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Abstract: In this study, the impact of urea and 2-hydroxyethyl cellulose as precipitating and stabilizing agents on the morphology
and catalytic efficiency of nickel oxide (NiO) nanoparticles was explored under hydrothermal conditions at 130 °C for 13 hours. The
structural and morphological properties of the synthesized NiO were characterized using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), and transmission electron microscopy (TEM), revealing distinct differences in particle size and shape.
TEM analysis showed that NiO synthesized with urea (NU-C) exhibited a more uniform shape compared to that synthesized with 2-
hydroxyethyl cellulose (NH-C). Catalytic activity was evaluated through the decomposition of hydrogen peroxide (H.0O;) in the
presence of dispersed NiO powders. Kinetic studies demonstrated that the reaction rate constant for NU-C was approximately 1.5
times higher than that for NH-C, highlighting the superior catalytic efficiency of the urea-based NiO. The activation energies and
thermodynamic parameters (AH, AS, and AG) were determined via Arrhenius plots, indicating that the differences in activation
energy correlated with the morphological variations. These findings suggest that the shape and size of NiO nanoparticles play a

critical role in enhancing their catalytic performance in H,O, decomposition.
Keywords: Nickel oxide, Urea, 2-hydroxyethyl cellulose, Hydrothermal method.

1. Introduction

Over the last decade, nanomaterials have been considered a
promising study subject with multiple potential applications in
different fields ranging from electronics and photonics to
catalysis and medicine. Nanoscale of metals, metal oxides, and
nanocomposites have proven to be more effective and efficient
than their bigger counterparts [1]. According to the US National
Science Foundation, nanomaterials show three important
features: they must have at least one dimension between 1 and
100 nm; methodologies for design that provide fundamental
control over both the chemical and physical characteristics of
molecular structures; and the ability to combine and form larger
structures [2]. The methods to synthesize NPs can include
chemical, physical, and green processes. Physical synthesis
involves a top-down approach, while chemical synthesis
involves a bottom-up approach. As a result, scientists usually
prefer the bottom-up approach, where NPs are formed atom-by-
atom, molecule-by-molecule, or cluster-by-cluster, using
methods such as chemical precipitation, sol-gel method,
hydrothermal process, thermal decomposition, microwave-
assisted synthesis, and spray pyrolysis. [3-5]

Nanosized crystalline metal oxides, in particular, have
gained growing attention because of their enormous surface
areas, distinct adsorptive features surface flaws, and rapid
diffusivities [6]. In recent years, researchers have increasingly
focused on transition metal oxides (TMOs) as nanomaterials,
which exhibit diverse structures and properties and find
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applications in various industries such as engineering, electronic
industry, chemical industry, medicine, energy, and catalysis [7-
9]. Nickel oxide is an admired TMO because of its superior
ferromagnetic characteristics, large coercive forces, and
chemical stability [6, 8-16] . NiO NPs are used extensively in
modern-day technology as inexpensive catalysts that drive
reactions through alternate pathways, thanks to their natural
abundance[17].

NiO NPs have also been shown to be effective in the
degradation of various dyes, through photocatalytic
processes[18, 19]. Furthermore, NiO NPs have been found to
facilitate the decomposition of hydrogen peroxide (H,0,)[20],
which is widely recognized as an environmentally benign
reagent due to its degradation, which usually results in the
production of water and oxygen. In industry, hydrogen peroxide
finds primary application as an oxidizing agent, as well as a
disinfectant and sterilant, either in its pure form or as peracids
like peracetic acid. It is particularly favored as a reagent in
wastewater treatment [21].To ensure safe disposal after
industrial use, diluted hydrogen peroxide (H20O2) must be used
in the decomposition process. Several catalysts have been
identified as effective agents for this decomposition process
such as platinum which is considered a highly selective catalyst
for H,O, decomposition with a rate constant of 7.1x102 s,
According to[22] , palladium is superior to platinum in the
decomposition of hydrogen peroxide. Manganese dioxide
(MnQy) is also a strong catalyst for the decomposition of H,O».
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At various pH levels of 3 to 10, the observed rate constants on
MnQO, were 1.5x10% s to 9.7x10* s, respectively [23].
Furthermore, ferric ions and iron oxide have been shown to
catalyze the decomposition of H>O,, with the largest recorded
rate constant of 2.7x103 s7! [24, 25]. Other catalysts for the
decomposition of hydrogen peroxide include iron-cobalt oxide
[26]some rare earth perovskites[27], copper (II) ions[28], and
water-ceramic interfaces [29]. Notably, activated carbon also
exhibits H>O» decomposition activity, with rate constants
ranging from 6x10* to 3x102 s'[30] . Therefore, we have
focused on nickel oxide in our study as an alternate catalyst and
non-precious material which has remarkable activity in
accelerating hydrogen peroxide decomposition and facilitating
its broad application. NiO NPs were synthesized via the
hydrothermal method, followed by calcination, and then
characterized using various techniques. Fourier transform
infrared spectroscopy (FT-IR) and XRD were used to
investigate the structural identification and presence of the
nickel oxide functional group respectively. TEM was used to
study the size and shape of the produced nickel oxide particles.
We also studied the influence of the template on the shape and
particle size of the produced catalyst. The reaction rate constants
at different temperatures were calculated, also we determined
the Arrhenius parameters and standard enthalpies of activation
for the reactions through studying the temperature dependence
of the rate constants.

2. Materials and methods
2.1. Materials

All the substances used for this study were of good analytical
quality, and no further purification processes were performed.
Hydrogen peroxide, Urea, 2-hydroxyethyl cellulose (HEC),
nickel nitrate hexahydrate (Ni (NO3),.6H>O), and aqueous
Tetramethylammonium hydroxide are purchased from sigma
Aldrich. For all solutions, distilled water was used.

2.2. catalyst preparation

Nickel oxide was produced using a hydrothermal approach.
Urea and HEC were used as templates. First, 100 milliliters of
distilled water were used to prepare a 0.021 mole nickel nitrate
solution (solution A). At 60 °C, two grams of urea were
dissolved in 100 ml of distilled water (solution B), and two
grams of HEC were dissolved in another 100 ml of distilled
water (solution C) until the template was entirely dissolved. The
two solutions of (A, B) and (A, C) were mixed separately in a
250-ml Teflon line, and the pH was adjusted to 9 using
tetramethylammonium hydroxide to ensure that a suitable base
medium was available for the precipitation of nickel hydroxide.
After a 13-hour autoclave process at 130°C, the sample was
carefully filtered, rinsed with distilled water and ethanol, and
then dried overnight in a drying oven at 110°C. The samples
were labeled as NU-D and NH-D, where U, H, and D represent
urea, 2-hydroxyethyl cellulose, and drying samples,
respectively, and they were calcined at 400 °C for 3h isothermal
with a rate of 1 °C/min. Samples were labeled as NU-C and NH-
C respectively.

2.3. Instruments for Characterization
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The crystalline structures of the produced products were
examined wusing a D8-Advance XRD system with
monochromatic Cu-Ka radiation (A = 1.5418 A), operated at a
scan rate of 0.05°/min within a 20 range of 20° to 80°. The
average crystallite size of the NiO nanoparticles was determined
from the broadening of the XRD peak using the Scherrer
equation, with further verification provided by transmission
electron microscopy (JEOL, model JEM 100CX II). Fourier
transform infrared (FT-IR) spectroscopy was performed using a
Bruker Alpha FT-IR spectrometer in the 400—4000 cm™ range,
utilizing KBr to identify the chemical functional groups present.

2.4. Catalytic Studies

The catalytic process of hydrogen peroxide is one of the
most reliable, effective, long-lasting, and non-destructive
processes available. This process provides the selective
generation of oxygen molecules with high purity and continuous
supply if the catalyst has not been destroyed either physically or
contaminated in any way [31-34]. Deren et al. described the use
of a closed-glass system to investigate the catalytic activity of
the synthesized catalyst in the decomposition of H,O5 [35]. The
system consists of two burettes (50 mL and 100 mL) filled with
distilled water and a 150 mL tightly closed round bottom flask
immersed in a water bath and connected to a manometer. The
temperature of the water bath was adjusted at the specified
temperature (35, 40, 45, and 50 °C) before the reaction flask was
placed inside. Then 50 mg of the nickel oxide catalyst and 20 ml
of 30% H,0, were rapidly added to the catalyst vessel and tied
to the glass apparatus. To calculate the volume of hydrogen
evolved, the amount of water displaced by hydrogen was
measured over time and the rate constant was calculated from
the slope of the plot of volume versus time, assuming a zero-
order reaction. The thermodynamic parameters for the catalytic
decomposition reaction of the hydrogen peroxide by the
produced nickel oxide nanoparticles were calculated using the
Arrhenius equation [36].

Eq

= ar 1

RT

Ink = In

Where A refers to the Arrhenius constant, k is the reaction rate
constant, R is the universal gas constant (8.314 J/mol K), T is
the temperature of the reaction, and E, refers to the activation
energy of the reaction in J/mol.

The standard reaction enthalpies were calculated using the
Eyring equation

(1) =5 420 2)

kpT R RT

where k is the rate constant, T is the absolute temperature, (H")
is the standard enthalpy of activation, (kg) is the Boltzmann
constant, (h) is the Planck constant, and (S") is the standard
entropy of activation. Gibbs energy of activation (4G") can be
calculated using equation. 3:

AG"=AH*-T AS” 3)
3. Results and Discussion:
3.1. Catalyst characterization

The crystallinity of the produced materials was determined
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by XRD before and after calcination in the angle of 20 range
between 20° - 80°. The XRD diffractograms of the produced
materials before calcination, shown in Figure.1(a) for NU-D and
Figure.1(b) for NH-D, are well-matched to JCPDS card NO. 00-
014-0117. The XRD pattern indicates the presence of (011),
(100), (101), (102), (110), (111), (103), and (201) diffraction
planes, showing that the produced material before calcination is
Ni (OH).. To obtain NiO, we have calcinated Ni (OH), at 400 °C
which yielded NiO. The XRD pattern in Figure.2 indicates the
existence of (111), (200), (220), (311), and (222) diffraction
planes so the successful transfer of Ni (OH), to NiO was verified
by the matching of this NiO XRD data to JCPDS card NO. 01-
073-1523 for NU-C Figure.l1(a) and NH-C Figure.2(a),
respectively. Additionally, the expanded peaks in Figure.1 show
the nanometer-sized crystallites. The Debye-Scherrer equation
was used to determine the crystal size as follows:

KA
" Bcos@

“

where d is the grain size, K= 0.89 is the Scherrer constant, @ is

the peak's diffraction angle, and 4 is the wavelength of the X-ray
(Cu Ka,1.54056 A°) B attitudes for the full width at half-height
of the peaks (in radians). Table 1 displays the crystal size of the
NiO sample, which was determined by applying the Debye-
Scherrer equation.
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Fig.1. XRD patterns of (a) NU-D and (b) NH-D.
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Fig.2. XRD patterns of (a) NU-C and (b) NH-C.
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Table 1 Particle sizes of the synthesized materials

Catalyst NU-D NU-C NH-D NH-C

Particle size | 26.33nm | 16.72nm | 1646 nm | 15.52 nm

The FT-IR spectra of the precursor Ni (OH), and the oxide
products NiO nanoparticles following calcination are shown in
Figure.3, which was used to analyze the chemical bonding
nature of the sample. The O—-H stretching vibration of the H—
bound OH group and the interlayer water molecules is attributed
to the wide and powerful band with a center of around 3400
cm !, The bending of the interlayered H,O molecules is
responsible for the observed band that appeared at about 1630
cm™ [37]. The C-O stretching vibration and the O-C=0
symmetric and asymmetric stretching vibrations are attributed
to the serrated absorption bands in the 1000-1500 cm™! range
[18]. It can be seen from Figure.3(b) and Figure.3(d) that the
peaks at approximately 400 cm™' and 800 cm™' are assigned to
the Ni-O stretching vibration also it is evident from the wide
absorption band that the NiO particles are nanocrystals. The
quantum size effect and spherical nanostructures of NiO
nanoparticles cause their FT-IR absorption to be blue-shifted in
comparison to the bulk form [18, 37]. The band about 1030 cm"
"and 1100 cm™ are related to the stretching mode of Ni-O-Ni
[38, 39]. While the band near 1630 cm™! is associated with the
H-O-H bending vibrations mode, which may be caused by
water adsorption from the air or physical absorption of water by
the calcined powders during the preparation of FT-IR sample
disks, the broad and intense band around 3400 cm™ is associated
with the O-H stretching vibration of the interlayer water
molecules [18, 40, 41].

TEM was used to analyze the produced nickel oxide's
morphology and particle size. Figure.4 displays TEM images of
NU-C and NH-C. The two catalysts obviously have different
shapes. NU-C reveals that the surface is nanosheets without any
voids, but NH-C reveals that the surface is nanorods.
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Fig.3 FT-IR spectra of (a) NU-D, (b) NU-C, (c) NH-D, and (d)
NH-C
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Fig. 4 TEM images of (a) NU-C, (b) NH-C catalyst.

3.2. Catalytic activity of the decomposition of hydrogen
peroxide.

The time-dependent volume of oxygen evolution generated
by the catalytic decomposition of hydrogen peroxide at various
temperatures and ambient pressures. The Arrhenius activation
energies were calculated graphically by plotting the logarithm
of the zero-order rate constant as a function of inverse absolute
temperature. The influence of temperature on the reaction rate
constants of the two produced nickel oxides was studied at 308,
313, 318, and 323K.

The upper-temperature limit was defined as the lowest
temperature at which sufficient data points could be collected to
identify how the volume of oxygen changed over time, as the
reaction develops too rapidly to enable appropriate data obtained
above a specific temperature The Arrhenius plots are displayed
in Figure.5(a),(b) and Table 2 displays the data that was
obtained. The Eyring equation was used to calculate the standard
reaction enthalpies of activation Figure.6(a),(b). For the two
produced nickel oxides, the obtained Ea values differ
considerably. The activation energy may probably be
determined by the microstructural features of the particles,
including the kind of atoms present at the catalytically active
surface sites and the degree of hydroxylation at these sites [37]

Dissociative adsorption of H,O results in hydroxylation,
which is a process seen on the majority of metal oxide surfaces
in aqueous solution [42]. The structure and extent of this
hydroxylation layer determine the rigidity of the interfacial
water layers, which are somewhat further away from the surface
but still interact with the surface HO groups. The barrier for
H,0, diffusion through the adsorbed water interfacial layers
before it reaches the catalytically active surface sites increases
with the rigidity of the layers. As a result, it is estimated that the
surface's attraction to water will influence the activation energy
barriers for H,O, decomposition. In addition, the intermediate
products produced during the decomposition of H,O; include
oxygen species that, although being radicals, exhibit "water-
like" characteristics, such as the capacity to form hydrogen
bonds [43]. As mentioned before, the HO radical interacts with
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Fig.5 Arrhenius plot for (a) NU-C, and (b) NH-C catalyst.
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the surface by creating bound states with exposed metal cations via an unpaired electron localized at the O atom. Even though
H,0 is a molecular species, it has non-bonding electrons that are more localized at its O atom, and the more exothermic type of
interaction between an H>O molecule and the surface occurs because of the interaction of these electrons with the available orbitals
of exposed surface metal atoms.
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Table 2: Thermodynamic parameters for the decomposition of H20> catalyzed by the synthesized catalysts

T T T T T T T T T T T T
0.00309 0.00312 0.00315 0.00318 0.00321 0.00324

Sy;‘;g‘;;‘szfd T(K) | Rate constant | =2 (kV/mol) A (s AH' (kl/mol) | AS'(ki/mol) | AG* (kJ/mol.K)
308 0.028 55.17
NUC 313 0.039 55.16
318 0.052 53.4 321107 55.84 0.0022 55.15
323 0.084 55.14
308 0.021 56.07
" 313 0.026 55.04
318 0.036 613 5.30*10° 64.72 0.0281 55.79
323 0.068 55.65
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4. Conclusion

Nickel oxide was produced through the hydrothermal technique
at temperatures of 130 °C for 13 hours using urea and 2-hydroxy
ethyl cellulose as templates. Subsequently, the samples were
calcined at 400 °C with a rate of 1 °C/min and held isothermally
for three hours. These samples were labeled as NU-C and NH-
C. The synthesized nickel oxide displayed moderate activity in
the decomposition of hydrogen peroxide, with activity being
influenced by the template used in the preparation method.
Thermal analysis of the hydrolysis process revealed that all three
samples exhibited a low activation energy below 62 kJ mol™.
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