100 °C and 200 °C. 

The response and recovery times estimated 
from the dynamic sensing curves are summarized 

Temp. (100 °C) a b c d 

Response time (s) 32 26 25 38 

Recovery time (s) 22 18 4 24 
 
  

Temp. (200 °C) a b c d 
Response time (s) 12 24 8 28 

Recovery time (s) 30 15 35 12 
 
 

Table 3. Values of the density and arrangement of polyhedral NiO nanograins-dependent responses of Al- NiO -Al at 100 oC operating 
temperature.

Table 4. Values of the density and arrangement of polyhedral NiO nanograins-dependent responses of Al- NiO -Al at 200 oC operating 
temperature.
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in Tables 3 and 4. Polyhedral NiO sample (c) 
exhibited the most balanced NH₃ sensing 
behavior, showing a fast response at 200 °C and 
rapid recovery at 100 °C. Therefore, polyhedral 
NiO nanostructures grown at 3mA/cm2 represents 
the optimum sensing layer, where the balance 
between active surface sites, gas diffusion 
pathways, grain-boundary network, crystallinity, 
and charge-transfer efficiency leads to enhanced 
ammonia sensing behavior.

CONCLUSION
Polyhedral NiO nanostructures were 

successfully deposited on Si (111) substrates by 
simply controlling the applied current density 
during electrochemical deposition (ECD), which 
was found to play a decisive role in controlling 
the grain size, packing density, surface coverage, 
and crystallinity of the sensing layer. and the 
applied current density Among the prepared 
samples, NiO nanostructures grown at 3 mA/cm2 
exhibited the optimum performance due to its 
well-defined polyhedral morphology, improved 
XRD crystallinity, abundant grain boundaries, 
and balanced response–recovery behavior 
toward NH₃ gas. The enhanced performance is 
attributed to p-type semiconducting nature of 
NiO, which promote NH₃ adsorption and also to 
the well-defined polyhedral grains which provided 
abundant grain boundaries and active surface 
sites. These findings confirm that current-density-
controlled electrochemical deposition is a practical 
strategy for developing high-performance NiO-
based ammonia gas sensors.
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