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Green synthesis of nanoparticles represents an important part of nanotechnology that offers outstanding
eco-friendly and financial benefits when compared to conventional methods that use toxic substances
and involve complex processes. In this paper, we report a completely green process in which aqueous
extract of rosemary leaves containing bioactive molecular compounds (flavonoids, monoterpenoids, phe-
nolic acids, and diterpenoids) acted as both chelating and stabilizing agents to facilitate the synthesis of
NiO NPs. Apart from the nickel metal precursor, the synthesis was free of solvents and surfactants in this
method to adhere to green chemistry principles and the impartation of environmental benignity. To
achieve the aim of the study, structural and optical property analyses of Bunsenite annealed at 500 �C
were carried-out using complementary techniques namely high resolution transmission electron micro-
scopy (HRTEM), selected area electron diffraction (SAED), X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDS), attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) and
UV–Vis-NIR absorption spectroscopy. HRTEMmicrographs revealed the self-assembled, highly agglomer-
ated quasi-spherical shaped NPs with a cubic structure and the average size was found to peak at
8.09 ± 0.20 nm. SAED and XRD exhibited the polycrystallinity and the purity of NiO NPs and the average
size was found in the range of 11.598–15.527 nm. Besides, EDS depicted the presence of Ni and O in the
sample while ATR-FTIR illustrated the Ni-O chemical bonds. From UV–Vis-NIR, the optical band gap
amounted to 3.39 eV confirmed the formation of NiO NPs. Thereby, an easy and effective green approach
for the synthesis of Bunsenite with efficient properties is reported.
� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the NANOSMATAFRICA-
2018.
1. Introduction

Nanoparticles are collections of atoms bonded together in
smallest sizes in the nano-range with highly attractive property
in their large surface area which makes it more efficient to interact
with other molecules when added to suspensions [1,2]. Metallic
oxide nanoparticles, specifically nano-scale NiO has attracted con-
siderable attention in recent decades due to its high chemical sta-
bility, electrocatalysis, electron transfer capabilities, and super-
capacitance properties. Bunsenite is an environmentally friendly
material, a p-type semiconductor metal oxide with a wide bandgap
ranging from 3.6 to 4.0 eV [3,4]. In terms of synthesis, several
chemical and physical methods are commonly used. Chemical syn-
thesis routes often generate toxic chemical waste and residue
while physical synthesis methods are energy-intensive [5–7].
nopar-
.03.314

https://doi.org/10.1016/j.matpr.2020.03.314
mailto:sandrinedoum@yahoo.fr
https://doi.org/10.1016/j.matpr.2020.03.314
http://www.sciencedirect.com/science/journal/22147853
http://www.elsevier.com/locate/matpr
https://doi.org/10.1016/j.matpr.2020.03.314


2 S.K. Noukelag et al. /Materials Today: Proceedings xxx (xxxx) xxx
Consequently, an alternative and environmentally benign synthe-
sis route that adheres to the green chemistry approach involving
phytoexudes or extracts is becoming a popular approach for
nanoparticles synthesis and advocated for its rapidity, simplicity,
minimized energy intensity thus reduced synthesis costs with
minimum waste generation to produce the desired metal oxides
NPs [8–10]. Plant extracts such as those from Callistemon viminalis
(Weeping bottlebrush) Sageretia thea (Osbeck), Aspalathus linearis
(Rooibos), Agathosma betulina (Buchu), Aegle marmelos L. (Bael)
have been used as capping, reducing, chelating, and stabilizing
agents for NiO nanoparticles [4,11–14] except leaves extract from
Rosmarinus officinalis, commonly known as rosemary has not been
reported in the literature as a viable source for the synthesis of
Bunsenite to the best of our knowledge.

Rosemary is a drought-tolerant wild shrub that grows up to two
meters high, with small green leaves. Although it is a native plant
of the Mediterranean region, it can be cultivated around the world
due to its hardiness albeit this is variety dependent. Current uses
include its use as a natural food preservative and flavoring agent.
Besides, it is also a valuable and important medicinal and aromatic
plant [15–18]. Major constituents of rosemary leaves extract are
listed in Table 1 and their structure in Fig. 1.

In this contribution, we report on the novel green synthesis of
NiO nanoparticles from Rosmarinus officinalis (rosemary) leaves
extract. The morphology, the crystallinity, the structure, the vibra-
tional and the optical properties of Bunsenite are presented, a
study reported herein for the first time.
2. Material and methods

2.1. Biosynthesis

Rosemary leaves were purchased from Western Cape Province-
South Africa. Nickel nitrate hexahydrate Ni(NO3)2�6H2O was pur-
chased as an analytical grade reagent (Sigma Aldrich, Modder-
fontein, South Africa). 10 g of rosemary leaves were weighed and
washed with sterile distilled water at ambient temperature.

Subsequently, they were immersed in 200 mL of deionized
water to extract phytoexudes, a process achieved by boiling at
80 �C for 2 h. The resultant extracts’ pH was found to be 5.7. The
extract solution was filtered twice to eliminate residual solids after
the addition of 6 g/100 mL extracts of the precursor salt, i.e. nickel
nitrate, which was homogeneously mixed at 60 �C for 1 h. There-
after, a slight acidification of the resultant solution was observed,
with a final pH of 4.8. It was cooled down to ambient temperature
and kept in a drying oven at 100 �C. The dried powder was
annealed in a ceramic crucible at 500 �C in an open-air furnace
for 2h leading to nanoparticles of a highly crystalline character that
changed color from greyish-brown precipitate to black.
Table 1
The major chemical composition of rosemary leaves extract.

Flavonoids Pelargonidin-3,5-diglucoside (I)
Cyanidin-3,5-diglucoside (II)
Kaempherol (III)

Monoterpenoids a -pinene (IV)
1,8-cineole
Camphor

Phenolic acids Rosmarinic
Caffein acid

Diterpenoids Carnosol
Methyl carnosate
12-methoxycarnosic acid
Epi- and iso-rosmanol
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2.2. Characterizations

Various techniques were used to characterize and investigate
structural and optical properties Bunsenite annealed at 500 �C.

HRTEM using a Joel JEM 4000EX electron microscopy unit with
a resolution limit of about 0.12 nm at an accelerating voltage of
200 kV combined to SAED was used to study morphology, shape,
and the crystallinity; X-ray diffractometer (model Bruker AXS D8
Advance) with irradiation line Ka1 of copper (kCuKa1 = 1.5406 Å)
operating at a voltage of 40 kV and a current of 35 mA, in the angu-
lar range of 20-90�was used to study the crystalline nature and the
structure; Similarly, EDS analysis was executed to determine ele-
mental composition whereby an EDS Oxford instrument X-Max
solid-state silicon drift detector operating at 20 kV was used.
ATR-FTIR absorption spectrometer (Thermo Nicolet 8700 FTIR
spectrometer) was used in the spectral range 400–4000 cm�1 to
ascertain the surface coating and chemical bonding. Finally, UV–
VIS-NIR experiment was conducted using a Nicolette Evolution
100 Spectrophotometer to analyze the optical properties in the
spectral range 200–800 nm.
3. Results & discussions

3.1. Morphology and microscopy observations

The morphology, the shape and the crystallinity of Bunsenite
annealed at 500 �C for 2 h were investigated by HRTEM and SAED
as presented in Fig. 2. One can notice that the NPs are highly
agglomerated and quasi-spherical shaped. By fitting the histogram
data with a Gaussian distribution, the average size was found to
peak at 8.09 ± 0.20 nm. The SAED exhibits several diffraction rings
with strong diffraction spots. The bulk of nanoparticles appeared to
be polycrystalline. From these results, it was established that the
Bunsenite is generally cubically structured [4,12,14].
3.2. Crystallographic analysis

The crystal structure of NiO NPs annealed at 500 �C for 2 h was
confirmed by XRD as presented in Fig. 3. Five sharp and strong
Bragg peaks were observed with their maxima centered at
2h � 37.249�, 43.276�, 62.879�, 75.416�, and 79.409� may be
indexed to cubic NiO known also as the ‘‘Bunsenite” phase which
agreed with the data of the Joint Committee on Powder Diffraction
Standards (JCPDS file No.047–1049). The Bragg peaks are ascribed
to crystallographic reflection correspond to (1 1 1), (2 0 0), (2 2 0),
(3 1 1) and (2 2 2) crystal planes. The strong sharp diffraction peaks
demonstrated highly crystalline NiO NPs. The crystallite size was
calculated from peak broadening analysis, i.e. diffraction peaks,
using Debye-Scherrer formula høparticlesi�0.9k/(Dh1/2 coshB). In
this equation, k represents the wavelength of X-ray radiation
(1.5406), Dh1/2 the full width and half maximum of the diffraction
peak and hB the Bragg’s angle. The average size of annealed NiO
NPs was found in the range of 11.598 to 15.527 nm. The deduced
lattice constant a calculated using the relationship 1/dhkl = (1/a)
((h2 + k2 + l2)1/2) is hai= 4.177 Å whereby h, k, l are the miller
indices.

The XRD pattern confirmed the formation of a pure face cen-
tered cubic NiO NPs. We notice that the size obtained from XRD
analysis, are slightly higher than the size obtained from TEM
micrographs [19,20].

Table 2 illustrates the major XRD characteristics of the various
Bragg diffraction peaks of Bunsenite.
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Fig. 1. Structure of major bioactive molecular compounds in rosemary leaves extract.

Fig. 2. HRTEM micrographs combined with SAED and the average size distribution of NiO NPs annealed at 500 �C for 2 h.
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Fig. 3. XRD pattern of crystalline NiO NPs annealed at 500 �C for 2 h.

Table 2
The major X-ray diffraction (XRD) characteristics of the various Bragg diffraction peaks.

Material Miller Indices 2h degrees H (Radians) FWHM (radians) Average size<U>(nm) <dhkl>(nm)

NiO (1 1 1) 37.249 0.325 0.0105 15.527 2.411
NiO (2 0 0) 43.276 0.377 0.0143 11.598 2.088
NiO (2 2 0) 62.879 0.548 0.0141 12.897 1.476
NiO (3 1 1) 75.416 0.658 0.0143 13.623 1.259
NiO (2 2 2) 79.409 0.693 0.0140 14.303 1.205
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3.3. Elemental analysis

For elemental composition by EDS, the obtained profile of
annealed NiO nanoparticles at 500 �C for 2 h is shown in Fig. 4.
The presence of nickel and oxygen atoms is confirmed. The peak
due to carbon emanates from the carbon tape used to immobilize
NiO NPs and to minimize charging effects. The peaks due to K, Cl,
N, and Na were hypothesized to emanate from the rosemary leaves
extract. Further FTIR analysis is done to confirm their purity.

3.4. Vibrational and optical properties

To detect any additional surface/interface bound compounds,
functional groups and the validation of NiO NPs annealed at
Fig. 4. EDS spectrum of NiO NPs
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500 �C for 2h, ATR-FTIR was carried out with different absorption
bands as showed in Fig. 5.

The vibration modes observed at 569 cm�1 is associated with a
typical metal oxide with single bonds in the bending mode. So, the
strong absorption bands at 569 cm�1, 924 and 1031 cm�1 were
attributed to the Ni-O bonds in the bending mode. The absorption
band 1387 cm�1 was assigned the C = O, CH3 and C = C aromatic
functional groups associated with various bioactive compounds
in the Rosemary leaves extracts. The weak bands at 1645 and
3468 cm�1 may well be attributed to moisture absorbed/adsorbed
on to the surface of the nanoparticles and the (OH) hydroxyl
groups, respectively [4,11,13].

The reflectance of NiO nanoparticles annealed at 500 �C for 2 h is
reported in Fig. 6. The peak at 365 nm in the absorption spectrum
annealed at 500 �C for 2 h.
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Fig. 5. ATR-FTIR spectrum of NiO NPs annealed at 500 �C for 2 h.

Fig. 6. UV–Vis spectrum of NiO NPs annealed at 500 �C for 2 h.
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confirmed the formation of NiO NPs and is associated with a charge
transfer from the band of conduction to the band of valence cations
[10,14]. Direct bandgapwas computed using the formula Eg = 1240/
k and was amounted to 3.39 eV whereby Eg is the optical band gap,
with 1240 being the value of the photon energy while k is the
wavelength.
4. Conclusion

Bunsenite NiO nanoparticles was successfully synthesized by
reduction of Ni(NO3)2�6H2O to NiO using an aqueous extract of
rosemary leaves. The XRD pattern exhibited a Bunsenite structure
with no secondary phases confirmed the formation of highly pure
NiO nanoparticles with an average size ranging from 11.598 to
15.527 nm. HRTEM denoted highly agglomerated quasi-spherical
shaped NiO nanoparticles while SAED confirmed their polycrys-
talline nature and the average size was found to peak at
Please cite this article as: S. K. Noukelag, H. E. A. Mohamed, B. Moussa et al., Stru
ticles (NPs) via an aqueous extract of Rosmarinus officinalis (rosemary) leaves, M
8.09 ± 0.20 nm. Besides that, EDS and ATR-FTIR elucidated the
presence of Ni and O in the sample. Finally, from UV–Vis, the
energy bandgap amounted to 3.39 eV confirmed the formation of
NiO NPs. This green synthesis pathway demonstrated the
importance of rosemary leaves extract as cost-effective, cheap
and environmental benignity to facilitate the synthesis of
Bunsenite NiO nanoparticles.
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