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ARTICLE INFO ABSTRACT

In this study, we used an environmentally friendly green method to synthesize NiO nanoparticles (NiO NPs) with
an extract from Persea americana seeds for use as photocatalysts in the photodegradation of free cyanide (FCN).
The characteristics of the NiO NPs were determined by X-ray diffraction (XRD), transmission electron micro-
scopy (TEM), energy dispersive X-ray spectroscopy (EDS), ultraviolet-visible (UV-Vis) analysis, and Fourier
transform infrared (FTIR) spectroscopy. The XRD results indicated a cubic-type structure with space group
Fm3m, No. (225). Morphological analysis conducted using TEM showed that the NiO NPs had rhombohedral and
spherical shapes with slight agglomeration. The particle size calculated based on the TEM results was 11 nm. EDS
analysis confirmed the elemental constituents of the samples with Ni and O atoms. The phase purity and che-
mical bonds in NiO were confirmed using FTIR spectroscopy analysis. UV-Vis analysis indicated that the NiO
NPs samples exhibited good optical properties with a well-defined peak at 338.9 nm. The energy band gap E,
obtained for NiO NPs based on the optical analyses was 3.75 eV. The NiO NPs performed well as a photocatalyst
under UV light during the photodegradation of FCN, where the maximum photocatalytic oxidation efficiency
was 84% after irradiation for 30 min. The FCN photodegradation mechanism was elucidated based on the
photocatalytic oxidation of compounds by oxygen with semiconductors.
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1. Introduction

Metal oxides nanoparticles (NPs) have a wide range of applications
because of their unique physical and chemical properties [1-9]. One of
the most important applications of these metal oxide NPs is in photo-
catalysis. The main characteristics of a photocatalytic system are a
suitable band gap, large surface area, stability, and reusability [5-7].
Metal oxides NPs such as TiO,, CeO,, ZnO, Fe;03 and NiO possess these
characteristics and they perform well in the photocatalytic process
[10-15].

During the photocatalytic process, depending on the energy gap
value, a metal oxide is activated using either ultraviolet (UV) light,
visible (Vis) light, or both, and electron-hole pairs (e " /h*) are then
generated [15]. If the photogenerated pairs (e " /h*) do not recombine,
they can produce powerful oxidant OH" radicals via the oxidation of

OH~ anions or O~ radicals via the reduction of O, [7]. The radicals and
anions can react with pollutant molecules adsorbed on the surface of
the photocatalyst to result in their degradation or transformation into
harmless products [15,16]. However, the recombination of electron—-
hole pairs (e “/h™) on the surface of a catalyst can decrease or quench
the photocatalytic activity. Thus, the recombination of (e~ /h™) must
be prevented to improve the photocatalytic activity, which can be
achieved by using a suitable catalyst support to prevent (e /h™) re-
combination during the photocatalytic process [17,18].

Recently, it was demonstrated NiO NPs have greater potential ap-
plications as photocatalysts compared with other metal oxide NPs
[17-24]. Moreover, NiO NP is a p-type semiconductor with a wide band
gap of 3.6-4eV [22], and it exhibits good chemical, magnetic, and
optical properties, which may make it suitable for industrial applica-
tions such as in antiferromagnetic materials [25], electrode materials
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for lithium-ion batteries [26], electrochemical supercapacitors [27], gas
sensors adsorbents [28], optical amplifier and tunable lasers [29],
photovoltaic devices [30], and electrochromic materials [31,32]. Con-
sequently, several methods have been used to synthesize NiO NPs, such
as the sol-gel method [33], microemulsion-assisted sol-gel procedure
[34], solvothermal route [35], hydrothermal method [36], thermal
decomposition [37], and precipitation method [38], as well as using
extracts from plants including Moringa oleifera [22], Tamarix serotina
[39], Callistemon viminalis [40], and Agathosma betulina [41]. Recently,
environmental pollution by toxic elements has become a severe pro-
blem for the global community, and thus many efforts have been made
to reduce this pollution. Free cyanide (FCN) is a strong toxic component
produced in various industrial activities such as gas production, phar-
maceutical, mining, electroplating processes, and coal gasification
[42,43]. Physicochemical methods, such as chlorination, electrolytic
oxidation, and ozonation, as well as biological methods have been ap-
plied to remove cyanides [44-48]. In particular, photocatalytic reac-
tions using metal oxides NPs can be employed to treat inorganic com-
pounds and heavy metals at the same time in an oxidation and
adsorption process. For instance, the photocatalytic removal of cyanide
using illuminated TiO, or ZnO NPs was reported previously [49]. The
main advantages of this method are its very simple preparation, low
cost, and nontoxicity, as well as the ability to change non-biodegrad-
able compounds into biodegradable organic compounds. In the present
study, we prepared NiO NPs using a plant extract for the photo-
degradation of FCN in a photocatalytic waste removal method.

2. Experimental
2.1. Extract preparation

Fresh Persea americana fruits were obtained from Somerset Mall,
Cape Town, South Africa. Seeds were collected and washed thoroughly
using deionized water. Next, 150 g of the seeds were heated at 60 °C in
1 L of deionized water for 24 h until the color of the mixture changed to
dark brown. The change in the color of the mixture to dark brown in-
dicated the decomposition of the bioactive elements of the seeds in the
deionized water and the final production of the extract. The extract was
filtered two times using filter paper (Whatman No. 1) to remove any
impurities and the final extract was kept in a refrigerator until further
use.

2.2. Synthesis of NiO NPs

Nickel nitrate hexahydrate (Ni (NO3),.6H,0) was purchased from
Sigma Aldrich. The NiO NPs were synthesized using 8g of (Ni
(NO3),.6H,0) salt and then dissolved in 100 mL of the Persea americana
extract, before heating under constant stirring using a magnetic stirrer
at 50 °C for 3 h. The resulting precipitate was collected and centrifuged
at 4000 rpm, before washing several times with deionized water to
remove any residues from the extract, and then drying at 80°C in a
standard oven for 24 h. Finally, the dried powder was subjected to an
extra heat treatment in an open-air furnace at 500 °C for 2h. Fig. 1
shows a flowchart to illustrate the synthesis of the NiO NPs using the
extract from Persea americana seeds. Recently, Persea americana seeds
were found to be rich in bioactive constituents [50] that can act as both
reducing and capping agents for NPs [51]. Therefore, the biosynthesis
of NiO NPs was performed via three chemical reactions with the sol-
vated Ni** ions and phytochemicals from the Persea americana seeds,
i.e., with ascorbic and phenolic acids and flavonoids. The altered che-
mical behavior of ascorbic acid (C¢HgOg) and nickel nitrate can result in
the oxidation of biological compounds, i.e., ascorbic acid to dehydro-
ascorbic acid (C¢H;0g¢) via free radicals, followed by electrostatic at-
traction between the free radicals and precursor cations. The proposed
chemical reaction is as follows:
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Fig. 1. Flowchart illustrating the synthesis of NiO NPs using the extract ob-
tained from Persea americana seeds.

NI(NO3)26H20 + 2C6H806 = NizjL + (C6H706)2 +2NO, + 8H,0 =
5000C NiO + by-product

2.3. Characterization of NiO NPs

The crystalline structures of the samples was determined by X-ray
diffraction (XRD; X-ray diffraction Model Bruker AXS D8 advance) with
radiation at Agcyrar = 1.5406 A. The morphologies, particle sizes, and
size distributions were characterized using high-resolution transmission
electron microscopy (TEM) (Philips Technai TEM), where the system
operated at an accelerating voltage of 120 kV, and energy dispersive X-
ray spectroscopy (EDS) was employed for elemental analysis. UV-VIS-
near-infrared analyses were performed with a Nicolette Evolution 100
Spectrometer (Thermo Electron, UK) to analyze the optical properties.
Chemical bonds were identified using Fourier transform infrared (FTIR)
absorption spectrometry (Shimadzu 8400s spectrophotometer,
300-4000 cm™").

2.4. Photocatalytic activity

The photocatalytic performance of NiO (NPs) against FCN solution
was determined under UV light (4,,, = 365 nm). Before preparing the
FCN solution for use in the photocatalytic experiment, we adjusted the
pH of the deionized water to 9 in the preparation process to avoid the
volatilization of toxic hydrogen cyanide gas (HCN), which is generally
produced under acidic conditions. Sodium hydroxide (NaOH) 1N so-
lution was used to adjust the pH of the deionized water. In the ex-
periment, 0.25 g of potassium cyanide (KCN) powder was dissolved in
100 mL of deionized water in order to obtain an aqueous solution of
FCN with a concentration of 1gL™" (1g KCN = 0.4g CN™). Next,
0.06 g of NiO NP powder was mixed with 100 mL of FCN solution, and
the mixture (FCN + NiO NPs) was stirred with a magnetic stirrer in a
dark room for 30 min in order complete the adsorption/desorption
process for the FCN solution on the surfaces of the NiO NPs.
Subsequently, the reaction mixture was exposed to UV light and ali-
quots of 5 mL were sampled every 10 min during the exposure time of
60 min. The FCN absorption spectrum was then measured using an
UV-Vis-near-infrared spectrometer for the 5 mL FCN solutions sampled
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Fig. 2. XRD patterns obtained for NiO NPs prepared with a biosynthesis method
using the extract from Persea americana seeds.

every 10 min after adding one dose of CN-3 and CN-4 reagents. All of
the experiments were conducted in a dark room.

3. Results and discussion

3.1. Crystallography

X-ray diffraction (XRD) analysis was conducted at room tempera-
ture using a Bruker Advanced D8 diffractometer to identify the phase
purity, composition, particle size, atomic positions, and Wyckoff posi-
tions of the NiO NPs sample annealed at 500 °C. The XRD pattern ob-
tained for the annealed NiO NPs (500 °C) is shown in Fig. 2, which
confirms the NiO type structure with Bragg peaks centered at 37.249°,
43.276°, 62.879°, 75.416°, and 79.409° corresponding to the 111, 200,
220, 311, and 222 crystalline structures, respectively. All of the Bragg
peaks were assigned to the face centered cubic phase with space group
Fm3m of NiO (JCPDS 1313-99-1) and the lattice constant a = 4.1771 A.
No additional peaks were observed in the XRD patterns, thereby in-
dicating the absence of impurity phases in our sample. We used
Scherrer's formula to evaluate the crystalline size of the particles in the
sample:

K1
= Beos’

@

where D is the particle size in A, K is the shape factor ~ 0.9, A is the
wavelength (1.5418 f\, CuKa), f is the full width at half maximum of
the peak, and 0 is the peak position. The crystallite size was estimated
at 14.3 nm for the annealed NiO NPs (500 °C) based on the XRD data
using Scherer's formula and the FHWM of the intense peak (200).

Rietveld refinement analysis was performed using TOPAS-Academic
software to obtain the exact lattice parameter a, unit cell volume V, and
atomic positions of the annealed NiO NPs (500 °C), as shown in Fig. 3.
The space group setting used for refinement was Fm3m for the cubic
NaCl-type structure, where O atoms occupied the crystallographic 4a
sites and Ni atoms occupied the 4b sites. The resulting cubic crystal
structure determined for the annealed NiO NPs (500 °C) is shown in the
inset of Fig. 3, and the refined parameters comprising the occupancy
and atomic functional positions (Wyckoff positions) are presented in
Table 1.

The fitting parameters (Rp as an indicator of the goodness of fit
(GOF), R, as a measure of the GOF calculated point by point and
weighted by the standard deviation of the data, and x? = Rp/R, (GOF
based on statistics)) [52] indicated that the agreement was good be-
tween the refined and observed XRD patterns for the cubic NiO NPs
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Fig. 3. Rietveld analysis of the XRD patterns obtained for NiO NPs prepared
with a biosynthesis method using the extract from Persea americana seeds. The
observed data are shown by green symbols and the solid black lines represent
the results obtained by Rietveld structural refinement. The lower red curves
show the difference between the experimental data and the calculated curve,
and the vertical black lines are the Bragg positions.

Table 1

Rietveld refined structural parameters obtained for the
NiO NPs prepared with a biosynthesis method using the
extract from Persea americana seeds.

Compound NiO NPs
Crystal structure Cubic
Space group Fm3m
Lattice parameters A

a=b=c 4.17824
a=p=y 90°
Unit cell volumeA® 72.9421
Atomic coordinates

o

X 0

y 0

z 0
Occupancy 1
Wyckoff site 4a

Ni

X 0.5

y 0.5

Z 0.5
Occupancy 1
Wyckoff position 4b
Refined parameters

Rp 2.141
Ry 2.763
x2 1.179
X-ray density (g/cm®) 6.78

phase. The lattice parameter and unit cell volume obtained at room
temperature by Retrieval refinement for the annealed NiO NPs were a =
4.178 A and v = 72.942 A3, respectively, which were in good agreement
with previously reported data [22].

3.2. FTIR analyses

The FTIR spectrum obtained for the annealed NiO NPs (500 °C)
sample is shown in Fig. 4, where the highlighted rectangular areas
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Fig. 4. ATR-FTIR spectrum obtained for the biosynthesized NiO NPs annealed
at 500 °C. The highlighted areas indicate the positions of the absorption bands.

indicate that the absorption bands and their positions were highly de-
pendent on the crystalline structure and chemical composition of the
NiO NPs. The broad and intense band centered at 3400 cm ™' corre-
sponded to the O-H stretching vibration of the interlayer water mole-
cules and the H-bound OH group [54]. The peak observed at
1633 cm ! was assigned to the bending vibration of water molecules
[55]. The weak peaks observed at 1433 and 1320 cm ™! were assigned
to the O-C=0 symmetric and asymmetric stretching vibrations and
C-O stretching vibration, respectively, which originated from the ad-
sorption of atmospheric CO,. The lower absorption bands at 918 cm ™ ?,
710 cm ™!, and 553 cm ™! were assigned to the metal-oxygen stretching
frequencies related to Ni-O [22]. In general, the FTIR spectrum con-
firmed the formation of NiO NPs and it was in good agreement with the
results obtained by XRD data, where no impurity phases were detected.

3.3. TEM and EDS analyses

TEM images and the EDS spectrum obtained for the annealed NiO
NPs (500 °C) are shown in Fig. 5(a)-(h). The TEM images at different
magnifications in Fig. 5(a)-(h) demonstrate the spherical and rhom-
bohedral morphologies of the NiO NPs, which are clearly visible in
Fig. 5(d). The irregular shapes of the annealed NiO NP particles were
visualized as combinations of spherical and rhombohedral shapes, and
the slight agglomeration was ascribed to the magnetic interactions
between the particles [22,53]. However, the particle size distribution
diagram in Fig. 5(e) shows that the NiO NPs had a small diameter of
about 11 nm. The particle size determined from the particle size dis-
tribution diagram was very similar to the value of 14.3 nm obtained
based on XRD data using Scherrer's formula. The SAED patterns ob-
tained for the NiO NPs are shown in Fig. 5(c), where the lattice fringes
are discernible, thereby further demonstrating the polycrystalline
nature of the NiO NPs. Moreover, the high resolution TEM image pre-
sented in Fig. 4(d) clearly shows that the lattice had an interplanar
spacing of about 0.24 nm, which was consistent with the d spacing of
(111) for face centered cubic NiO. Finally, the elemental composition of
the NiO NPs was determined by analyzing the EDX spectrum, as shown
in Fig. 5(e), which verified that the sample mainly comprised Ni and O.
The other elements observed in the EDX spectrum, such as C and Cu,
were derived from the carbon-coated copper grid used for sample
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preparation.
3.4. UV analysis

Fig. 6(a) shows the UV-Vis absorption spectroscopy results obtained
for the annealed NiO NPs (500 °C) in the range from 200 to 800 nm.
Clearly, the NiO NPs exhibited strong absorption in the UV wavelength
range (<400 nm) with a well-defined peak at 338.9 nm. This strong
absorption in the UV region was due to the band gap absorption in NiO
[56] and this result was in good agreement with data obtained in a
previous study [57]. The energy gap was calculated for the annealed
NiO NPs (500 °C) using the following equation:

(ahv)" = A(hv — Ey), (2

where hv is the incident photon energy, a is the absorption coefficient,
A is a material-dependent constant, Ej is the optical band gap, and nis a
constant that depends on the nature of the optical transition [58]. The
constant n takes a value of 2 in the case of a direct optical transition and
1/2 for an indirect optical transition. We calculated the direct energy
gap for the NiO NPs using n = 2 because it gives a good estimation of
the band gap value. The direct band gap was estimated from the plot of
(ahv)? against hv, and the band gap energy was then extracted by ex-
trapolating the curve at a = 0, as shown in Fig. 6(b). The direct band
gap value E, obtained for the sample was 3.75 eV, which is within the
range of (3.6—-4 eV) expected for NiO NPs [22].

3.5. Photocatalytic degradation of FCN

The UV-Vis absorption spectrum was obtained at 605 nm for the
FCN solution after adding one dose of CN-3 and CN-4 reagents in the
presence of the catalyst. Fig. 7 shows the UV spectra recorded every
10 min during the exposure of the FCN solution to the biosynthesized
NiO NPs annealed at 500 °C under UV light. When the NiO NPs were
used as a photocatalyst under UV light, the maximum absorption wa-
velength was observed at 605 nm and it gradually decreased, thereby
indicating the degradation of the FCN solution in the presence of NiO
NPs when irradiated with UV light. The catalytic action depended on
the photoresponse of the catalyst by separating the electron-hole pairs.
The rates of electron-hole pair splitting and recombination are im-
portant indicators of the photocatalytic performance. The FCN de-
gradation process using NiO NPs demonstrated the potential use of this
resource as a catalyst, but the process was not successfully completed
and it tended to saturate after an irradiation time of 30 min, which
could probably be attributed to the recombination of electrons and
holes, although this did not totally stop the catalytic process. The de-
gradation efficiency rate with FCN (FCN%) was measured using the
following equation:

A

FON %= B0 =4t 100,

Ay 3
Where A, is the initial absorption of FCN at t = 0 and A, is the ab-
sorption of FCN at exposure time t. Fig. 8(a) shows the photocatalytic
degradation efficiency with FCN in the presence of NiO NPs. The de-
gradation efficiency with FCN solution was 84% after an irradiation
period of 30 min, thereby indicating that the NiO NPs served as a good
photocatalyst during the degradation of the FCN solution. This pro-
mising result suggests that NiO NPs can be employed as a novel solution
for long-term treatment in photocatalytic applications. Thus, long-term
photocatalytic tests should be conducted using NiO NPs to confirm their
effectiveness as a treatment solution. However, precautions should be
taken to protect the NiO NPs from light exposure because their prop-
erties will change over time due to the electron-sensitive effects of light
sources. According to the photocatalytic oxidation of compounds by
oxygen on semiconductors described by Phillips [59], the FCN photo-
degradation mechanism could be defined as electron-hole (e~/h*) se-
paration between the conduction and valence band of the NiO NPs, as
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Fig. 5. TEM, high resolution TEM, SAED, and size distribution results for the biosynthesized NiO NPs annealed at 500 °C.

shown in Fig. 8(b). In general, when the surfaces of NiO NPs are illu- separation, which is followed by the diffusion of electron-hole combi-
minated by UV light, the electrons in the valence band become excited nations to the surface of the particle, where they interact with water
and migrate to the conduction band to result in electron-hole molecules to produce highly reactive species of hydroxide ions OH~ and
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hydroxyl radicals OH". In particular, electrons in the conduction band
of the NPs react with water molecules to produce hydroxide ions OH™,
whereas holes in the valence band interact with water molecules to
form hydroxyl radicals (OH"). The photocatalytic degradation of var-
ious organic dyes under light irradiation is generally attributed to their
oxidation by reactive oxygen species such as hydroxyl radicals (OH").
Thus, CN~ is oxidized by hydroxyl radicals (OH") to form the cyanate
anion OCN~, which interacts with oxygen molecules to yield CO, and N,
as the final by-products [60].

NiO + hA — e~ + h* C)]
2e” + H,0 + lo2 — 20H-

2 (5)
2h* + 2HO~ — 20H" (6)
CN~ + 20H" = OCN~ + H,0 )
20NC~ + 0, = 2CO, + N, (8)

4. Conclusion

In this study, various measurements confirmed the biosynthesis of
NiO NPs using the extract from Persea americana seeds. TEM analysis
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showed that the NiO NPs had rhombohedral and spherical shapes with
slight agglomeration. The UV-Vis spectrum showed that the NiO NPs
produced a sharp peak at 338.9 nm with a band gap of 3.75eV. The
photocatalytic activity of NiO NPs during the oxidation FCN was good,
with a photocatalytic oxidization efficiency of 84% after an irradiation
time of 30 min. The NiO NPs biosynthesized using the extract from
Persea americana seeds had high photocatalytic activity during the de-
gradation of FCN solution, and thus they may be used as a potential
candidate for the removal of FCN from wastewater.
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