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Abstract

In this study, we are reporting biogenic synthesis of silver nanoparticles and hydrothermal synthesis of zinc oxide nanopar-
ticles. Using convenient mechanical milling methods, nanocomposites with superior photocatalytic and catalytic properties
are synthesized. Herein, we have adopted a green, eco-friendly, and economical route for the synthesis of Ag nanoparticles
using Zingiber officinalae rhizome extract in an aqueous solution. The synthesized materials were characterized using
UV-Vis spectroscopy, XRD, SEM & FE-SEM, FT-IR, Raman, and a particle size analyzer with zeta potential analysis.
The photocatalytic activities of Ag, ZnO and their composites were studied by observing the degradation of methylene blue
and crystal violet dyes under natural sunlight. Then the catalytic efficacies of synthesized nanoparticles for various organic
transformation reactions were studied. Ag—ZnO nanocomposites were predicted to have improved photocatalytic activity

and organic transformation reactions, allowing them to be used in environmental remediation applications.

Keywords Ag NPs and ZnO nanorods - Composite nanomaterials - Organic transformation - Dye degradation -

Nanocatalysis

Introduction

Today nanomaterials are used in almost every sector of
science and technology to improve human lives and the
environment in numerous ways. The first evidence of a link
between human life and the nanoscale is probably can be
found in Ayurveda, which is a 5000-year-old Indian sys-
tem of medicine. Even before the term nanotechnology was
invented, Ayurveda had some understanding of nanomedi-
cine manufacturing and their effects (Prasad and Elumalai
2011; Prasad et al. 2021). The creation of metallic nanopar-
ticles (NPs) is well documented in the ancient Ayurvedic
literature, Ras-Ratnakar (Nazeruddin et al. 2014). Nanoma-
terials have features that are substantially distinct from bulk
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counterparts at the nanoscale, and they can be employed in
solar cells, lithium ion batteries, bio-sensors, gas sensors,
memristors, transistors, in smart textiles, veterinary medi-
cines or as catalysts for chemical transformation reactions
(Mahdieh et al. 2012). Because metal NPs are biocompat-
ible and employed in water purification, catalysis, and other
applications, there has been a lot of interest in developing
approaches for the controlled synthesis of metal NPs with
well-defined shapes, sizes, and compositions (Khan et al.
2012).

When discussing the causes of water pollution in conven-
tional sectors, the use of non-green chemicals in manufac-
turing comes up (Liao et al. 2021). Hazardous slurries are
employed in traditional industries to manufacture or polish
high-performance devices, which are commonly used in the
semiconductor, microelectronics, and aerospace industries
(Zhang and Su 2020). To address this issue, green synthe-
sis nanoparticles, nanomaterials, and nanotechnology are
being used to develop new green slurries (Zhang and Su
2020), diamond wheels(Zhang et al. 2017), and machin-
ing processes(Zhang et al. 2015) that will be used to find
alternative green products in industries. High-performance
surfaces are created using developed slurries, equipment and
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processes that are exceptionally challenging to construct in
traditional industries (Zhenyu et al. 2012). Nevertheless,
these studies are a watershed moment for traditional indus-
tries and dramatically lower pollution levels in the environ-
ment. (Cui et al. 2019; Zhang et al. 2022).

The presence of carbonyl groups found in aspartic acid
and/or glutamine residues, as well as the hydroxyl residues
of proteins, is believed to be a viable reaction center for the
creation of NPs using plant extracts. One of the goals of
employing plant extracts was to establish a quick synthesis
of NPs that took only a few hours, as opposed to the tradi-
tional biosynthetic method involving microorganisms, which
takes 2—4 days to completely reduce metal ions. Few medici-
nal plants are known to have antioxidant properties, which
means they can operate as a biological supply of reducing
agents. The properties of material at nanoscale depends upon
their size and shape. The size and shape of the particles
are influenced by various factors such as concentration of
solution, pH, reaction temperature, nature of reducing agent
and capping agents and time of contact. The considerable
work in the domain of biogenic synthesis of transition metal
nanomaterials were done by S. Shiv Shankar (Shankar et al.
2004). The manufacture of Ag and Au NPs using Azadira-
chata indica decoction solution was reported by S. Shiv
Shankar et al. The NPs, are in the 50-100 nm range and are
not well separated from one another (Shankar et al. 2004).

In-vitro biogenic fabrication of materials at nanoscale is
a promising topic for biodiversity-rich countries like India,
in particular. Biodiversity can thus be leveraged as a valu-
able resource for biotechnological products and processes,
including large-scale production of NPs of various sizes
and forms (Ahmad et al. 2010). Herein, an attempt has been
made for extra cellular bio-synthesis of transition metal NPs
using ginger rhizome extracts. In a tropical country like
India, Zingiber officinale, which belongs to the Zingiber-
aceae family, is a widely available herb that is extensively
utilized in Indian cuisine. It's been used for centuries to cure
bronchitis, carminative, hypertension, migraines, and other
diseases. Apart from this during the recent pandemic situ-
ation of Covid-19, ginger was highly recommended from
Ayurvedic doctors. This plant’s rhizome extract is known to
have diuretic qualities and is used as a cleaner and analgesic
agent in ear drops. In comparison to aspirin, this plant is also
used to enhance appetite and cure asthma, and it is thought
to be a possible anti-platelet agent. It has anti-inflammatory
and analgesic qualities similar to non-steroid anti-inflamma-
tory medications, but without the gastrointestinal bleeding
and ulcer development adverse effects (Pawar et al. 2015).
The rhizome extract of Zingiber officinale is utilized here as
areducing and stabilizing agent. As a result, this process is
both environmentally friendly and cost-effective when com-
pared to other methods of synthesis. Protein in the aque-
ous extract could function as a bio-ligand. This approach
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synthesized NPs that were well dispersed and showed no
signs of aggregation.

Experimental section
Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), 30 wt% Ammo-
nia solution, Silver nitrate (AgNO,), Methylene Blue (MB)
and Crystal Violet (CV) dye, Analytical grade 4-Nitro-
phenol (CcH5;NO;) (4-NP), 2-Nitroaniline (CcH¢N,O,)
(2-NA), 3-Nitroaniline (C¢H(N,O,) (3-NA), 4-Nitroaniline
(CcHgN,O,) (4-NA), and Sodium Borohydride (NaBH,)
chemicals are procured form Sigma-Aldrich, Milwaukee
(USA). The fresh Zingiber officinale rhizome is procured
from the local market in India (N-16.67.35, E-74.25.32).

Bio-genic synthesis of Ag nanoparticles (NPs)

To prepare the extract, 10 g of rhizome was taken and prop-
erly cleansed in running tap water followed by distilled water
so as to remove any foreign material adhered to the sur-
face. Then the rhizome was macerated overnight in 100 mL
of double distilled water. It was then coarsely crushed in a
grinder mixer, filtered with absorbent cotton, and the filtrate
was stored in a stoppered glass bottle. The extracted solu-
tion was stored at a 4 °C temperature in the refrigerator for
further use.

A 250 mL beaker was filled with 100 mL of 0.1 M AgNO;
solution. Then, in the burette, 50 mL of Zingiber officinale
rhizome extract was filled and dropwise added with constant
stirring into the beaker containing the AgNOj; solution. Dur-
ing the biosynthesis process we maintained normal room
temperature and pressure. After the addition of a sufficient
amount of rhizome extract to the beaker containing AgNO,
solution, we observed a black coloured precipitate in the
reaction mixture. This black-coloured precipitate can be
separated from the reaction mixture using high-speed cen-
trifugation operating at 5000 rpm. To eliminate organic con-
taminants soluble in alcohol, the separated precipitate was
washed twice with ethanol. The black coloured solid mass
was kept in the oven for drying at 60 °C. The entire drying
process produced a black coloured substance, which was
ground in a mortar-pestle and sampled for characterization.

Mechanism of biosynthesis of metallic NPs

The synthesis of Ag NPs by biological entities is due to the
presence of a large number of organic chemicals like carbo-
hydrates, fats, proteins, enzymes, coenzymes, phenols, fla-
vonoids and alkaloids. The literature survey reveals that the
primary components of Zingiber officinale include gingerol,
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shogaol, regin, and starch. As a result, the plant rhizome
extract can act as a reducing agent and a capping agent,
preventing the NPs from agglomeration (Yeh et al. 2014).
The synthesis of Ag NPs is the result of the reduction of Ag*
ions, which is followed by agglomeration into oligomeric
clusters. These clusters eventually result in the creation of
colloidal Ag particles with nanometer-sized dimensions. The
solution displays a black colour with a prominent band in
the 370—440 nm range and other less strong or smaller bands
at a longer wavelength in the UV-Vis absorption spectrum.

The active ingredient responsible for the reduction of Ag*
ions varies depending upon the extract used. For nano-Dur-
ing transformation of Ag* into Ag NPs, electrons are sup-
posed to be derived from dehydrogenation of acids (ascorbic
acid) and alcohols (catechol) in hydrophytes, Keto to Enol
conversions (paraquinone, dietchequinone, remain) in meso-
phytes or both mechanisms in xerophytic plants (Aziz and
Jassim 2018).

Hydrothermal synthesis of ZnO nanorods

Herein, for the synthesis of zinc oxide nanorods, we have
used zinc nitrate as a precursor. In this experiment, we pre-
pared an aqueous 0.2 M zinc nitrate solution. Then 100 mL
of the zinc nitrate solution was taken in a beaker and kept
on a magnetic stirrer, and 30 wt% ammonia solution was
filled in the burette. At first, after the addition of a few mL
of ammonia (NH;) to the solution, there is the formation of
a cloudy solution. After further addition of ammonia, the
solution becomes colorless. The resultant reaction solution
is transferred to an autoclave system and hydrothermally
treated at 120 °C for 90 min. After the accomplishment of
the reaction, the consequent system was allowed to cool
down to room temperature. Then the synthesized powder
was washed twice with DDW and ethanol, respectively, and
kept for air drying at room temperature for 2 h. Finally, the
ZnO nanorod was annealed for 2 h at 450 °C (Liu and Zeng
2003). Then the resultant product is ground into a fine pow-
der using a mortar and pestle. Herein, when zinc nitrate is
treated with ammonium hydroxide, the formation of zinc
hydroxide takes place. This, upon hydrothermal treatment,
gets converted into zinc oxide. The possible reaction mecha-
nism may be as below.

A
Zn(NO;), 2NH,0H — Zn(OH), — ZnO.

Preparation of nanocomposites

At the end of two different experimentation processes, we
get Ag NPs and ZnO nanorods. Now we have to make com-
posites of nanoparticles, i.e., nanocomposites of different

concentrations. To make nanocomposites, we have followed
solid state reaction pathways at room temperature.

For the preparation of the nanocomposite by the solid-
state reaction at room temperature, we took ZnO nanorods
and Ag NPs in the ratio of 95:05 weight ratios for 5% w/w
and 90:10 weight ratio for 10% w/w. We put the sample in a
mortar and ground it with a pestle for 3 h. It is very similar
to the mechanical milling phenomena, i.e., by this, using
the friction force, there is a cut down of bulk material into
nanoregions. Using this method, we synthesized a uniform
Ag—7n0 nanocomposite. During the reaction, we uniformly
milled the nanomaterials in one direction. Practically, there
is no formation of any primary bonds like ionic, covalent, or
metallic bonding. However, between the NPs and nanorods,
it looks like there are some weak attractive and repulsive
physical forces are present. These forces are due to second-
ary bonds like Van Der wall’s bond.

Characterization

Once a nanomaterial has been developed or synthesized, it
becomes necessary to check its particle size, shape, surface
charge, and morphology. As NPs are beyond the percep-
tion of human eyes, it becomes important to use various
advanced characterization techniques. Spectroscopic and
microscopic approaches are extensively used as characteri-
zation techniques. At the end of the experiment, we got fine
white coloured ZnO nanorods and black coloured Ag NPs.
Nanomaterial characteristics largely depend upon their size
and form. The methods of characterization utilized are listed
below.

A UV-Vis Spectrophotometer (Agilent Technologies,
Cary 60) was used to examine the optical absorbance spectra
of ZnO nanorods, Ag NPs, and nanocomposite of Ag—ZnO
(5% wl/w) and Ag-ZnO (10% w/w) in the wavelength
range of 200-800 nm. X-ray diffraction spectra are used to
describe the crystal structures of Ag NPs, ZnO nanorods,
and Ag—ZnO nanocomposite (Bruker D8 advanced, Ger-
many). Using a scanning electron microscope (Model JEOL-
JSM-6360, Japan) and an acceleration voltage of 20 kV, the
surface morphology of Ag NPs, ZnO nanorods, Ag—ZnO
(10% w/w), and Ag—ZnO (5% w/w) nanocomposite were
investigated. The FT-IR spectra were acquired using KBr
pellets on an ALPHA Bruker FT-IR spectrometer. Wave-
numbers ranging from 4000 to 400 cm™' were used to char-
acterize the samples. On a Nano ZS 90, the particle size
and zeta potential were measured (Malvern, UK). Raman
analysis using Ranishaw invia Raman spectroscope ranges
from 0 to 3000 cm™".
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Dye degradation assay

The catalytic activities of synthesized nanomaterials were
studied against the Methylene Blue (MB) and Crystal Violet
(CV) of aqueous dye solution for dye degradation. A reac-
tion of degradation was carried out as follows: 0.08 g of
nanomaterials (1 mg/mL) was thoroughly mixed with 80 mL
of aqueous dye solution (10 mg/lit.) in a 100 mL beaker
by continuous stirring for 24 h in the dark (For maximum
Adsorption on the surface of our nanomaterial). After 24 h,
the reaction solution was exposed to sunlight. The absorp-
tion intensity in a UV—Vis spectrophotometer at regular
15-min time intervals could be used to analyze the degra-
dation of the aqueous dye solution. That leads to a colour
change from blue/violet to colorless. The dye degradation
percentage is obtained using Eq. (1),

A
Dye Degradation (%) = 1 — <A_0> x 100, (1)

t

where, A, represents the dye solution's absorbance inten-
sity over time interval ¢, and A is the dye solution's initial
absorbance intensity.

Catalytic reduction reaction assay

The catalytic efficacy of synthesized Ag NPs was also inves-
tigated by reducing nitro-group-containing organic com-
pounds in the presence of the strong reducing agent NaBH,,.
While ZnO nanorods and their nanocomposite do not show
strong catalytic reduction reactions against nitro-group con-
taining compounds, the catalytic reduction reaction proce-
dure was carried out as follows.

In a 3.0 mL eppendorf tube, 1.5 mL of 50 mM NaBH, ice
cold solution was mixed with 1.5 mL of 1.0 mM nitro-group
containing compounds aqueous solution and 200 pL of Ag NPs
solution (1 mg/mL). The overall concentrations of nitro-group
containing compounds and NaBH,, were 1 and 50 mM, respec-
tively. The solution was transferred to a standard quartz cell (path
length of 1 cm and volume of 3.0 mL) for UV—Vis spectrophoto-
metric analysis within the range from 200 to 800 nm. The absorp-
tion in a UV—Vis spectrophotometer at room temperature with a
regular 30 s time interval could be used to analyze the reduction
reaction(Baruah et al. 2013; Divband et al. 2013; Remita et al.
2013; Sahiner et al. 2013; Deka et al. 2014; Aditya et al. 2017).

Results and discussion
UV-Vis spectroscopic graph analysis

UV-Vis spectroscopy is a powerful tool for determining
the formation and stability of metal NPs. Surface Plasmon
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Resonance (SPR) is responsible for the colour of colloidal
Ag NPs, ZnO nanorods, and Ag—ZnO nanocomposites. SPR
is caused by the collective oscillation of free-conduction
electrons driven by an interacting electromagnetic field. The
black-coloured Ag NPs sample powder, the white-pinkish
coloured ZnO nanorod sample powder, and the grey col-
oured ZnO-Ag nanocomposites were all dissolved separately
in deionized water and sonicated. The solution was then
placed in a cuvette and subjected to UV-Vis light, with the
absorbance of the solution being measured. For different
nanoparticle solutions, the Surface Plasmon resonant (SPR)
peak occurs at a distinct wavelength, and according to the
theory of resonance, the maximum wavelength is absorbed
at the resonant wavelength. According to the literature, typi-
cal Ag NPs exhibit the characteristic SPR at wavelengths
ranging from 370 to 440 nm, with the wavelength varying
with particle size (Zhao et al. 2006). Figure 1a displays col-
loidal SPR bands centering at 392 nm, confirming the exist-
ence of Ag NPs in the produced solution.

The UV-Vis spectra of Ag NPs, ZnO nanorods, and
Ag-7Zn0O nanocomposites are shown in Fig. 1a—d. It has
a well-defined absorption peak at 209 nm for Fig. 1d
ZnO nanorods. For Ag-Zn0O nanocomposite, i.e., Fig. 1b
Ag—7Zn0O (10% w/w) nanocomposite and Fig. 1c Ag-ZnO
(5% w/w) nanocomposite, have the maximum absorption
peak both at 209 and 392 nm, respectively.

XRD study

The formation of poly-dispersed crystalline nano-material is
revealed by the XRD pattern. Figure 2a—d shows the XRD
patterns of synthesised Ag NPs, ZnO, and their nanocom-
posites. The peak position describes the translational sym-
metry of the unit cell, essentially its size and structure.

Ag+Zn0 10%
Ag+Zn0 5%
— 7100

—(a)
N T (b)

' (c)

|
|
. (d)
I ¥ T ¥ T v T v T v T v 1
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1 UV-Vis Spectra of (a) Ag NPs (b) Ag—ZnO (10% w/w) nano-
composite (¢) Ag-ZnO (5% w/w) nanocomposite (d) ZnO nanorods
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Figure 2a shows the XRD pattern of Ag NPs. Bragg's
reflections can be observed in the XRD pattern 26 at 38.12,
44.31, 64.46, and 77.41, which correspond to the (111),
(200), (220), and (311) planes, respectively, indicating that
Ag NPs were nanocrystals with face centered cubic (FCC)
structure. The patterns were consistent and matched with
card No. 01-089-3722 in the Joint Committee on Powder
Diffraction Standards (JCPDS) database.

The ZnO nanorods (Fig. 2d) are polycrystalline with a
hexagonal wurzite-type structure (JCPDS card No. 01-076-
0704). The ZnO nanorods were observed at 26 values at
31.737, 34.379, 36.215, 47.484, 56.536, 62.777, 66.304,
67.868, 69.009, 72.465, 76.867 and81.270 representing (h
k 1) values (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), (202) and (104) planes, respectively(Liu
and Zeng 2003; Polsongkram et al. 2008; Upadhaya and
Dhar Purkayastha 2020). Both JCPDS cards give confirma-
tion of the purity of synthesized nanomaterial and nanocom-
posite (Fig. 2b, c). No further impurities are present in the
synthesized samples.

The Debye—Scherer’s formula (Eq. (2)) was used to cal-
culate the crystallite size of the nanomaterials from the Full

——Agnp's
Ag+ZnO 10%
Ag+ZnO 5%
111 —— ZnO nanorods
(a) ( L) (200) @20 @1y
Q0Zn0O Q
- A iiA.g AgR % Nl As S
3 2on0 o o
> Ag Ag N b AASN. Az N
z g
5 :
E IS5
= < oy &8
d an) ‘1)32%355
@ \ ASACES S

Fig.2 XRD Pattern of (a) Ag NPs (b) Ag—ZnO (10% w/w) nanocom-
posite (¢) Ag—ZnO (5% w/w) nanocomposite (d) ZnO nanorods

Table 1 XRD analysis and calculation of various parameters for Ag NPs

Width at Half Maxima (FWHM) denoted by f and the Dif-
fraction angle (6),

092 )
fcos@’ @

where A is the wavelngth of X-ray used for diffraction
(0.15406 nm).

The crystallite size for various samples is calculated using
the above formala and is represented in Table 1 for Ag NPs
and in Table 2 for zinc oxide nanorods (Suryavanshi et al.
2018a).

Morphology Index (MI)

The interrelation between particle size and morphology
determines the specific surface area of a nanoparticle.
FWHM is used to determine MI. MI is calculated using the
following formula:

FWHM,

MI = . 3)
FWHM, + FWHMp

The particulate FWHM value of a peak is FWHM,,, and
the highest FWHM value obtained from peaks is FWHM,;.

MI value of Ag NPs varies from 0.5 to 0.8797 (Table 1)
and ZnO nanorods calculated values vary from 0.5 to 0.8682
(Table 2). It is correlated with the crystalline particle size
and Specific Surface Area (SSA). SSA value of Ag NPs is
6.4183-38.7495 m2/g (Table 1) and nanorods show SSA
value from 6.9981 to 40.5954 m?/g (Table 2). According
to the estimated data, Ml is linearly proportional to particle
size and inversely proportional to SSA with a slight varia-
tion. Figures 3a, b and 4a, b show the results. The deviations
and correlations between the figures are indicated by the
linear fit (Vinila et al. 2014; Suryavanshi et al. 2018b).

Surface morphology

The SEM image from Fig. 5a—d reveals the formation of
a cluster of spherical beads, similar to the structure of Ag
NPs, with a non-uniform distribution. Figure 5a indicates
the formation of relatively spherical-shaped Ag NPs with

Sr. Peak Full width Full width Particle ~ d-spacing (A) For Ag unit cell edges: a=  Specific Morpho-
No. position:20  half maxima half maxima size D b= c(A) surface area  logical

(degree) (degree) (radians) (nm) (mz/g) indexing
1 38.0649 0.0945 0.001649 88.95 2.36409 4.0855 6.4183 0.8797
2 44.3883 0.3779 0.006595 22.71 2.04088 25.14202 0.64652
3 64.4939 0.3779 0.006595 24.86 1.44487 22.96538 0.64652
4 77.4587 0.6912 0.012064 14.73 1.23121 38.7495 0.5
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Table 2 XRD analysis and calculation of various parameters for ZnO nanorods

Sr. Peak Full width Full width Particle ~ d-spacing (A) For Ag unit cell edges: a= Specific Morpho-
No.  position:20  half maxima half maxima size D b# c surface area  logical
(degree) (degree) (radians) (nm) (A) (mz/g) indexing
1 31.77 0.0827 0.00144 100.11 2.81665 (a=0»b 10.589 0.8207
2 34.3903 0.059 0.00103 140.91  2.6078 3.2530) 7.5228 0.8648
3 362204 0.059 0.00103 14163 2.47953 (e=52130) 7.4844 0.8648
4 47.4952 0.0576 0.001 151.48 1.9128 6.9981 0.8682
5 56.5702 0.1181 0.00206 76.43 1.62693 13.8691 0.7618
6 62.834 0.0945 0.00165 98.47 1.47898 10.7656 0.7997
7 66.3078 0.1417 0.00247 67.05 1.40968 15.8099 0.7274
8 67.9139 0.1417 0.00247 67.68 1.3802 15.6637 0.7274
9 69.0977 0.0945 0.00165 102.03 1.35942 10.3902 0.7997
10 72.6377 0.3779 0.00659 26.11 1.30165 40.5954 0.5
11 76.925 0.1728 0.00301 58.83 1.23842 18.0192 0.6864
Fig. 3 Morphological index vs 150+ 250+
particle size of (a) Ag NPs (b) » Agnps (@) 200 * ZnO nanorods (b)
Zn0O nanorods
T 1004 . T 1504
= =
e > 1004
N 504 N
2 - 2 50+
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-5 et =100 =t
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Fig.4 Morphological index vs 754 754
specific surface area of (a) Ag » Agnps (a) * ZnO nanorods (b)
NPs (b) ZnO nanorods
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S 254 S 254
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< < N
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9 <9
= =
»n »n
25 S ———————r—r—r— 25 —r———————
04 05 06 07 08 09 1.0 0.4 0.5 0.6 0.7 0.8 0.9
M.L M.L

an average diameter of 400 nm. The size of particles was
increased due to agglomeration. The formation of homoge-
neously distributed nanocomposite of the Ag NPs is shown
in Fig. 5b, Ag-ZnO (10% w/w), and Fig. 5¢, Ag—ZnO (5%
w/w). The SEM images reveal a random distribution of
nanomaterials with large diameter nanorods of zinc oxide
NPs and spherical-shaped Ag NPs. We clearly observe in
the images that the nanorod gets broken as a result of 3 h of
mechanical grinding. Figure 5d ZnO nanorods demonstrate
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the production of hexagonal nanorods with lengths of several
thousand nm. It indicates the formation of a controlled size
and regular hexagonal shape of the nanorods. The nanorods
have solid hexagonal planes projecting out of the crystal
seed layer, and their width is in the range of in between 100
and 1000 nm (Huang et al. 2015).

FE-SEM i.e. field emission scanning electron microscopy,
analyze the size and morphology of sample. Figure 5Se-h
illustrates the FE-SEM analysis of Ag np’s, ZnO nanorods
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Shivaji University - Botany Shivaji University - Botany
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View fleld: 40.4 ym _ Date(mialy): 0110822

Jeju National University Jeju National University
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View flold: 37.9 m Det: SE 10um.
SEM MAG: 5,00 kx _ Date(midly): 04109721

View fiold: 37.9 ym
SEM MAG: 5.00 kx _ Date(midly): 04109721

Shivaji Univrsity - Botany Shivaji University - Botany

SEM HV: 15.0 KV
‘SEM MAG: 7.66 kx
View fleld: 36.1 ym _ Date(m/aly): 01105122

SEM HV: 15.0kV.
SEM MAG: 6.91 k.
View fleld: 40.1 ym _ Date(mialy): 01/05/22

Jeju National University Jeju National University.

Fig.5 SEM analysis of (a) Ag np’s (b) Ag—ZnO (10% w/w) nanocomposite (¢) Ag—ZnO (5% w/w) nanocomposite (d) ZnO nanorods and
FESEM analysis of (e) Ag np’s (f) Ag—ZnO (10% w/w) nanocomposite (g) Ag—ZnO (5% w/w) nanocomposite (h) ZnO nanorods

and their composites. However, looking at the Fig. 5e i.e.
FE-SEM image of Ag np’s reveals the smaller spherical NPs
and some larger particles were found infrequently agglom-
erated together (Twu et al. 2008). Figure 5f, g and include
the FE-SEM image of Ag-ZnO (10% w/w) and Ag—ZnO
(5% wiw). Nevertheless, it is pretty clear that Ag np’s are
randomly dispersed around the ZnO nanorods, in which it
is seen that the number of Ag np’s is greater in the Ag—ZnO
(10% w/w) as compared to the Ag-ZnO (5% w/w) (Wu
et al. 2013). Furthermore, FE-SEM image of ZnO sample is
shown in Fig. 5h. It can be clearly seen that the ZnO sam-
ple comprises needle-like nanorods, addition to that, ZnO
nanorods also show the unvarying uniform growth in aligned
direction and a mean diameter of about 4000-7000 nm (Gao
et al. 2013).

FT-IR analysis

FT-IR is the fingerprint for atomic and molecular vibrations.
Here, we observe different types of vibrations of the ana-
lyzed samples. The bending vibration of —OH groups was
linked to the transmittance band at 1555 cm™! for Fig. 6a
Ag NPs. The band at 1361 cm™! is attributed to the —CH,
group’s deformation stretching. The bending of the C—C
bond is described by the peak at 515 cm™!. The band at
3424 cm™! was attributed to the hydrogen bond stretching
vibration of —OH groups in the Fig. 6b Ag—ZnO (10% w/w)
nanocomposite, Fig. 6¢c Ag-ZnO (5% w/w) nanocompos-
ite, and Fig. 6d ZnO nanorods. The stretching vibration of

e Ag Np's
= Ag-ZnO 10%
e Ag-Zn0 5%
ZnO nanorod

Transmittance [%]
©
159

L
1000 5

S - -
o

L LJ L LJ
3000 2500 2000 1500
-1
Wavenumber [em |

LJ
3500

Fig.6 FTIR spectra of (a) Ag NPs (b) Ag—ZnO (10% w/w) nanocom-
posite (¢) Ag—ZnO (5% w/w) nanocomposite (d) ZnO nanorods

—CH was attributed to the transmittance band at 2802 cm™!
(Paulkumar et al. 2017; Zhang et al. 2019). The transmit-
tance bands of the asymmetric stretching vibration -CH; and
—CH, groups were observed at 2802 and 2710 cm™", respec-
tively, while the peaks of the N-H (amide II) and vC-N
(amide IIT) groups were observed at 1591 and 1381 cm™'.
The stretching vibrations of C—O stretching cause the band
to appear at 1126 and 1073 cm™' (Abutalib and Rajeh 2020).
The stretching vibrations of C—O were blamed for the band
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at 1073 cm~!. The transmittance peak at 486 cm™! is also
attributed to Zn—O vibration (Beura et al. 2021).

Raman spectroscopic analysis

The Raman spectra of Ag NPs and Ag-ZnO (10% w/w)
and Ag-ZnO (5% w/w) nanocomposites are exhibited in
Fig. 7a, b, and c, respectively. The characteristic D and G
bands for Ag NPs and Ag—-ZnO (10% w/w) and Ag—ZnO
(5% w/w) nanocomposites were observed at 1366, 1386, and
1373 cm™! for D bands and 1586, 1588, and 1586 cm™' for
G bands, respectively. However, the I;,/I ratios of Ag NPs
and Ag—-ZnO (10% w/w) and Ag—ZnO (5% w/w) nanocom-
posites were 0.83, 0.86, and 0.93, respectively(Sang et al.
2017; Hedberg et al. 2021).

The optical phonons of ZnO have modes
A1+2B1+E1+2E2 which reveal a wurtzite structure from
the C6v symmetry group. The polar phonons E1 and A1 split
into longitudinal (LO) and transverse (TO) optical phonons.
In Raman spectra, the B1 mode is not present. On the other
hand, Nonpolar modes (E2) are Raman active and have two
frequencies: E2 (high) and E2 (low), which correspond to
the vibrations of the oxygen and Zn atoms, respectively.

The obtained peaks (Fig. 7a) are in good agreement with
the ZnO phase. ZnO has a Raman shift of 419 cm™!, which
corresponds to the E2 high-frequency mode. The peak at
593 cm™!, displayed in E1 (LO) mode, shows the structural
flaws in ZnO. The peak in ZnO nanorods around 1145 cm™!
is owing to multiple-phonon scattering; thus, the intensity of
these peaks in Ag—ZnO (10% w/w) and Ag—ZnO (5%) nano-
composites is lower (Chanda et al. 2017; Meti et al. 2018).

Particle size distribution

Dynamic light scattering is used to determine the hydrody-
namic diameter of produced NPs, nanorods, and nanocom-
posites. Figure 8 shows the DLS (dynamic light scattering),

Fig.7 Raman spectra of (a) Ag
NPs (b) Ag—ZnO (10% w/w)
nanocomposite (¢) Ag—ZnO
(5% w/w) nanocomposite (d)
ZnO nanorods
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which reveals the hydrodynamic diameter of the synthesized
NPs. When light passes through a colloidal solution, it bom-
bards microscopic particles and scatters them in every pos-
sible direction (i.e., Rayleigh scattering). Even if the incident
light is monochromatic or non-divergent, like a laser, we see
a fluctuation in the intensity of light. The fluctuation in light
intensity is caused by Brownian motion in solution, which
always occurs. The dimension of a particle can be deter-
mined as a result of the Brownian motion of the particle.
Dynamic light scattering, also known as photon correlation
scattering, is a common name for this approach.

DLS analysis reveals the average size of Ag NPs
(Fig. 8a) to be 340.8 nm. The sharp peak of Ag NPs indi-
cates mono-dispersed type of synthesized NPs. Figure 8d
shows the distribution of ZnO nanorods in the size range of
2000—4400 nm. The average particle size of ZnO nanorods
is 3062 nm. Broad size distributions of ZnO nanorods show

—Ag
Ag+Zn0 10%
Ag+ZnO 5%
— 700
340.8 nm
Intensity =100 % (a)
mmensity -9131% (b)
105 nm
1401 nm (c)
143 nm Intensity = 96.14 %
Intensity =100 % (d)
f v T T T T 1
0 1000 2000 3000 4000 5000

Particle Diameter (nm)

Fig.8 DLS particle size distribution of (a) Ag NPs (b) Ag-ZnO (10%
w/w) nanocomposite (¢) Ag-ZnO (5% w/w) nanocomposite (d) ZnO
nanorods
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their poly-dispersed nature. Figure 8b, ¢ depict the parti-
cle size distribution of nanocomposites. As compared to
ZnO nanorods, the particle size of both nanocomposites is
reduced due to milling. The particle size of the Ag—ZnO
(10% w/w) nanocomposite (Fig. 8b) is 105-704 nm. While
the Ag-ZnO (5% w/w) nanocomposite (Fig. 8c) is 143 and
1401 nm. Both nanocomposites are poly-disperse in nature
(Mukherjee et al. 2014).

Zeta potential

The zeta potential in Fig. 9a—d indicates the stability of the
NPs produced. The sample's Zeta potential reveals the col-
loidal solution’s dispersion stability. It also demonstrates the
NPs mobility. The zeta potential’s higher positive or nega-
tive value indicates stability.

The zeta potential of Ag NPs (Fig. 9a) demonstrates that
they have low stability, namely —9.3 mV. The emergence
of negative charge on the surface of Ag NPs might be ana-
lyzed. The negative charge on ZnO nanorods (Fig. 9d) is
—30.5 mV. Due to negative—negative repulsion, the high
negative zeta potential () value supports the long-term sta-
bility, good colloidal nature, and high dispersion of ZnO
nanorods. —34.6 mV is the value of the Ag—ZnO (10% w/w)
nanocomposite (Fig. 9b). —30.5 mV for Ag-ZnO (5% w/w)
nanocomposite (Fig. 9c). Figure 9a—d shows the zeta poten-
tial of the nanoparticle and nanocomposite acquired through
analysis. A steadier dispersion is predicted by higher zeta
potentials. A value of 40-60 mV suggests excellent nano-
particle stability in most cases (Jyoti et al. 2016; Nagar and
Devra 2019).

Ag+Zn0 10%
Ag+Zn0 5%
ZnO

(a) 93 mV

(b) -34.6 mV

(c) 30.5mV

(d) -30.5 mV

L} v L] v L] v L] v L] v L] v L}
-100 -75 -50 -25 0 25 50
Zeta Potential Distribution (mV)
Fig.9 Zeta potential Distribution of (a) Ag NPs (b) Ag—ZnO (10%

w/w) nanocomposite (¢) Ag-ZnO (5% w/w) nanocomposite (d) ZnO
nanorods

Dye degradation

The photocatalytic activity of Ag NPs, ZnO nanorods and
their nanocomposites were studied by mixing them into MB
and CV aqueous dye solution for degradation in the presence
of the sunlight. As the reaction proceeds, the dye solution
gets decolorized. Among all irradiation techniques sunlight
gives faster decolorizing results in the presence of Nano-
catalyst and it’s easy to commercialize (Liu et al. 2019a).

Degradation of methylene blue (MB) dye

The absorbance spectrum of MB gives a peak at 663 nm.
We studied the photocatalytic activity of all synthesized
nanomaterials and their composites for MB, in which Ag
NPs shown 83% degradation in 180 min. The percentage
degradation of MB dye solution in presence of Ag NPs is
shown in Fig. 10c. When Ag—ZnO nanocomposite was used
as a catalyst, it shows different activity Ag—ZnO (10% w/w)
nanocomposite and Ag-ZnO (5% w/w) nanocomposite
shows 82% and Ag-ZnO (5% w/w) 91% of the degrada-
tion respectively. Ag—ZnO (10% w/w) nanocomposite takes
165 min for degradation, and after 120 min, the maximum
absorbance value is nearly same. In the case of Ag—ZnO (5%
w/w) nanocomposite the absorbance intensity from 150 to
195 min is almost similar. Figures 11c and 12¢ show the deg-
radation percentages of Ag—ZnO (10% w/w) nanocomposite
and Ag-ZnO (5% w/w) nanocomposite. ZnO photocatalyst
involve 195 min to degrade 96.37% of dye and Fig. 12¢ indi-
cates the result of dye degradation (%). The plot of In(A/A,)
versus time (min) gives a straight line passing through the
origin with a positive slope value, and it is known as the
rate constant (k). The k value of Ag NPs is 0.00925 min~’,
as shown in Fig. 10b. The k values for Ag—ZnO (10% w/w)
nanocomposite and Ag—ZnO (5% w/w) nanocomposite are
0.01242 and 0.01276 min~! respectively and these values
are taken from Figs. 11b and 12b. From Fig. 13b, the cal-
culated k value of ZnO nanorods is 0.01701 min~! (Joseph
and Mathew 2015).

Degradation of crystal violet (CV) dye

CV is generally used in biology to classify bacteria (Grams
Method). This is also used as an effective medicine in poul-
try. It is the primary toxic organic dye used in the textile
industry. Pure CV solution shows the absorbance peak at
583 nm. As shown in Fig. 14c, the degradation of CV in
presence of Ag NPs took place in 120 min for 97% of the
degradation, however 70% of the degradation of organic dye
occurred in the first 90 min. The results for Ag-ZnO (10%
w/w) nanocomposite and Ag—ZnO (5% w/w) nanocompos-
ite are identical. As shown in Figs. 15¢ and 16c, they both
degrade 50% of the dye in 0—15 min and the remaining 83%
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Fig. 10 Absorption spectra of reduction of methylene blue dye (a), Kinetics of catalytic reduction (b) and % degradation of methylene blue dye

(c) in the presence of catalyst Ag NPs
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Fig. 11 Absorption spectra of reduction of methylene blue dye (a), Kinetics of catalytic reduction (b) and % degradation of methylene blue dye

(¢) in the presence of catalyst Ag—ZnO (10% w/w) nanocomposite

in 105 min. The ZnO nanorods degrade by 89% in 275 min
in the presence of UV light, as shown in Fig. 17c. After
Ag NPs, Ag—ZnO (10% w/w) nanocomposite, Ag—ZnO (5%
w/w) nanocomposite and ZnO nanorods are used as the pho-
tocatalyst, The k value of nanomaterials are 0.02810, 0.0144,
0.01444, and 0.00688 min~! respectively, and all are calcu-
lated from Figs. 14b, 15b, 16b and 17b, respectively(Liu
et al. 2019b). Each dye reacts against synthesized
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nanomaterials and observed value of dye degradation (%)
and rate constant of reaction are represented in Table 3.

Possible mechanistic pathway of photocatalysis

When sunlight is irradiated on a photocatalyst with pho-
tonic energy (hv) greater than or equal to bandgap energy
(Eg), electron—hole pairs (EHP) are generated. The electron
is located in the conduction band (CB) which is excited from
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Fig. 12 Absorption spectra of reduction of methylene blue dye (a), Kinetics of catalytic reduction (b) and % degradation of methylene blue dye

(¢) in the presence of catalyst Ag—ZnO (5% w/w) nanocomposite
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Fig. 13 Absorption spectra of reduction of methylene blue dye (a), Kinetics of catalytic reduction (b) and % degradation of methylene blue dye

(c) in the presence of catalyst ZnO nanorods

the valence band (VB) and thus in the VB there is lacuna
of e~ i.e. the hole (h") makes its appearance as shown in
Egs. (4)—(6).

Ag + ho(UV) —» Ag(e7)cp + Ag (h+)VB’ )

Ag—7ZnO +ho (UV) - Ag —ZnO (¢7)cg + Ag — ZnO (h*), .

®

ZnO + ho (UV) - ZnO (¢7)cp +ZnO (h*), . ©)

The e~ and h* scavengers trap the EHP to prevent
recombination. h* is acted as a strong oxidizing species.
The e~ and h* are reacting with chemical species like O,,
‘OH™ and water, resulting in the formation of strong oxi-
dizing species like hydrogen peroxide (H,0,), superoxide
radical anion ('O,”) and hydroxyl radical (OH) as shown in
Egs. (7)—(10).
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Table 3 Percentage of dye
degradation and rate constants
of synthesized nanomaterials

Nanomaterials Methylene blue dye Crystal violet dye
% Dye degra- Rate constant (k) % Dye degra- Rate constant
dation (min™") dation (k) (min™")
Ag NPs 83 0.00925 97 0.02810
Ag—7Zn0 (10% w/w) nanocomposite 82.67 0.01242 83 0.0144
Ag—7Zn0 (5% w/w) nanocomposite 91 0.01276 83 0.01444
Zn0 nanorods 96.37 0.01701 89 0.00688
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H,0, + 0, - OH™ + OH + O,. (13)

The organic pollutant gets adsorbed and reacted on the
surface of the photocatalyst. The resulting superoxide radical
anion (O,"), Hydroxyl radical (OH) and hydrogen peroxide
(H,0,) formation, which are dominant oxidizing species.
This oxidizing species attacks on the surface of the photo-
catalyst, where the pollutant is adsorbed. The pathway of
photocatalytic reaction is the oxidation of organic pollutants
(as mentioned above) and converting them to green com-
pounds like CO, and H,O as shown in Eq. (14).

Photocatalyst + h*/"OH/ 0} / H,0,

14
+ Dye — CO, + H,0 + Photocatalyst. (14

The mechanistic pathway of dye degradation is repre-
sented in Fig. 18.

Among the synthesized samples, the ZnO nanorods
exhibit excellent photocatalytic activity and decolorize the
MB dye. Ag NPs are highly efficient and were observed
to be very active in the degradation of CV dye. Thus, the
photocatalyst could be used to degrade pollutants in water,
especially for the treatment of textile effluents (Marimuthu
et al. 2020).

Ag NPs as nano-catalyst

A nano-catalyst is a non-directly involved foreign mate-
rial added to a chemical system. These days, describing
a Nano-catalyst might be as simple as starting with NPs.
When a Nano-catalyst is used in organic transforma-
tion reactions, the reaction rate (k) can be increased, and

D9
b \&:\ )
Nanomaterials

Fig. 18 Mechanistic pathway of dye degradation
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reactions can also take place at room temperature. In the
chemical manufacturing industry, the reduction process is
critical and vital to organic transformation. Nitro-group
containing aromatic chemicals are of paramount impor-
tance due to their high significance in heterocyclic aro-
matic compound synthesis, pharmaceutical compound
synthesis, agro-chemical synthesis, and so on. In the many
earlier reported papers (Baruah et al. 2013; Deka et al.
2014; Aditya et al. 2017; Liang et al. 2018; Guo et al.
2019) the conversion of 4-nitrophenol to 4-aminophenol
by the catalytic reduction reaction is carried out in the
presence of metallic NPs. So, the reduction reaction is
not carried out without a suitable catalyst (Kuroda et al.
2009). Hydrothermally synthesized ZnO nanorods and
their nanocomposites are not ideal for catalytic reduc-
tion reactions with a nominal rate constant. However, the
chemically synthesis of metallic NPs is expensive and
also, releases toxic byproducts. We investigated numerous
chemical transformation processes employing biologically
synthesized Ag NPs in the current reaction. This research
work reports excellent catalytic activity for Nitro-group
containing aromatic chemicals. The development of the
reaction is monitored using a UV-Vis spectrophotometer.

Reduction of 4-Nitrophenol

The freshly prepared 4-nitrophenol (4-NP) solution is
a pale-yellowish coloured that changes to bright yel-
low with a strong absorbance peak at 400 nm to form
nitrophenolate ion due to the addition of NaBH, solu-
tion (Zhang et al. 2011; Chiou et al. 2013). As the reac-
tion progresses, the functional Nitro (-NO,) group is
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confirmed. A colorless solution with an extra absorbance
peak at 300 nm denotes the Amino (-NH,) group. When
nano-catalyst is added in the reaction system (Fig. 19a),
the peak intensity at 400 nm starts decreasing whereas a
new absorption peak develops at 300 nm within 390 s.
After completion of reaction, almost zero absorbance is
at 400 nm, this means solution is completely decolor-
ized. Further we studied the graph of In(A,/A,) versus
time(min.) (Fig. 19b) which gives a straight line passing
from the origin with a slope i.e. rate constant (k), where
A, is the first absorbance value and A, is the absorbance
value at time interval t of the reduction reaction. The cal-
culated value k from the graph is 0.3048 min~'. At 323
and 269 nm, two isosbestic (constant wavelength) points
are present, which indicates a (Fig. 19¢) clear conversion
(i.e. 95%). The Schematic possible chemical reduction
reaction is given in (Scheme 1),

(a)

Absorbance (a.u.)

Mechanistic pathway of reduction of 4-Nitrophenol
reaction

The reduction of 4-NP to 4-AP happens by hydrogenation,
with NaBH, acting as the source of hydrogen. NaBH, con-
tributes to the ionization of H* from water. The reduction
process happens in two stages: hydrogen atom adsorption
and water molecule elimination. A strong repulsive interac-
tion exists between BH, ™ and 4-NP, making the reduction
process difficult. The solution of NaBH, and 4-NP is stable
due to electrostatic repulsion between the BH,™ and 4-NP.
Only NaBH, stabilizes this solution. When NaBH, is added
to water, BH,™ ions form, and in the case of metal oxides,
hydrogen moves from BH,~ to 4-NP. The hydrogenation
catalytic process happens in several ways, depending on the
surface quality of the Nanocatalyst. On the metal NPs sur-
face, which works as a Nanocatalyst, electrons move from
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BH,™ to 4-NP. The O-atom of 4-NP adsorbs one free hydro-
gen atom in the Nitro group. The cluster is then joined by
another H-atom. This results in a dihydroxyl-like structure.
Following that, 4-NP is synthesized by creating and remov-
ing one water molecule by hydroxyl dehydration. Finally,
4-AP is produced (Aditya et al. 2017; Kong et al. 2017;
Elfiad et al. 2018; Baye et al. 2020; Rawat et al. 2021).

Reduction of nitro-group containing aromatic chemicals

In addition to 4-nitrophenol, many other nitro-groups con-
taining aromatic chemicals are widely used in synthetic
organic chemistry. Taking this into consideration, we
selected three more nitro group containing organic com-
pounds and studied the catalytic efficacy of the synthesized
NPs and nano-composites for organic transformation reac-
tions. The reduction of 2-Nitroaniline (2-NA), 3-Nitroani-
line (3-NA) and 4-Nitroaniline (4-NA), over Ag NPs act
as Nano-catalyst, was studied with the unaltered condi-
tions. The absorption peak of the Nitro-group containing
chemicals is at wavelength 413, 363 and 382 nm for 2-NA,
3-NA and 4-NA, respectively. Catalytic reduction of 2-NA,
3-NA and 4-NA are (Figs. 20a, 21a and 22a) analysed using
UV-Vis spectra of the reaction. As the reaction proceeds
the peak intensity reduces that indicates the conversion of
2-NA to 2-aminoaniline (2-AP), 3-NA to 3-aminoaniline
(3-AP) and 4-NA to 4-aminoaniline (4-AP) it takes 12.5,
13- and 11.5-min. time, resp. for complete conversion.
Figures 20b, 21b, and 22b demonstrate the progress of the
reaction. Approximately 95, 75, and 98 percent of the reac-
tant is converted into product during this time. The graph
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of In(Ay/A,) with time (min) (Figs. 20c, 21c¢, and 22c) shows
that they have a linear relationship. The 2-NA, 3-NA, and
4-NA reduction reactions are examples of first-order reac-
tions with k values of 0.1772, 0.0974, and 0.2519 min~".

Scheme 2, 3, and 4 give the conversion between 2-NA to
2-AP, 3-NA to 3-AP and 4-NA to 4-AP.

As from earlier reports, the reduction reaction of Nitro-
group containing aromatic chemicals occurs at the surface of
Nano-catalyst and the mechanism is Nitro-group containing
aromatic chemicals and NaBH, which acts as a reducing
agent in the reaction, are attached to the active Nanocatalyst
surface.

Conclusions

The effective biogenic synthesis of silver nanoparticles
through biogenic routes using Z officinale rhizome extract
took place. ZnO nanomaterials are hydrothermally synthe-
sized. Further, we synthesized the nano-composite materials
using these two nanomaterials. UV—-Vis spectroscopy, XRD,
SEM, FE-SEM, Zeta Potential and DLS examinations were
used to analyze the size, shape, stability and structure of syn-
thesized nanomaterials. According to zeta potential investi-
gations, nanomaterials, particularly nanocomposites, show
exceptional stability without the addition of any external
stabilizing agent. These findings show that the NPs produced
are mostly spherical, polydisperse, and biocompatible. The
synthesized NPs are used as a catalyst for chemical reduc-
tions. Herein, we successfully reduced different aromatic
compounds containing nitro groups. Further, we tried to
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Scheme 3 Conversion of
3-Nitroaniline to 3-Aminoani-
line in the presence of nano-
catalyst

NH,

3-Nitroaniline

Scheme 4 Conversion of
4-Nitroaniline to 4-Aminoani-
line in the presence of nano-
catalyst

4-Nitroaniline

study the catalytic efficacies of ZnO nanorods and nano-
composites of Ag—ZnO0, it is observed that ZnO nanorods
and the nanocomposites exhibited little catalytic efficacy. We
studied the efficacy of synthesized nanomaterials for deg-
radation of organic dyes methylene blue and crystal violet.
The current work offers a new route for very convenient and
easy-to-commercialize photocatalytic reduction processes.
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