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Introduction: Water contamination from dye effluents from various industrial sources has
become a major challenge of the scientific community that is difficult to remediate using
orthodox chemical and biological procedures. As such, there is a need for more suitable and
cost-effective ways to treat such effluents. The present work describes a green-synthesis
approach for preparation of three types of Ni-based oxides as effective catalytic materials to
remove environmental pollutants. Metal oxide nanomaterials are cheap, abundant, and
ecofriendly earth metals, and thus are promising materials for catalytic applications for
environmental detoxification.

Methods: An aqueous leaf extract of Prunus persica was used as a reducing agent for the
synthesis of NiO, NiO-PdO, and NiO-ZnO nanoparticles (NPs). The leaf extract was treated
with each metal-salt precursor based on sol-gel synthesis, and then the final procured NPs
were analyzed by spectroscopic techniques for structural and morphological makeup. The
pure NPs were further explored for catalytic degradation of hazardous aqueous dye at
ambient conditions, instead of following any sophisticated experimental conditions.
Results and Discussion: Morphological features revealed the pure formation of NiO, NiO—
ZnO, and NiO-PdO NPs of size <100nm, characterized by X-ray diffraction spectroscopy
and scanning electron microscopy. Catalytic tests with methyl orange revealed the remedia-
tion potential of synthesized material, showing the pseudo—first order kinetics (R*<1) for
NiO, NiO-PdO, and NiO—-ZnO. NiO—-ZnO gave outstanding results both in dark (R*=0.88)
and light (R?=0.82) with degradation percentage of 99% (dark) in comparison with the other
two catalysts. Moreover, excellent catalyst stability for NIO-ZnO) was observed, even after
the fourth cycle, under both light and dark conditions and was separated easily during
centrifugation.

Conclusion: Although all three materials depicted the degradation potential with good
stability, but the NiO-ZnO catalyst was the best catalytic material in the present investiga-
tion, with prominent degradation percentage, and can be considered as an efficient catalytic
material. Thus, we conclude that P. persica—inspired catalytic material could pave the path
toward environmental remediation, alternative clean energy, and other biological
applications.

Keywords: bioinspired, nanocatalyst, methyl orange, environmental remediation, catalytic

Introduction
Organic dyes are one of the main groups of chemical compounds used widely in
textiles, food, cosmetics, and the pharmaceutical industry. They are considered as

the major source of contaminants, but are still in major demand in these industries.

submit your manuscript

poveres [ W i O

http:

International Journal of Nanomedicine 2020:15 8357-8367 8357
© 2020 Zahra et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

T php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-4199-9856
mailto:chemist.phd33@yahoo.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com

Zahra et al

Dove

These industries release a lot of dye as waste material that
dissolves readily in local water bodies at a concentration
of 10-200 mg/L, resulting in eutrophication and reduced
potential for reoxygenation, eventually causing extreme
impairment of marine flora and fauna by impeding sun-
shine infiltration." ™ Protection of water bodies from toxic
contaminants is the prime focus of researchers at present,
as conventional methods used for detoxification of such
wastewater toxicants that are highly resistant to microor-
ganisms are not very effective.’*?

Nanotechnology advancement has become an impor-
tant focus of scientific exploration in physics, chemistry,
and engineering. Metal nanoparticles (NPs) display dis-
tinct features directly related to the size and shape of the
particles.®® Metal and metal oxide NPs have been found
to be suitable candidates for such applications as waste-
water treatment, pharmaceuticals, medical diagnosis, and
drug-delivery systems. Currently, environmental projects
that use green chemistry to enhance and preserve our
global environment are becoming the subject of many
research fields.”® This has paved the way for greener NP
synthesis and proved promising, due to slower kinetics and
better manipulation and regulation of crystal growth and
stabilization. This has created a spark in research on synth-
esis approaches that enables better control of shape and
size for different nanotechnological applications.'” Instead
of using harmful reagents as reducing and stabilizing
agents in the synthesis of metallic NPs, significant atten-
tion has been paid to the use of different biological entities
in the field of nanobiotechnology.'""'? Biologically active
plant products provide excellent scaffolds among the many
possible natural products. Phytochemicals play an impor-
tant role in both reduction and stabilization of NPs, and
have emerged as an important natural resource for the
synthesis of metal/metal oxide NPs among potential bioac-
tive compounds categorized in plants.'*!?

Metal oxide NPs are most suitable candidates for
removal of wastewater contaminants, as oxygen atoms
present on the surface constrain the charge carriers’
recombination for longer periods.'*'> The hydroxyl and
carboxyl functional groups in metal oxide—based material
reveal remarkable hydrophilicity and negative-charge den-
sity to degrade organic pollutants in the water environ-
ment. Previously, these functional groups were procured
from synthetic carbon-based compounds, ie, carbon nano-
tubes and carbon black or graphene oxide.'>'” However,
in the present investigation these functional groups were
introduced from a natural source: Prunus persica leaf

extract. The present work focuses on implementation of
the factual principles of green chemistry in the synthesis of
nickel-based oxide NPs by using a stand-alone reduction
and capping agent: P. persica leaf extract in aqueous
medium. The synthesized particles were used further for
deterioration of azo dye under dark ambient conditions.
Single-metal and metal oxide NPs'® 2% have been synthe-
sized with a biobased approach, but the uniqueness of the
present work is that it is based on synthesis of binary
compounds that have not been reported previously with
P. persica. Similar studies have focused on synthesis pro-
cedures, structure, and morphology, whereas the present
investigation studied phytofunctional groups in synthe-
sized material with gas chromatography—mass spectro-
scopy (GC-MS) The
successfully decomposed an aqueous solution of methyl

also. synthesized particles
orange (MO) within 20 minutes of reaction, not only under
light conditions but also under dark ambient conditions
without any additional stimulant. We believe the incorpo-
rated functional groups speed up the catalytic efficiency of
synthesized material due to C—-O—M bonding.

Methods

Chemicals

Metal salts, i.e, nickel(Il) acetate tetrahydrate (Ni
[CH3CO,],-4H,0), zinc acetate (ZnO[CH3;COO],), and
palladium(I) acetate (Pd[CH3COQ],) were purchased
from Merck Chemicals. All experimentation was done
with deionized water (DI), and apparatus was sterilized
with C,Hs;OH. Reducing-cum-stabilizing agents were
extracted from foliar extracts of P. persica collected from
AJK Pakistan. Sample leaves were shade-dried, extracted
with DI, and stored at 4°C for utilization as a reducing
agent and for phytochemical screening.

Synthesis of Organic Extract—Derived
NiO, NiO-PdO, and NiO-ZnO

Nanocatalysts

In typical green-functionalization mode, catalysts (NiO,
NiO-ZnO, and NiO-PdO NPs) were prepared by reacting
metal salts with foliar extract of P. persica without any
utilization of chemical reducing agents. Each metal salt

solution (20 mM) was prepared by taking Ni
(CH3CO0,),.4H,0, ZnO(CH;3;CO0), and Pd
(CH3COO), in seperate beakers containing 100 mL of

DI water and stirred for 15 mins for complete dissolution.
With no residues left, the homogeneous reaction mixtures
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were mixed in a 500 mL beaker and 10 mL Prunus persica
foliar extract was added slowly with continuous stirring.
The reaction mixture comprising the organic—inorganic
complex, ie, metal salt-P. persica foliar extract] was
heated at 80°C with continuous stirring. Stabilization and
subsequent conversion of a metal salt-Prunus persica
foliar extract to NiO, NiO-ZnO, and NiO-PdO NPs were
confirmed via immediate visual transformation indicating
NPs formation. For further homogenization, the reaction
mixture containing metal oxide NPs was incubated over-
night, followed by centrifugation at 6,000 rpm for 20
minutes for pellet formation. Upon centrifugation, dark-
brownish precipitates settled at the bottom of the centrifu-
gation tubes, which were washed with DI water and etha-
nol. Collected precipitates were dried at 95°C using an
oven, followed by calcination in a furnace at 450°C for
elimination of any residual organic compounds from the
foliar extract after stabilization. The finally calcined NiO,
NiO-ZnO, and NiO-PdO NPs were stored in labeled
eppendorf tubes for further catalytic experimentation.

Characterization

In the current work, the P. persica foliar extract was char-
acterized for functional groups and biomolecules responsible
for metal oxide synthesis using Fourier-transform infrared
(FTIR) spectroscopy (8400; Shimadzu, Kyoto, Japan) and
GC-MS (QP5050; Shimadzu) using KBr pelletization and
organic extraction, respectively. In addition to the foliar
extract, NiO, NiO-ZnO, and NiO-PdO NPs were character-
ized by such analytical techniques as FTIR spectroscopy for
vibrational and molecular arrangements spanning 4,000-400
cm . Lattice parameters and crystallinity were studied using
(XRD; Bruker D?9).
Morphological investigation was done via field-emission

powder X-ray diffractometer
scanning electron microscopy (FE-SEM; Quanta 250-
FEG)-coupled energy-dispersive X-ray spectroscopy for ele-
mental signaling. Optical response of NPs was done via
ultraviolet-visible (UV-vis) spectroscopy (1602; Biomedical
Services, Spain), and Tauc plots were used for band-gap
calculation.

Catalytic Experiments

The photocatalytic behavior of biogenically synthesized
NPs was demonstrated by removing the hazardous dye
MO and observing the effect in light and dark conditions.
A stock solution of MO (1 L) was prepared in double-
distilled water at a ratio of 1:1 (1 mg/mL). For catalytic
activity, 2 mg synthesized NiO, NiO-ZnO, and NiO-PdO

NPs were added separately into 20 mL test tubes contain-
ing 10 mL MO and mixed ultrasonically for 15 minutes.
For observation of adsorption in the dark, the test tubes
were covered with aluminum foil. Afterward, 3 mL of
each solution was taken to evaluate catalytic reactions at
different time intervals on UV-vis spectroscopy at 200—
800 nm. Absorbance was compared with the lambda max-
ima of MO. A controlled set was also prepared in similar
experimental conditions without a catalyst and results
were compared. By measuring the lambda maxima for all
samples at different time intervals, a linear calibration
curve was obtained for all samples presenting the regres-
sion value. After that, percentage degradation was calcu-
lated by observing the decrease in absorption intensity at
460 nm:****

Degradation(%) = Ct/C0x100 (1)

where C; and C, represent final and initial concentration,
respectively.

Results and Discussion

The plant extract was subjected to UV, FTIR and GC-MS
spectroscopy to identify the bioactive compounds that play
a role in the synthesis process. Analysis revealed the
presence of alcoholic and phenolic compounds depicted
in Figure 1 (S-1). FTIR analysis of synthesized material
was done to demonstrate the functional group scanned at
4,000-400 cm . In Figure 1A, the FTIR spectrum of NiO
show absorption peaks at 1,113.68 cm™ ' and some vibra-
tions at 1,300 cm™ ' and 1,500 cm ', corresponding to nitro
compound N-O symmetrical stretch and aromatic C-C
stretch.

The inset depicts the range 600-400 cm ', showing
sharp vibrations at 480 em ', 477 em™!, and 426 cm !
corresponding to the M—O bond (metal oxygen). Similarly
NiO-PdO showed vibrations at 1,957 cm ', 1,355 cm ', and
625 cm', presenting water adsorption on the surface of
pellets, C—H rock, and C—Cl stretch (metal halides), which
may have been due to KBr. Below 500 cm ™', strong absorp-

" and 426 cm ™! demonstrated the metal—

tion at 499 cm~
oxygen bond. All the other peaks removed during calcina-
tions as organic compounds were mostly removed at high
thermal treatment.”® NiO-incorporated ZnO spectra pre-
sented in Figure 1C show vibrations at frequency of
2,038.69 cm ', 1,374.19 cm ', and 1,104.24 cm ' corre-
sponded to N—O symmetrical stretch due to nitro compounds
and aliphatic amines or C-O stretch due to alcohols and

carboxylic acids. Mostly, vibration at 1,800-2,100 cm!
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Figure | FTIR spectra of biosynthesized nanomaterials: (A) NiO; (B) NiO-PdO; (C) NiO-ZnO.

depicted the hydroxyl group, due to water adsorption on the
surface. A sharp peak at 456.96 cm ! in the inset (1-c) shows
the M—O bond. In all three materials, strong fingerprint
vibration <500 cm ! pointed to M-O, M—OH, and M-C
bonds (metal oxide).”*® Therefore, FTIR-spectroscopy
analysis anticipated the involvement of phyto-functional
groups along with fingerprinting of metal oxides.

GC-MS analysis further endorsed the presence of func-
tional compounds as capping agents in the synthesized nano-
material, as depicted in Figure 2. GC-MS of NiO (Figure 2A)
showed the presence of octodrine, benzene—ethane amine, and
decanoic acid at retention times of 4.932, 5.489, and 28.842
minutes, respectively. NiO-PdO showed peaks at 20.46 and
21.56 minutes, corresponding to octadecanoic acid—octodrine
or cyclobutanol. Figure 2C show GC-MS of NiO-ZnO with
sharp vibration at 20.909 minutes’ retention, depicting the
presence of octodrine or cyclobutanol. The same phytocom-
pounds were probed in P. persica plants (SI), which confirmed
functional group incorporation in synthesized metal oxides
congruent to FTIR-spectroscopy analysis.

Chemical and composition analysis of all three P. per-
sica—mediated nanomaterials was further carried out with
Raman spectroscopy, which validated metal oxide formation
and organic compound involvement. NiO (Figure 3A)
showed characteristic Raman bands at 497 cm '. Peaks
around 500 cm ™' corresponded to NiO in comparison with
previous literature.”” NiO-PdO exhibited a sharp peak at
649.35 cm ' and some vibrations between 800 and 1,500
cm ' were observed, as in Figure 3B, which might be asso-
ciated with the organic compounds. Similarly, the spectrum
of NiO—ZnO in Figure 3C depicts vibration at 506 cm™ ' and
>1,100-3,500 cm . The peak at 506 cm ' clearly demon-
strated characteristics of Ni-incorporated ZnO, as metal oxi-
des show vibration at frequencies of 400-800 cm . In all

three spectra, vibration peaks >800 cm '

validated the pre-
sence of bioactive functional groups, in good agreement with
FTIR-spectroscopy analysis.

The crystal structure, phase, and composition of bio-
synthesized NiO and hybrid NiO-ZnO, NiO-PdO were ana-

lyzed by XRD (Figure 4A—C). Sharp narrow peaks with 26
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Figure 2 GCMS chromatograms of (A) NiO, (B) NiO-PdO, and (C) NiO-ZnO.
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Figure 4 XRD diffractograms of synthesized (A) NiO, (B) NiO-PdO, and (C) NiO-ZnO.

values of 37.1, 43.3, 63.2, 75.86, and 79.2 were indexed as
(101), (200), (012), (110), and (113) crystal planes. These
planes confirmed the pure formation of crystalline rhombo-
hedral symmetry of NiO NPs (Figure 4A), in good agreement
with Joint Committee on Powder Diffraction Standards card
00-044-1159. NiO-incorporated PdO showed two phases, ie,
NiO and PdO, in good agreement with 00-022-1189 and 00—
041-1107, respectively. In Figure 4B, diffraction peaks indi-
cated by (#) at 20 values of 37.24°, 43.25°, and 75.40° were
associated with (003), (012), and (104), respectively, in close
match with literature values for NiO. PdO exhibited a tetra-
gonal crystal system with cell parameters of @ = 3.04, b =
3.04, and ¢ = 5.3A, and introduce characteristic peaks
denoted by (*) at 20 = 33.83°, 54.71°, and 60.78° with
corresponding Miller indices (101), (112), and (200) respec-
tively. Similarly, XRD patterns of NiO-ZnO demonstrated
reflection peaks of both ZnO and NiO (Figure 4C), with
references 00-044-1159 and 00-005-0664, respectively. In
NiO-ZnO hybrid material, NiO exhibited a rhombohedral
crystal structure with Miller indices at (101), (012), (104),

(113), and (202) represented by (¢), while ZnO (#) presented
a hexagonal structure with 4/ indices (100), (002), (102),
and (110), corresponds to 31.75, 35.44, 47.54, and 56.55
peak positions.

Using the Scherrer equation (eq. 2), grain size was
calculated as:

D = (0.9 x 1)/(f cosO) )

where 1 refers to wavelength and f is full width at half-
maximum intensity of the peak. Average grain size calcu-
lated for synthesized NiO, NiO-PdO, and NiO-ZnO was
17.42, 12.6-7.42, and 7.83-9.07, respectively. Surface
morphology of prepared nanostructures calcined at 450°C
was examined by FE-SEM, as shown in Figure SA—C. The
surface of NiO was found to be relatively smooth and
particles were evenly distributed with no agglomeration,
as in Figure SA. When PdO particles were loaded on NiO,
the surface showed some agglomeration due to incorpora-
tion of palladium oxide, but still the particles were uni-
formly distributed at nanoscale.
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Figure 5 FE-SEM of biosynthesized nanomaterials: (A) NiO, (B) NiO-PdO, and (C) NiO-ZnO.

It can be seen in Figure 5B and C that cavities and
channels were formed, which support the ease of post
operational separation of catalyst from wastewater.> !
Figure 5C shows clear and defined cuboid nanostructures
with voids and spaces showing minimum or no agglom-
eration. These internal spaces and cavities support the
process of catalysis. Therefore, biogenically synthesized
nanomaterials not only reduced size to nanoscale but uni-
formly distributed the particles as well. SEM revealed

nanoscale synthesis of NiO, NiO-PdO, and NiO-ZnO

consistently with the crystallite size obtained by XRD,
with lowest size for NiO-ZnO nanomaterial. Although
XRD revealed the lowest crystallite size for NiO-ZnO,
in SEM it was apparent that of NiO-ZnO particles were
clearer and somehow larger than the other two oxides,
which may be attributed to the fact that XRD demonstrates
crystallite size, whereas SEM depicts the overall particle
size, and one particle can have a set of crystallites.
UV-vis absorption and optical properties of synthesized
material were characterized by UV-vis spectroscopy.
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Figure 6 (A-C) Ultraviolet-visible absorption spectra of NiO, NiO-PdO, and NiO-ZnO; (D-F) Tauc plot of energy as ahv? for NiO, NiO-PdO, and NiO-ZnO.

Figure 6A—C shows the absorption spectra of fabricated
metal oxide NPs. Broad absorption range can be observed
that gradually increases toward lower wavelengths, with
maximum absorbance at 340 nm, a broad range of 300-
700 nm, and 343.19 nm for NiO, NiO-PdO, and NiO-—
ZnO, respectively. The maximum absorption band indi-
cates the presence of blue shift due to the presence of
metal oxide. Figure 6D-F shows a Tauc plot determining
the optical band-gap energy of synthesized material from
UV absorbance. Using the following relationship, the band
gap was derived:

ahv = (hv — Eg)"(n) 3)

where o is the absorption coefficient, 4v incident photon
energy, and £, optical band—gap energy. Nickel oxide is a
wide band—gap semiconductor material with 3.2 eV band
energy,’® but in the present study the band gap calculated
for NiO was 2.3 eV, mainly due to the incorporation of
functional groups. When PdO and ZnO were incorporated
into the NiO NPs, the band gap was reduced to 2.2 eV and
2.18 eV, respectively. The reduced band gap enhances the
charge transfer properties of atoms between the conduction
band and valence band. As such, the band gap was chan-
ged by incorporation of another metal oxide, producing a

synergic effect in the catalytic charge—carrier properties of
the electrocatalyst. The lowest band gap was observed for
NiO-ZnO, in good agreement with XRD and SEM results,
in which NiO-ZnO particles were slightly larger and more
separated than the other two oxides. It is well known that
as particle size increases, the bandgap energy decreases,’”
and this was clearly observed in the present study also.

Catalytic Effects of Synthesized

Nanomaterial on Dye Degradation

In order to investigate the catalytic activity of phytosynthesized
NiO, NiO-PdO, and NiO-ZnO, reduction with MO was car-
ried out by adding 2 mg catalyst in 10 mL MO stock solution
(1 mg/mL) in light and dark ambient conditions. UV absor-
bance was monitored at different time intervals, i.e, 2 minutes,
5 minutes, 10 minutes, and 15 minutes and compared to the
lambda maxima of MO (464 nm). The peak at 464 nm was that
of an azo-bond due to n—n*. Another peak below 300 was also
seen, which can be attributed to absorption of aromatic
intermediates.®® As shown in Figure 7A, the peak at 464 nm
decreased with time, which demonstrates that azo-bond clea-
vage occured with synthesized catalysts. After 2 minutes,
slight change in absorbance was observed in comparison
with the blank without catalyst (S-1). With increasing time,

International Journal of Nanomedicine 2020:15

submit your manuscript

8363

Dove


http://www.dovepress.com
http://www.dovepress.com

Zahra et al Dove
A Nio-p B NiPd Ox-D 1 C Niz Ox-D
1.1
y=0.035x+0.353 y=0.024x +0.465 09| ¥=0.023x+0.504
- =095 R*=0.884
~ 09 R2=0.973 03 R#=0.956 500
< 0.7 4] < 09
£ Z06 & o
0.5 ° é 061
0.3 0.4 05
0 5 10 15 20 0 5 10 15 20
0 5 10 15 20 . : . .
Time (min) Time (Min) Time (Min)
_D NiO-L 15 E Nipd Ox-L . F Nizn Ox-L
09 | y=0.038x+0.283 y=0.033x+0.500 -+l
R:=1 1 R2=0.847 % = PS
~ 3 309
U 07 S )
) 08 )
£ o g £
J 0'6 0.7
03 * ¢
0 5 0 5 20 04 0.5
1 1 2 .
0 0 1 2
Time (min) 5 5 0 0 5 10 15 2

Time (Min)

Time (Min)

Figure 7 Ln (Ct-Co) vs time plot of (A) NiO-D, (B) NiO-PdO-D, (C) NiO-ZnO-D, (D) NiO-L, (E) NiO—PdO-L, and (F) NiO-ZnO-L.

absorbance intensity decreased to 0.4 nm. When the same
sample (NiO) was observed in light, degradation occurred
more quickly then in the dark. For NiO-PdO, a prominent
decrease in absorbance maxima of MO was observed with
increasing time in comparison with the blank sample, whereas
the same sample in light showed a steadier decrease, due to the
illumination source, which sped up catalytic performance. It
can be seen in Figure 7E that after 15 minutes, absorbance was

closer to zero, which depicts maximum degradation of MO,
and it was also observed visually that the solution became
transparent over time. Figure 7C and F depicts the UV-vis
absorbance of NiO-ZnO—loaded MO in dark and light, respec-
tively. Even under dark conditions, the catalyst showed excel-
lent catalytic performance, with decreased absorbance to 0.4
nm with 90% degradation within 15 minutes. This synergic
activity of the catalyst could be a step toward a more

C
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Figure 8 Percentage degradation of (A) NiO, (B) NiO-PdO, and (C) NiO-ZnO in light and dark conditions at different time intervals.
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Table |1 Degradation percentage of MO by different catalysts in comparison with the blank

Time NiO NiO-PdO NiO-ZnO Blank

Light% Dark% Light% Dark% Light% Dark% Light% Dark%

2 minutes 35.98 44 48.19 48.85 58.18 57.14 0 0

5 min 47.88 49.14 77.79 62.85 82.97 63.42 14.81 5.40

10 min 66.99 74.57 84.45 69.14 95.18 67.14 13.33 5.40

15 min 86.30 87.14 97.77 83.14 99.25 90.28 25.55 12.16

sustainable environmental remediation alternative, even in
dark/ambient conditions.***> The sample showed excellent
catalytic performance in light, as shown in Figure 7F, in
which almost 80% of MO degraded in the initial 5 minutes,
and after 15 minutes the dye had completely degraded by
breaking all the azo-bonds.*® The enhanced degradation of
MO by NiO-ZnO was attributed to the enhanced adsorption
capacity of the nanocomposite. Incorporation of ZnO also
improved surface area, which ultimately improved adsorption
sites and degradation efficiency.

Reaction kinetics of catalytic degradation of MO via
MOx catalyst was also evaluated from the calibration
curve as shown in Figure 8. Calibration curves were con-
structed for InC—C, vs time. In all samples, pseudo—first
order kinetics were observed, asR*<1).*7*® R? values cal-
culated for NiO, NiO-PdO, and NiO-ZnO in dark were
0.97, 0.5, and 0.884, respectively, whereas under solar
radiation R values for the three catalysts were 1, 0.87,
and 0.842, depicting the stability and first-order reaction
kinetics of the catalysts.

Degradation was also calculated from initial and final
concentrations (eq. 1) of MO, as delineated in Table 1. All
catalysts had potential for degradation of MO, with different
percentage efficiency. NiO show good performance, even in
dark conditions, with degradation % of 87% after 15 minutes.
Compared to the single-metal oxide, the hybrid materials
show good performance, eg, NiO-PdO, showed better activ-
ity under light, with 80% degradation in the first 10 minutes,
while after 15 minutes the catalyst had achieved 97%
removal. ZnO-incorporated NiO outperformed the other
two catalysts, showing 90% efficiency in dark, while in
light reaching ~100% efficiency within 15 minutes. As
such, although all the catalysts had catalytic potential,
NiO—ZnO gave the best results in terms of degradation
efficiency. This can be attributed to the intermolecular junc-
tion created by p- and n-type materials. ZnO is naturally an n-
type semiconductor, while NiO is a p-type semiconductor
material. When ZnO was incorporated into p-type NiO, they

both made a p—n junction that made a synergic contribution
to the movement of ions or charge-carrier molecules, enhan-
cing the charge-transfer properties, and consequently

improving the degradation of the single oxide.***!

Conclusion

In the current study, three metal oxide nanostructures —
NiO, NiO-PdO, and NiO-ZnO — were fabricated using
an environmentally benign synthesis approach. XRD and
EDX results confirm the pure formation of functionalized
nanostructures. GC-MS and FTIR analysis revealed the
involvement of phytoincorporated carbonaceous compo-
nents in synthesized products. FESEM further showed
the morphology of synthesized materials, which was
ideal, with reduced agglomeration due to functionalization
by organic compounds. The synthesized materials were
successfully used for degradation of MO from water
bodies under light and dark/ambient conditions. All three
catalysts performed well in light, following first-order
kinetics, but NiO-ZnO was particularly efficient, outper-
forming the others even in dark conditions, with probabil-
ity of 90% in the first 15 minutes using only a small
quantity of catalyst. The enhanced catalytic activity of
NiO-ZnO could be attributed to increase numbers of pro-
tons by creation of p—n junctions that eventually increased
the number of sites for catalytic reactions. Moreover, with
biomimetic synthesis, the phytofunctionalized compounds
facilitated protons due to organic compounds and also
increased surface areas. Therefore, due to its efficient
catalytic properties, phyto-fabricated NiO-ZnO is highly
suitable for wastewater treatment and is a step toward a
sustainable environment.
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