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In this work, the sol-gel synthesis of nickel oxide (NiO) nanoparticles was systematically examined with respect to key parameters,
including precursor type, reagent molar ratio, reaction time, and calcination temperature. A comparative evaluation of different nickel-
based salts identified nickel nitrate as the most suitable precursor. Structural-phase characterization by X-ray diffraction (XRD)
demonstrated that the nanoparticles synthesized at varying reagent ratios possessed well-defined crystalline phases, with an average
crystallite size of ~11 nm. Prolonged reaction times were observed to promote agglomeration processes. Raman spectroscopic analysis
revealed the presence of phonon and magnon vibrational modes, which were strongly dependent on particle size and calcination conditions.
Transmission electron microscopy (TEM) confirmed a particle size distribution in the range of 3+19 nm. Collectively, these results
establish the synthesis—structure relationship and provide a framework for defining optimal conditions for preparing NiO nanocatalysts.
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INTRODUCTION

The particle size and phase structure of NiO nanocatalysts are strongly dependent on the synthesis parameters.
Among these parameters, the choice of precursor plays a decisive role, as it governs the crystallinity and morphology of
the resulting nanoparticles. As reported in the scientific literature, nickel nitrate, nickel sulfate, and nickel chloride are
the most commonly employed precursors [1-3]. Among them, nickel nitrate is highlighted as the most advantageous
precursor due to its high solubility in water, low decomposition temperature, and the absence of residual by-products after
the reaction. Furthermore, NiO thin films deposited via spray deposition using nickel nitrate as the precursor exhibit
higher optical transmittance than films prepared with chloride and acetate precursors [4]. Therefore, in many studies,
nickel nitrate is selected as the primary precursor.

The molar ratio of the starting reagents also has a pronounced impact on the efficiency of the synthesis process. For
instance, an increase in the concentration of ammonium hydroxide decreases the average size of the resulting NiO
nanoparticles, as OH™ ions passivate the particle surfaces, thereby reducing their propensity for agglomeration [5, 6]. This
phenomenon has been experimentally confirmed in several studies, in which cation-anion interactions during hydrolysis
have been identified as the primary governing factor [7]. Thus, optimizing the reagent ratio ensures the formation of
uniformly distributed nanoparticles with reduced particle size.

Therefore, selecting an optimal reagent ratio is crucial for achieving the formation of uniformly distributed NiO
nanoparticles with minimized particle size [8, 9]. This finding highlights the necessity of terminating the synthesis at an
optimal time point.

Calcination temperature is likewise recognized as a key factor governing the particle size and degree of crystallinity of
NiO nanoparticles. Literature reports indicate that calcination at relatively low temperatures (400450 °C) can yield
crystallite sizes of approximately 11+12 nm [10, 11]. These results are corroborated by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) analyses, as well as by evidence of phase stability [12]. Conversely, increasing the
calcination temperature can lead to particle coarsening and the emergence of additional phases within the crystalline
structure.

For deeper characterization of the synthesized particles, Raman spectroscopy is widely employed to probe phonon
and magnon excitations. In size-confined NiO nanoparticles, characteristic resonances - appearing at approximately
~500 cm™, ~730 cm™!, and ~1090 cm™! - are clearly manifested in the spectra [13]. These spectral signatures provide
additional insight into the vacancy concentration and crystal symmetry of the synthesized nanoparticles.

In the sol—gel synthesis of NiO nanocatalysts, the choice of precursor, reagent stoichiometry, calcination time, and
calcination temperature constitute the principal technological parameters [4,14]. Each exerts a pronounced influence on
the morphology, particle-size distribution, and phase purity of the final product.

By judiciously optimizing these conditions, it is possible to obtain phase-stable, fine-sized NiO nanoparticles with
high performance potential. This, in turn, provides a solid scientific basis for enhancing the efficiency of NiO-based
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catalysts across diverse application domains. In this article, the effects of these synthesis parameters on nickel oxide
formation are examined in depth.

Parameters governing the size of NiO nanocatalysts

Nanocatalyst properties are dictated by synthesis conditions. In the sol-gel preparation of NiO, particle size is
primarily controlled by precursor type, reagent stoichiometry, and reaction time. The following sections delineate the
size—parameter relationships for each variable.

Precursor type.

In sol-gel routes to NiO nanoparticles, nickel nitrate, nickel sulfate, and nickel chloride are the predominant
precursor salts used [15]. Among these precursors, nickel nitrate is advantageous owing to its high aqueous solubility and
a substantially lower thermal decomposition temperature than nickel sulfate and nickel chloride. Using the
aforementioned nickel-based salts as precursors, NiO nanoparticles were synthesized via a sol—gel route, and XRD was
employed to assess crystallographic structure, phase purity, and phase composition; the corresponding diffraction patterns
are presented in Figure 1.
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Figure 1. XRD patterns of NiO nanoparticles synthesized using different precursors

The diffraction patterns in Figure 1 were collected on a Rigaku SmartLab diffractometer using Cu Ka radiation
(A =0.15405 nm) with a Kp filter. Measurements were performed at 40 kV and 50 mA over a 20 range of 5+80°, with a
scan rate of 3° min™! and a constant step size of 0.01°, ensuring high-resolution, reliable data for subsequent analysis.

To ensure analytical fidelity, the 26 step size was maintained at 0.01°, yielding a high-density dataset for subsequent
analysis. All samples exhibit characteristic reflections of rock salt NiO at 26 ~ 37.2°, 43.3°, 62.8°, 75.3°, and 79.4°,
indexed to the (111), (200), (220), (311), and (222) planes, respectively. The patterns obtained from nickel-nitrate-derived
powders indicate superior crystallinity and phase purity, which is attributed to the cleaner decomposition of nickel nitrate
and the absence of residual by-products - features not typically observed with nickel sulfate or nickel chloride. On this
basis, nickel nitrate was selected as the precursor for subsequent sol-gel syntheses of NiO nanoparticles.

Effect of reagent stoichiometry on NiO nanocatalyst size.

The influence of starting-reagent stoichiometry on the size of sol-gel-derived NiO nanoparticles was investigated.
Nickel nitrate and ammonium hydroxide were combined at varied molar ratios (n:m). Throughout the experiments, the
amount of aqueous nickel nitrate was held constant, while the quantity of ammonium hydroxide was systematically
increased to isolate the effect of base addition. The XRD patterns of the resulting powders are presented in Figure 2.
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Figure 2. XRD patterns of NiO nanoparticles at reagent molar ratios: (a) 1:1; (b) 1:2; (¢) 1:3
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In Figure 2a, the aqueous solutions of ammonium hydroxide and nickel nitrate hexahydrate were used in equal
amounts; in Figure 2b and Figure 2c, the amount of ammonium hydroxide was increased to 1:2 and 1:3 relative to the
nickel nitrate hexahydrate solution, respectively. Across all three cases, the XRD diffractograms exhibit the characteristic
reflections of rock salt NiO indexed to (111), (200), (220), (311), and (222) — at essentially identical 20 positions,
indicating that peak locations (and thus lattice symmetry) remain invariant with base-to-precursor ratio. The average
crystallite size of the NiO powders was then estimated from the XRD peak broadening using the Debye-Scherrer
equation [16].

KA
= Bcos6 (1)

Here, K=0.9 is the Scherer’s constant; A is the X-ray wavelength (Cu-Ka); 0 is the Bragg angle; and f is the full width at
half maximum (FWHM) of the diffraction peak.

Figure 3 summarizes the dependence of NiO crystallite size on the starting-reagent molar ratio.
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Figure 3. Dependence of NiO crystallite size on the starting-reagent molar ratio

From the histogram above, we conclude that as the amount of ammonium hydroxide increases during synthesis, the
average size of the resulting NiO nanoparticles decreases. The reason is the passivation process: as the concentration of
ammonium hydroxide increases, it alters the reaction medium, and the OH™ ions in ammonium hydroxide bind to the
surfaces of the NiO nanoparticles, forming a complete shell that prevents agglomeration. As a result, the average size of
the synthesized NiO nanoparticles decreases.

Dependence of the size of NiO nanocatalysts on reaction time

Another parameter influencing the synthesized NiO nanoparticles is the reaction time. The XRD results for NiO
nanoparticles synthesized at different reaction times are shown below (Figure 4).
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Figure 4. XRD patterns of NiO nanoparticles synthesized at different reaction times
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In Figure 4 above, the XRD diffractograms of NiO synthesized by the sol-gel method at reaction times of 1 h, 2 h,
and 3 h (from top to bottom) are presented. In all samples, the diffraction peaks corresponding to NiO(111), NiO(200),
NiO(220), NiO(311), and NiO(222) are observed at diffraction angles 260 =~ 37.2°, 43.1°, 62.8°, 76.2°, and 79.3°,
respectively. Using the XRD analysis results described above, the average crystallite size of the synthesized NiO
nanoparticles was estimated according to equation (1). The effect of reaction time on particle size was investigated, and
the results are summarized in the histogram shown below (Figure 5).
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Figure 5. Dependence of NiO nanoparticle size on reaction time

As seen in Figure 5, no agglomeration was observed during the initial ~40 minutes of reaction. With further increases
in reaction time, agglomeration of the NiO nanoparticles began gradually. This behavior is attributed to enhanced
interparticle (atomic) collision forces that promote coalescence, resulting in a progressive increase in the particle size of
the synthesized NiO nanoparticles.

EXPERIMENTAL PROCEDURE

Following a systematic evaluation of synthesis parameters, optimized conditions were adopted and the procedure
was executed as follows: Ni(NOs), (7,25 g) was weighed as the nickel precursor and dissolved in deionized water (50 mL;
Direct-Q 5UV) under magnetic stirring (MS7-H550-S) until a clear, homogeneous solution without visible precipitate
was obtained. The resulting solution was then treated dropwise with 2 M NH4OH (150 mL) while stirring continuously
at 85 °C for 1 h. To ensure complete formation of nickel hydroxide, the mixture was aged at ambient temperature for 20
h. The pale-green suspension produced by the reaction was subjected to phase separation by centrifugation (EBA 20S) to
isolate the solid fraction, assigned to Ni(OH),. The collected solid was calcined in a laboratory electric furnace (SNOL)
at 400 °C for 2 h, then allowed to cool to room temperature, affording black NiO nanoparticles.

RESULTS AND DISCUSSION
The crystal structure, phase purity, and phase composition of NiO nanoparticles synthesized under optimal
conditions were examined using the aforementioned diffractometer over a 20 range of 5°+80°, with a step size of 0.01°.
The resulting XRD pattern is presented in Figure 6.
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Figure 6. XRD pattern of NiO nanoparticles synthesized under optimized conditions

From Figure 6, reflections assigned to NiO(111), NiO(200), NiO(220), NiO(311), and NiO(222) are observed at
diffraction angles 260 = 37.08°, 43.14°, 62.70°, 76.16°, and 79.22°, respectively. The sharp, high-intensity peaks evidence
a single-phase cubic NiO structure with lattice parameter a = 4.1901 A, in good agreement with the Joint Committee on
Powder Diffraction Standards (JCPDS) card No. 47-1049 [17]. The absence of additional satellite peaks in the XRD
diffractogram indicates a high degree of phase purity in the synthesized NiO nanoparticles. Using equation (1), the average
crystallite size was estimated to be ~11 nm. In other words, the low-temperature calcination employed here affords the
most favorable outcome in terms of NiO crystallite size.
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The Raman spectra of the synthesized NiO nanoparticles were recorded using Raman spectroscopy (RS) with 532
nm excitation (RL532, Class 3B laser). The spectra of the samples prepared under optimized conditions were examined
by RS, and the resulting Raman profiles are presented (Figure 7).

07

2000

1500 10749

Counts

1000

500
705
205
1556

500 1000 1500

Frequency(Raman shift / cm-1)
Figure 7. RS spectra of NiO nanoparticles synthesized under optimized conditions

As seen in Figure 7, a size and vacancy sensitive first-order phonon/magnon feature is observed at 507 cm™. The
increased intensity of the Ni—O stretching mode at 507 cm™, the narrowing of the associated two-shoulder band, and the
attenuation of the second-order phonon peaks at 705 cm™ (transverse optical) and 1079 cm™ (longitudinal optical)
collectively indicate that the NiO nanoparticles synthesized under these conditions are of small characteristic size. A
second-order magnon excitation is also evident at 1556 cm™. The clear appearance of the first-order transverse optical
mode at 205 cm™! further reflects the high sensitivity of the Raman setup employed.

To assess the particle size and morphology of the NiO nanoparticles synthesized under the above conditions, imaging
was performed on a JEM-2100 Plus transmission electron microscope (TEM). A representative TEM micrograph is
provided in Figure 8.

—
12,07 nm

—
50 nm

Figure 8. TEM micrograph of NiO nanoparticles synthesized under optimized conditions

From the TEM micrograph, the synthesized NiO nanoparticles exhibit a size distribution of 3+19 nm. This is in
close agreement with the average crystallite size estimated from the XRD data, confirming that the Scherrer-derived
crystallite dimension is representative of the particle size.

CONCLUSIONS
The results demonstrate that, in the sol-gel synthesis of NiO nanoparticles, precursor type, reagent stoichiometry,
and reaction time exert pronounced control over particle size and morphology. Nickel nitrate emerged as the optimal
precursor owing to its high aqueous solubility and residue-free decomposition. A systematic increase in ammonium
hydroxide content reduced the average particle size, consistent with hydroxide-driven surface passivation that suppresses
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agglomeration. Conversely, extending the reaction time promoted particle coalescence. Under optimized conditions, the
crystallite size was ~11 nm by XRD, in close agreement with TEM observations, thereby validating the structural
uniformity of the product. Collectively, these findings provide a robust scientific and practical basis for the rational design
and high-efficiency deployment of NiO-based nanocatalysts.
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CUCTEMATUYHA KOPEJIANIA MIDK TAPAMETPAMU CUHTE3Y TA PO3MIPOM YACTHHOK
HAHOKATAJII3ATOPIB OKCHUAY HIKEJIIO, BUTOTOBJIEHUX 30J1b-I'EJIb METOJOM
Inboc k. Abnicainos, luboc X. XynaiikyJios, Y cmonn:xkon @. bepaie, Capaop A. Tyaaranos, Xartam b. Amypos
Incmumym ioHHO-NIAZMOBUX Ma Na3epHuUx mexHonoziu imeni Y. A. Apighosa Axademii nayx Pecnybnixu Y3bexucman,
100125, eyn. fypmon uiyni, 33, Tawxenm, Y3b6exucman

VY wiif poboTi cucTeMaTHYHO MOCTI/DKYBAlH 30JIb-Tejlb-CHHTe3 HaHOYacTHHOK okcuay Hikemro (NiO) 3 ypaXyBaHHSAM KIFOYOBHX
mapaMeTpiB, 30KpeMa THIy MPEKypcopa, MOJSPHOTO CIIiBBIAHOLICHHS DPEareHTiB, 4acy peaklii Ta TeMIepaTypH KaJbIWHALIi.
[opiBHsTRHA OLIIHKA PI3HUX COJIeH Ha OCHOBI HIKETIO BU3HAYMIIA HITPAT HIKEIMIO SK HAaHOLTBII miAXoasmmid mpexypcop. CTpyKTypHO-
(a3oBa XapakTEepUCTHKA 3a JOIIOMOTOI0 peHTreHiBcpkoi mudpakmii (XRD) mokasana, Mo HaHOYaCTHHKH, CHHTE30BaHI 3a PI3HHX
CIIBBITHOIIEHb PEAreHTiB, MaJlM YiTKO BH3HAYEHI KpHCcTaliuHi (a3u i3 cepenHiM po3MipoM kpucrtamiTiB ~11 HM. Croctepirammcs
TpUBaJ peakuii, 0 CIPHSIIN Hpolecam arjomeparii. PaMaHIBCEKUI CHEKTPOCKOIIYHUH aHali3 BHUSBHB HasBHICTb (DOHOHHMX Ta
MarHOHHHUX KOJIMBaIbHHMX MOJ, SIKi CHJIBHO 3aJISKalM BiJl po3Mipy YacTHMHOK 1 yMOB KajblMHAUii. TpaHcMiciiiHa eleKTpoHHa
mikpockomist (TEM) mixTBepauia po3noain po3MipiB YacTHHOK y aiana3oHi 3+19 HM. YV CyKyIHOCTI 1i pe3yJIbTaTH BCTaHOBIIOIOTH
B3a€MO3B'A30K MIDK CHHTE30M i CTPYKTYypOIO Ta 3a0e3NedyloThb OCHOBY Ul BH3HAYECHHS ONTUMAIBHUX YMOB IIPUTOTYBaHHS
HaHokaTamizatopiB NiO.

KurouoBi cioBa: wanoxamanizamop NiO; 301b-cenb Memood; mun npekypcopa, 6UxiOHi peazeHmu; yac peaxyii; memnepamypa
KanbyuHayii



