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Abstract—Novel nanoclusters (NCs) of Cu/Cr/Ni/O were produced by a green synthesis approach using leaf extracts
of E. campestre and F subpinnata at room temperature and pH 7. Characterization of the produced NCs using EDS,
XRD, and FESEM revealed that E. campestre results in CuO-Cr,0,;-NiO nanocomposites with average crystallite size of
29.2 nm, while binary and ternary Cu-Cr-Ni-O nanoalloys of averaged 9.8 nm crystallite size are produced using E
subpinnata leaf extract. In addition, bioreduction mechanism of the metal ions was investigated for both plant extracts
by evaluating total phenolics/total flavonoids, HPLC chromatograms of the leaf extracts, and FTIR spectra of the
extracts before and after the bioreduction reaction. It was found that phenolic acids are the main responsibility for the
bioreduction of the metal jons. In particular, chlorogenic acid, rosmarinic acid, and syringic acids for the nanoalloys
produced by reducing potential of E subpinnata, and rosmarinic acid for the nanocomposites synthesized using E.
campestre were identified as the main reducing agents. FTIR studies revealed that in CuO-Cr,O,-NiO nanocomposites,
aliphatic and aldehyde amine groups and in Cu-Cr-Ni-O nanoalloys, aliphatic and aldehyde amine, and nitrile groups

act as both capping and stabilizing ligands.
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INTRODUCTION

Nanotechnology has revolutionized the world from different
industries to medical science. In this respect, nanoparticles (NPs)
and nanodlusters (NCs) are of particular importance due to their
widespread applications [1]. Beside mono-metallic NPs, the pro-
duction of binary and ternary nanocomposites/nanoalloys has de-
veloped because of their improved physical and chemical proper-
ties leading to their potential applications in catalyzed reactions [2-
4], solar cells [5], gene delivery systems [6-8], and so on. Currently,
a number of approaches are being used for the synthesis of multi-
metallic NCs. In fact, the physical properties and application field
of the produced NPs are heavily dependent upon their methods of
preparation (i.e., co-precipitation [9,10], reverse micelles [11,12],
sol-gel [13,14], gel growth [15-18], and solvothermal technique
[19,20]).

Production of metal/metal oxide NPs through bioreduction of
metal ions compared to other methods of NP generation is more
efficient and thus versatile [21]. On the other hand, from the green
chemistry perspective, production of materials should not cause a
threat to human health or the environment [22,23]. In this respect,
the ingredients (i.e., solvent, reducing agent, and capping/stabiliz-
ing agents) ought to be non-toxic and environmentally benign to
be adapted to the green chemistry approach [1]. Although green
synthesis of NPs is greatly developed in case of mono metallic NPs,
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less work is devoted to this issue for multi-metallic materials. For
example, Rao and coworkers [24] have synthesized Ag-Au-Pd using
the mixed extract of Aegle marmelos (leaf) and Syzygium aromati-
cum (bud). They have found that by varying the compositions of
phytochemicals, different compositions of Ag-Au-Pd can be pro-
duced at ambient temperature. In another research, Zhan et al. [25]
have developed a green synthesis method for simultaneous biore-
duction of Au(III), PA(IT) precursor salts leading to the formation
of Au-Pd bimetallic NPs. Degraded Pueraria starch (DPS) was uti-
lized as both reducing and capping agents in the synthesis of Au/
Ag bimetallic NPs by Xia et al. [26].

Using plant extracts as bioreducing and capping agent, the main
challenge is to identify the mechanisms through which metal/metal
oxide NPs are produced. Due to complexity of phytochemicals and
abundance of the functional groups present in plant extracts, the
feasibility of proposing the exact reaction mechanism may not be
ascertained [27]. Phytochemical components responsible for biore-
duction of metal ions and stabilizing the produced NCs are known
as polyphenols (flavonoids, phenolic acids, and terpenoids), organic
acids, and proteins [1]. There is also the probability of co-partici-
pation of some phytochemicals in the bioreduction of metal ions
[28]. However, investigating Fourier transform infrared spectros-
copy (FTIR) of both plant extracts and the produced NPs as well
as high performance liquid chromatography (HPLC) of the extract
could give rise to better understanding the functional groups and
chemical compounds in the plant which may participate in the
bioreduction process of precursor salts. Kesharwani et al. [29] pro-
posed that quinones and plastohydroquinone molecules present in
the plant leaf extract are responsible for the reduction of metal ions.
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Kasthuri et al. [30] used different concentrations of phyllanthin
from Phyllanthus amarus to synthesize gold and silver NPs. FTIR
analysis revealed that a shift of methoxy (-OCH,) band after NP
synthesis had occurred, which was attributed to the binding of
-OCH; to NPs.

In our previous work, process parameters for maximizing tri-
metallic oxide Cu/Cr/Ni NP production using leaf extracts of Eryn-
gium campestre and Froriepia subpinnata were optimized. Also, the
produced NCs showed proper antibacterial activities against two
pathogenic bacteria, namely Escherichia coli and S. aureus [31]. The
main emphasis of the present study is on analyzing various hypo-
thetical bioreduction mechanisms using different approaches. The
NCs produced using the two leaf extracts at neutral pH were char-
acterized using XRD, EDS, and FESEM analyses so that crystal-
line structure, elemental compositions, and morphologies were
compared and discussed in detail.

EXPERIMENTAL PART

1. Chemicals

Metal salts including CuSO,-5H,0, Ni(NO),-6H,0, and Cr(NO;)s-
9H,0O were purchased from Merck, Germany. Sodium hydroxide
and hydrochloric acid (37%) were supplied by Sigma-Aldrich.
Eryngium campestre and Froriepia subpinnata were collected from
north of Iran (Babol city). HPLC gradient grade methanol was pur-
chased from Chem-lab NV (Belgium). Double distilled water was
used throughout experiments for solution making and other pur-
poses.

2. Plant Leaf Extracts and NC Green Synthesis

The procedure for preparing leaf extract was similar for the two
plants. First, fresh leaves of E. campestre and F subpinnata were col-
lected, then separately rinsed with tap water and were washed twice
with double-distilled water to remove contaminants and dust. After-
wards, the leaves were dried in shade for seven days. The dried
leaves were uniformly powdered with household mill. By adding
5 g of each plants leaf powder into 100 mL distilled water, leaf extracts
were prepared. The resulting mixtures were then sonicated for
20 minutes at 400 W before being filtered with Whatman no. 1 fil-
ter paper. The obtained filtrate was used as plant extract for green
synthesis of Cu/Cr/Ni metal oxide NCs [32].

In the green synthesis procedure, first, 0.01 M solution of the
three metal precursor salts namely CuSO,-5H,0O, Ni(NO;),-6H,0,
and Cr(NO,);-9H,0, was prepared in a 250 mL Erlenmeyer flask.
E. campestre and E subpinnata leaf extracts with the respective vol-
ume ratios of 2.4 and 1.0 were added into the mixed metal salts
solution. By dropwise addition of sodium hydroxide solution (0.1 M)
the pH of the reaction mixture was adjusted at 7.0. The bioreduc-
tion process for the synthesis of Cu/Cr/Ni ternary oxide NCs was
completed within 10 minutes at room temperature. The produced
NCs were separated from the solution by centrifugation at 20,000
rpm followed by successive washing with distilled water. The ob-
tained wet powder was kept in a vacuum oven at 45 °C until being
characterized.

3. Instrumentation and Apparatus

Morphological study of NCs was performed by field emission

scanning electron microscopy (FESEM, MIRA3TESCAN-XMU).
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Crystalline structure of NCs was analyzed using X-ray diffractom-
eter instrument with Cu Ke radiation using the Philips powder
diffractometer system (1=1.54060 nm, 40 Kv and 30 mA) in the
range of 10-80° with 2°/min scanning rate. Ternary oxide Cu/Cr/
Ni NCs composition was analyzed using energy dispersive X-ray
spectroscopy (EDS), while the functional groups involved in biore-
duction of metal salts were analyzed using Fourier transform
infrared spectroscopy (FTIR spectroscopy RXI, Perkin Elmer, USA).
The presence of potent antioxidants in the leaf extracts of E. camp-
estre and E subpinnata was investigated using high performance
liquid chromatography (HPLC, Knauer, Eurospher 1, 5 pm, 250x
4.6 mm, 100 °A).
4. Evaluation of Bioreduction Mechanism

Bioreduction mechanism could be investigated if the phytochem-
icals in the plant leaf extracts. which are supposed to take part in
the bioreduction of metal ions and stabilizing/capping the result-
ing NCs. are identified. In this respect, efforts have been made to
quantitatively specify the important bioactive compounds in E.
campestre and E subpinnata by determining total phenol and total
flavonoid contents before and after the bioreduction reaction. In a
similar approach, FTIR spectra of the plant extracts before and after
the bioreduction process together with FTIR spectra of the pro-
duced Cu/Cr/Ni metal oxide NCs with plant capping were thor-
oughly investigated and compared with each other. In addition,
HPLC chromatograms of the two plant extracts were evaluated.
4-1. Total Phenolic and Total Flavonoid Studies

Total phenolics of E. campestre and E subpinnata was deter-
mined according to the method described by Singleton et al. [33]
using the Folin-Ciocalteu assay. In a typical procedure, an aliquot
(1 mL) of the extracts or standard solution of gallic acid (20, 40,
60, 80, and 100 mg/L) was added into a flask containing 9 mL deion-
ized water. Afterwards, 1 mL of Folin-Ciocalteu phenol reagent was
added to the mixture followed by shaking at 150 rpm at an orbital
shaker. After 5 min, 10 mL of Na,CO, solution (7%) was added to
the mixture. Using deionized water the solution was diluted up to
the volume of 25 mL and was maintained for 90 min at room tem-
perature. UV-Vis absorbance of the resulting solution against the
blank was evaluated at 750 nm using UV-Vis spectrophotometer
(Nanolytik® NanoSpec 2 spectrophotometer). Amount of total phe-
nolics in the extracts was measured according to mg gallic acid
equivalents (GAE)/1 g dry weight. The method developed by Zhishen
et al. [34] was utilized to estimate total flavonoid content of E. camp-
estre and E subpinnata extracts using aluminum chloride calorimet-
ric assay. An aliquot (1 mL) of the extracts or standard solution of
catechin (20, 40, 60, 80, and 100 mL) was added to a 25 mL volu-
metric flask containing 4 mL deionized water followed by the addi-
tion of 0.3 mL of Na,CO; (5%) solution. After 5minutes, 0.3 mL
of AlCl; (10%) was added to the mixture. One minute later, 2 mL
of NaOH (1 M) solution was added and the total volume was ad-
justed to 10 mL using deionized water. The solution was mixed
completely before detecting its absorbance against reagent blank at
510 nm. Total flavonoid content of the extracts was measured accord-
ing to mg catechin equivalents (CE)/1 g dry weight. Both assays
were triplicated and the mean values were reported.
4-2. FT1IR Studies

FTIR spectra were recorded in solid and liquid phases using KBr
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aperture plate technique in the range of 400-4,000 cm™". In a typi-
cal procedure, FTIR analysis was performed on the aqueous leaf
extracts of E. campestre and E subpinnata. After completion of the
bioreduction process resulting from the addition of the leaf extracts
with defined volume ratio (2.5 for E. campestre and 1 for E subpin-
nata) to 0.01 M solution of precursor metal salts (CuSO,-5H,0,
Ni(NO;),-6H,0, and Cr(NO,);-9H,0), the produced NCs were
separated by centrifugation, and the supernatants (exhausted plant
extracts) were characterized by FTIR analysis. Comparing FTIR
peaks of the exhausted plant extracts with those of pure plant extracts
could give rise to chemical identification of the functional groups
of the plants most probably involved in the reduction of metal
salts and capping/stabilizing of the NCs.
4-3. HPLC Studies

HPLC analysis was performed to better elucidate the types of phe-
nolic acids present in the plant phytochemicals which may have
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been involved in the bioreduction process. A Knauer HPLC sys-
tem including stainless steel column (250 mmx4.6 mm) was used
in the entire analysis. A mixture of trifluoroacetic acid (TFA) with
water and methanol with a flow rate of 1.0 mL/min was used as
the mobile phase. Twelve phenolic acids including cafteic acid, chlo-
rogenic acid, syringic acid, rosmarinic acid, 3,4-dihydroxy benzoic
acid, gallic acid, vanillic acid, salicylic acid, 2,5-dihydroxybenzoic acid,
para coumaric acid, ferulic acid, and cinnamic acid were used as
standards.

RESULTS AND DISCUSSION

1. Characterization of NCs
1-1. Composition and Crystallinity

Composition of NCs synthesized using E. campestre (EC-NCs)
and E subpinnata (FS-NCs) leaf extracts was analyzed using EDS

(b)
Element | W% A% Evor
(0] 28.42 | 59.70 | 3.5695
Cr 15.02 9.71 0.6201
Ni 15.65 8.96 0.8740
Cu 40.91 21.64 0.8740
Total 100.00 | 100.00 B

Energy KeV

Cu

OCrNiCu

Fig. 1. (a) EDS spectroscopy, (b) atomic and weight compositions and (c) selected area elemental mapping of Cu/Cr/Ni oxide NCs synthe-

sized using E. campestre.
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Fig. 2. (a) EDS spectroscopy, (b) atomic and weight compositions and (c) selected area elemental mapping of Cu/Cr/Ni oxide NCs synthe-

sized using E. subpinnata.

spectroscopy to certify the presence of elemental copper, chromium,
and nickel in the two types of the nano-powders (Fig. 1 and Fig.
2). It can be seen that strong signals at ~1, 5.5, 7.5, and 0.5 KeV are
approximately the region for copper, chromium, nickel, and oxy-
gen in EC-NCs and FS-NCs, respectively [35-37]. However, com-
position of the elements was different for the two types of the nano-
powders (Fig. 1(b) and Fig. 2(b)). More oxygen atoms involved in
the chemical composition of FS-NCs, while nickel composition
remained almost unchanged and compositions of copper and chro-
mium varied completely. EC-NCs were rich in metallic copper;
whereas more balanced distribution of composition was evident in
FS-NCs. Selected area elemental mappings of EC-NCs and FS-
NCs are presented in Fig. 1(c) and Fig. 2(c). In these figures, oxy-
gen, chromium, nickel, and copper are, respectively, represented
by yellow; green, red, and blue colors. Also, a frame containing all
of the mentioned elements is presented. Although assumption of
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definite configurations of NCs from these images is not feasible,
mixed configuration of elements is more evident for FS-NCs. On
the other hand, elemental mapping of EC-NCs exhibits the exis-
tence of similar colors which are representative of identical ele-
ments with atomic oxygen in their vicinity.

To confirm the formation of copper, chromium, nickel oxides
and other probable compounds which may have been formed in
the green bioreduction process by the two plant extracts, the obtained
powder was characterized by XRD. Fig. 3 shows that the in EC-
NCs and FS-NCs are almost the same. However, phase analysis by
XPert highscore plus software (version 2.2) revealed that the most
intense peaks for XRD pattern of EC-NCs at 36.73° 43.48°, 63.14°,
and 75.33° are mainly attributed to the chemical structures of indi-
vidual metal oxides such as nickel oxide (NiO), copper oxide (CuO),
and chromium oxide. The predicted location of these structures
and the corresponding crystallite size calculated using Scherer solver
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Fig. 3. XRD patterns of Cu/Cr/Ni metal oxide NCs obtained using (a) E. campestre leaf extract and (b) E subpinnata leaf extract.
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Fig. 4. FESEM images of Cu/Cr/Ni metal oxide NCs at different magnifications: (a) NCs from E. campestre and (b) NCs from E. subpinnata.
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by the software are given in Fig. 3(a). As it was expected, signifi-
cant difference was observed among the calculated crystallite sizes
(16.1, 31.0, and 40.4 nm for the NiO, CuO, and Cr,O; NPs). Inter-
estingly, the structural prediction for FS-NCs at the angles of
31.33°, 36.68°, 43.48°, 62.77°, and 75.58° demonstrates different
binary and ternary nanoalloys including nickel copper chromium
oxide (NiysCuy,Cr,0,), nickel copper oxide (NiyesCuiy50), copper
chromium oxide (CuCrO,), and nickel chromium oxide (NiCr,O,).
Thus, both types of the produced nanomaterials have polycrystal-
line structure. In addition, crystallite size for these structures was
almost identical and the calculated average size was 9.8 nm.

1-2. Size and Morphology

Size and morphology of the EC-NCs and FS-NCs were assessed
using FESEM images. The images were presented at different magni-
fications (1 pm, 500 nm, and 200 nm) for the two types of nano-
powders. As is apparent from these Figs, the morphologies of Cu/
Cr/Ni nano-powders produced using the two leaf extracts are com-
pletely different. While three distinct structures with considerably
varied morphologies are evident in the FESEM images of EC-NCs,
FS-NCs possess almost uniform plate like shape. Two hypotheses
may arise from flat plate-like clusters observed in Fig. 4(b). In the
first hypothesis, the NPs may have aggregated during preparation
process and thus stick together by physical interactions. The sec-
ond theory is based on the existence of chemical binding among
various NPs leading to the formation of binary and ternary nanoal-
loys out of copper, chromium, nickel, and oxygen. However, regard-
ing the obtained results from XRD pattern, which evidenced the
presence of binary and ternary nanostructures in FS-NCs, the sec-
ond hypothesis is rejected. Thus, it may be inferred that bioreduc-
tion of the precursor salts (CuSO,, Cr(NO;);, and Ni(NO;), with
E. campestre at neutral pH leads to the formation of individual
metal/metal oxide copper, chromium, and nickel NPs (CuO-Cr,0;-
NiO nanocomposites), whereas the use of E subpinnata results in
the synthesis of flat nano-plate shaped alloys out of the three met-
als (i.e. Cu-Cr-Ni-O nanoalloys).

Also, using image] software, the mean thickness of NCs was
measured. However, due to existence of various morphologies in
the EC-NCs, the thickness was calculated for each of the three
shapes represented in Fig. 4(a). The calculated thickness values for
the EC-NCs and FS-NCs are given in Table 1. Obtained results

Table 1. Average size (nm) of E. campestre and F. subpinnata medi-
ated NCs particles or nanoalloys

E. campestre-mediated particles E subpinnata-

mediated nanoalloy

Small Medium Large
6.36 17.21 72.04 11.37

regarding NP sizes indicate that utilization of E. campestre and E
subpinnata leaf extracts resulted in a variety of crystallite sizes. In
this way, by merely selecting the appropriate plant extract, con-
trolling the size of produced NCs could be feasible. Furthermore,
upon comparison with the crystallite sizes calculated using Scher-
rer equation from the XRD spectra, good agreement was evident
for both types of nanomaterials (nanocomposites from E. campes-
tre and nanoalloys from F subpinnata).

2. Mechanism of Bioreduction

A four-step process is suggested for the reduction of Cu’*, Cr™,
and Ni** ions by the aqueous leaf extracts of E. campestre and F
subpinnata. In an aqueous solution, the precursor salts of copper
sulfate, nickel nitrate, and chromium nitrate are decomposed into
the negatively charge anions of sulfate and nitrate and the posi-
tively charge Cu™, Cr™", and Ni*". The hydrated electrons from the
aqueous leaf extracts of E. campestre and E subpinnata convert the
mentioned metal ions into zero-valent metals (Cu’, Cr’, and Ni°)
during nucleation process. In the next step, oxygen may bind to
the metals either from the atmosphere or from the degrading phy-
tochemicals available in the two leaf extract to produce metal
oxides. Afterwards, a large number of nanozero-valent metals ag-
glomerate so that Cu’, Cr°, Ni’, or different combinations of these
metals with each other and with molecular oxygen are formed
during growth process. The metals are joined together since the
binding energy between two metal atoms is much stronger than
the binding energy between metal atom and the solvent as was
previously reported by Pandian et al. [38]. Thus, coppet, chromium,
and nickel atoms attract each other by diffusion and grow as bulk
materials during some coalescence processes. Finally, the phyto-
chemicals in the two plant extracts stabilize the produced NPs by
an organic cover surrounding them. Note that, as was confirmed
by XRD and FESEM, different mono, binary, and ternary com-
pounds may be formed as a result of bioreduction reaction by the
two plant extracts.

For more detailed investigating the mechanism of Cu/Cr/Ni
metal oxide NP synthesis, phytochemical characterization of the
two plant extracts was required. For this purpose, total phenols
and total flavonoids of E. campestre and F. subpinnata leaf extracts
before and after bioreduction reaction was determined (Table 2).

Data presented in Table 2 clearly outlines that there is no signif-
icant difference between the total phenols and flavonoids of the
two plant extracts before the reaction, although E subpinnata
showed slightly better results. After the reaction completed, total
phenolics and total flavonoids contents decreased in both leaf
extract. However, decline in total phenolics content was more sig-
nificant than total flavonoid content. This indicates that phenolic
compounds such as phenolic acids in E. campestre and E subpin-

Table 2. Total phenolics and flavonoids content of E. campestre and F. subpinnata leaf extracts before and after bioreduction reaction

Total phenolics Total flavonoids Total flavonoids

Plant extract (mg GAE/1g-DW) (mg QUE/1g-DW) Total phenolics
Before After Before After Before After
E. campestre 61.7 409 30.6 24.6 0.50 0.60
E subpinnata 73.6 57.8 344 27.3 0.47 0.47
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Fig. 5. FTIR spectrum of (a) E. campestre aqueous leaf extract before bioreduction process and (b) solution obtained by centrifugation after
the bioreduction process and (c) EC-NCs with plant capping.
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Fig. 6. FTIR spectrum of (a) E subpinnata aqueous leaf extract before bioreduction process and (b) solution obtained by centrifugation after
the bioreduction process and (c) FS-NCs with plant capping.
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nata leaf extracts are more involved in the bioreduction reaction of
coppet, chromium, and nickel ions. More specifically; since total
phenolic content of E. campestre showed more decline than that
for E subpinnata (33.7% versus 21.5%). it may be concluded that
bioreduction of copper, chromium, and nickel ions and CuO-Cr,Os-
NiO nanocomposite formation requires participation of greater
amount of phytochemicals of E. campestre leaf extract. This may
lead to the formation of new secondary metabolites. Chen et al.
[39] also measured total flavonoids of alfalfa extract before the reac-
tion and also after the completion of the reaction for Ni nanopar-
ticle synthesis, and found that flavonoid content of the extract had
tremendously decreases. This finding is consistent with our results
concerning total flavonoids change during the course of bioreduc-
tion reaction for E. campestre and E subpinnata extracts.

FTIR spectra of aqueous leaf extracts of E. campestre and E sub-
pinnata before and after the synthesis of NCs as well as the synthe-
sized ternary NCs with plant capping are, respectively, depicted in
Fig. 5(a)-(c) and Fig. 6(a)-(c). As is apparent from these Figs, the
trend in FTIR spectra is almost the same for the two leaf extracts,
which reinforces the possibility of similar phyto-constituents of the
two leaf extracts being involved in the bioreduction process. In case
of E. campestre, some intense peaks were observed at 3,446.79,
2,920.23 and 2,852.72, 2,370.51, 2,086.99, 1,645.28, 1,172.72, and
511 cm™. Almost similar peak locations were found for E subpin-
nata aqueous leaf extract at 3,466.08, 2,916.37, 2,846.93, 2,360.87,
2,075.41, 1,635.64, and 538.14 cm™" (Fig. 6(a)). This indicates that
the functional groups in the two leaf extracts which take part in
the bioreduction process and capping the produced NCs are in
many aspects identical. In both leaf extracts, the wide and strong
peak observed at 3,466 cm ™" corresponds to O-H groups present
in alcohols and phenols as well as N-H stretching of hydrogen
bonded amine groups [40,41].

Bioreducing potential of phenolic compounds has been proven
in several researches [36,42,43]. It is agreed that a direct relation-
ship exists between antioxidant activity of the plant extracts and
the number of phenolic groups. So, free radical scavenging poten-
tial of the plant extract, which is created as a result of efficient delo-
calization of the unpaired electrons, is provided by large number
of phenolic groups [44]. Furthermore, the peaks at 2,920.23 cm ™"
and 2,852.72 cm™" are assigned to aliphatic C-H stretching and also
C-H of aldehyde amine groups [45-47]. Also, the peak at 2,370.51
cm ' is assigned to C=N of nitriles, while the noticeable intense
peak at 1,645.28 cm™" corresponds to -OH bending mode or C=0
stretching vibration of carbonyl and carboxylic group of amide I
[46,48]. The peak at 1,172.72 cm™" is attributed to C-O stretching
vibrations of polyols including flavones, polysaccharides and reduc-
ing sugars in the plant extract [49]. Finally, the location of peak at
511.14 cm™" represents C-H of alkynes [50].

On the other hand, it is clear from Figs. 5 and 6 that the FTIR
spectra of the two plant extracts before and after the bioreduction
are changed in some locations. Comparing the changes in the peak
locations of plant extracts (Fig. 5(a), (b)) and Fig. 6(a), (b)) with
FTIR spectra of the capped NCs (Fig. 5(c) and Fig. 6(c)), appro-
priate speculation can be made regarding the involved reducing
and capping agents. As is evident from these figures, the peaks at
around 2,920 and 2,950 cm " have disappeared in the extracts after
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Aliphatic & Aliphatic
Aldehyde amine

Nitrile

Aldehyde amine

Fig. 7. Schematic representation of capping ligands from (a) E. camp-
estre surrounding CuO-Cr,0;-NiO nanocomposites and (b)
E subpinnata surrounding Cu-Cr-Ni-O nanoalloys.

bioreduction process, while they are depicted with slight change in
wavenumber in the produced NCs (around 2,930 and 2,960 cm™).
This implies that aliphatic and also aldehyde amine groups of E.
campestre and E subpinnata aqueous leaf extracts may act as cap-
ping ligands in the synthesizes of NCs, thereby stabilizing the pro-
duced NCs. Also, the peak at 2,370.51 cm ™" has completely dis-
appeared in the FTIR spectrum of EC-NCs (Fig. 7(c)), whereas in
the FTIR spectrum of FS-NCs, the peak at around 2,366 cm ™" still
exists, leading to the hypothesis that C=N of nitriles acts both as
reducing and capping agent in E subpinnata, while only partici-
pates in the bioreduction process in E. campestre. Moreover, new
peaks at 1,392.61 and 1,384.89 cm™" are evident in the FTIR spec-
tra of E. campestre and E subpinnata extracts after the bioreduc-
tion process, which are mainly assigned to C-C bond of aromatic

200 E. campestre (a) 200

178 Rosmarinic acid |75

150 A 150
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ERD 4 7 2
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Fig. 8. HPLC chromatogram of (a) E. campestre leaf extract and (b)
E subpinnata leaf extract.



Mechanistic aspects and structure of Cu/Cr/Ni metal oxide nanoclusters 497

ring or amide II group [50], as new biologically active compounds
may have been produced as a result of precursor metal salts reduc-
tion by the plant extracts. Probable capping ligands from E. campes-
tre and E subpinnata, respectively, covering CuO-Cr,O;-NiO nano-
composites and Cu-Cr-Ni-O nanoalloys are depicted in Fig. 7.
HPLC analysis of E. campestre and E subpinnata leaf extracts
revealed the presence of some phenolic acids out of the twelve
standard phenolic acids as potent antioxidants. Existence of (1)
3,4-dihydroxy benzoic acid (3,4-dhb), (2) caffeic acid, (3) chloro-

genic acid, (4) and rosmarinic acid in E. campestre and (1) 34-
dihydroxy benzoic acid, (2) caffeic acid, (3) chlorogenic acid, (4)
syringic acid, and (5) rosmarinic acid in E subpinnata leaf extracts
was approved (Fig. 8). The quantitative investigation of the men-
tioned phenolic acids in the two leaf extracts as well as their corre-
sponding relative standard deviation (RSD) is given in Table 3.
While E. campestre leaf extract was rich in rosmarinic acid (13.55
mg/total extract), chlorogenic acid had the greatest quantity in F
subpinnata followed by rosmarinic acid and syringic acid (8.87,

Table 3. Identified phenolic acids in the HPLC chromatogram of E. campestre and F. subpinnata leaf extracts

Quantity (mg active compound/total extract) RSD
Phenolic acids
E. campestre E subpinnata E. campestre E subpinnata
Caffeic acid 3.46 1.34 0.01 0.05
Chlorogenic acid 1.19 8.87 0.00 0.02
Syringic acid - 1.87 - 0.01
Rosmarinic acid 13.55 3.94 0.02 0.02
3,4-dhb 0.66 0.77 0.07 0.00
OH 0
Cu(Il) + _e*H + Cu(I)
Rosmarinic @
acid %
0
Air (04)
Cu0 €——— Cu+ "0
HO
OH
cr(m) + j/\/@/ L I/Q/ + Cr(ll)
Rosmarinic

acid

Air (05)

h

Cr,0; «e———Cr 4@/\* I/(iﬁ:“-_‘”{ Cr(I) /Qj/\)k j/\ﬁ

Ni(Il) +

Rosmarinic
acid

_erH Wo + Ni(D)

o
=
H+2

o}
. Air (05) .
Ni0 «—— Ni+ 0
HO
OH

Fig. 9. Probable bioreduction mechanism for the synthesis of CuO/Cr,0,/NiO nanocomposites using the phytochemicals in E. campestre leaf

extract.
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3.94, and 1.87 mg/total extract, respectively). However, in case of
E. campestre leaf extract, the presence of other phytochemicals
such as kaempferol, rutin, quercetin besides the mentioned pheno-
lic acids has been reported [51,52]. This indicates that other phyto-
constituents may also have participated in bioreducing metal ions.
Potential application of phenolic acids as green antioxidants lie in
their ability to chelate different metal ions through ortho-phenolic
groups [53]. Edison and Sethuraman [54] indicated that silver NPs
have been synthesized due to formation of an intermediate com-
plex of silver ions with the phenolic hydroxyl groups of gallic acid,
which was consequently oxidized into quinone. Thus, it can be
inferred that the released hydrogen atoms during oxidation of
phenolic acids in the extracts of E. campestre and E subpinnata can
take part in bioreduction of Cu**, Cr**, and Ni** ions and subse-
quent synthesis of polystructured nanomaterials.

Due to the complex nature of phytochemicals present in the
leaf extracts and involvement of three metal ions in the reaction
mixture, prediction of exact mechanism for bioreduction reaction
may not be feasible. However, based on the obtained results from
total phenolics/total flavonoids assays, FTIR spectra of the extracts
before and after reduction, and HPLC chromatograms of the two
plant extracts, the presence of some phenolic acids which are the
main responsibility for bioreduction reaction is evident in E. cammp-
estre and E subpinnata. Thus, the mechanism of bioreduction has
been given based on the reducing capability of those phenolic acids
abundantly present in the extracts (rosmarinic acid in E. campes-
tre and chlorogenic acid, rosmarinic acid, and syringic acid in E
subpinnata). In addition, as was discussed earlier in the manuscript,
E. campestre and E subpinnata leaf extracts showed different atti-
tudes toward simultaneous reduction of Cu’*, Cr**, and Ni** ions.
Thus, in case of E. campestre leaf extract, nanocomposites of CuO-
Cr,05-NiO have been produced, while the use of E subpinnata
leaf extract has resulted in different binary or ternary nanoalloys of
Cu-Cr-Ni-O. Considering this issue along with selection of most
abundant phenolic acids present in the two extracts, the probable
mechanism of bioreduction has been depicted in Fig. 9 and Fig. 10.

HQ, SOH
(i i
HO™ N

OH Chlorogenic
acid

AP
2¢ +2H

OH

N1(II)
Rosmarinic
acid

Os_OCHj

le + 1H*
CH50 OCH,4

OH
Syringic
acid

CONCLUSION

The results of this research study demonstrated the most proba-
ble mechanisms for green synthesis of CuO-Cr,0;-NiO nanocom-
posites and Cu-Cr-Ni-O nanoalloys using the reducing ability of
E. campestre and E subpinnata leaf extracts. Crystallite size of the
synthesized NCs was significantly influenced by the type of reduc-
ing agents (E. campestre and E subpinnata leaf extracts), which
could be encouraging from the perspective of size-controlled NP
synthesis. Probes into mechanistic aspects of synthesis using total
phenolics/total flavonoids, FTIR, and HPLC studies led to specifi-
cation of the most abundant phenolic acids in the two plant extracts
as bioreducing agents and aliphatic, aldehyde amine, and nitrile
groups as capping/stabilizing ligands. Dual behavior of the two
plant extracts toward reducing the metal ions, which led to differ-
ent structure of the nanomaterials (nanocomposites and nanoal-
loys), may be important regarding application fields of the products.
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