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Facile synthesis of rGO/Ag@AgCI core-shells nanocgosite and their
multifunctional efficacy as a photocatalyst and antnicrobial agent for
decontamination of water

Th. Babita Devi and M. Ahmaruzzaman*
Department of Chemistry National Institute of Tealugy Silchar, Assam -788010

Abstract

An environmentally friendly process for synthesis@®@0O/Ag@AgCI Core-shells nanocomposite
was developed by Bitter gourd leaf extract. Theeesdrell morphology was confirmed by
STEM-EDX line profile and elemental mapping imagés-synthesized nanocomposite was
utilized as photocatalyst for degradation of Claibacid (CA) and Naphthol Green B (NGB)
from aqueous phase under solar irradiation. Ask®gsired nanocomposites showed
photodegradation up to 98% of CA and 98.7% of NG&iw 40 and 30 min, respectively. Here,
we also investigated the optimum amount of nanoasmgs for the photodegradation process.
ESR analyses confirmed that the active species asidtydroxyl and superoxide anion radicals
were mainly accountable for the degradation of wiggollutants. The presence of rGO
enhanced the catalytic activity of Ag@AgCl NPs. Téeprepared nanocomposite was also
utilized for the removal of biological impuritiegainst bacterial strains. Hence form the present
study, it was confirmed that the synthesized rGA@¥@Cl nanocomposites act as a potential
material for wastewater treatment.
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1. Introduction

Recently, the treatment of industrially polluted steawater which is hard to remove from
aqueous phase biochemically is a significant zoheesearch worldwide [1-2]. The paper,
textile, and wood industries are mainly responsiblethe pollution of water. Such types of
industry are users of toxic elements, dyes, angests for dyeing. It was consumed above 60%
of toxic dyes and many of them, containing one orertoxic and explosive chemicals for such
type of purpose. Recently it was observed that Neplisreen B dye used for the dyeing
purpose. Naphthol Green B (NGB) dye, is a radiaahfiguration consisting of conjugated
double bonds containing delocalized electrons, kigientaining chromophore groups, such as
azo (-N=N-), nitroso (-NO or N-OH), nitro (-Nr =NO-OH), sulfur (C=S) [3]. Such azo dyes
are very highly toxic, and their by-products (delgd) are carcinogenic and cause significant
environmental and water harm.

Nowadays, the psychotropic drug is highly consufoedhe treat symptoms of mental disorders
such as depression, schizophrenia, bipolar disdrdsra disability angiocardiopathy problem,
such as coronary heart disease, high blood pressuhgthmia, and cardiac function failure [4-
11]. Among those pharmaceutical compounds, Clafiadid (CA) is utilized for the treatment of
diseases, such as coronary heart disease, higtl ptessure, arrhythmia, and cardiac function,
and epilepsy. It is highly motile and very persigte the environment (lakes and rivers) because
it is non-biodegradable [12-13]. Thus, it is vempportant to remove such organic and
pharmaceutical pollutants from the environmentaatker purification.

Adsorption process is commonly utilized for remowélsuch type of toxic drug from aqueous
phase because of its simplicity and general agduliba[14-16]. However, such type of method

created some problems during separation efficielbg. formation of secondary by-products is



the main disadvantages of the adsorption processvablays, Sunlight-induced degradation
process is one of the most simple and green appesdor removal, such type of toxic elements
from aqueous phase [17].

From the literature, it was observed that Fi@hotocatalyst has been widely considered as a
traditional photocatalyst because of its non-tayieis compared with other metal nanoparticles
(such as silver and gold) and long-term stabiliy3-p0]. However, some drawbacks are
associated with the practical application of Fhotocatalyst because of its high band gap.
Therefore, several researchers carried out expetare prepare very effective photocatalytic
materials for removal of various contaminants fragqueous phase [21-22]. Recently, it was
observed that hybrid NPs and nanocomposites hame bged in different application [23-28].
But X-hybrid/nanocomposite (X=Ag/Au) were showed excellent photocatalytic material for
elimination of such noxious compounds. Recentlgiuoed graphene oxide is utilized as a phase
matrix for the development of nanocomposites asndutbsequent application for photocatalytic
removal of various organic contaminants from aggepbase [29-31]. The polluted water
contains various types of unwanted pollutants, agloxic elements, microbes, fungi, etc. Due
to the high surface area of graphene, it can seffity absorb such toxic particles into the
surface pores of rGO. The high specific surfacex aéows more metal ion (attached on the
surface of rGO) to come into full contact with itger surface and damages bacterial cell wall
[32-35].

Hence, main objectives of this present investogatire summarized below:

(i) Fabrication and characterization of plasmondicetl reduced graphene oxide nanocomposites

using various techniques.



(i) CA (drug) and NGB dye was selected as targanpounds and degraded these toxic
compounds using as-synthesized nanocomposites.

(iv) To examine the antimicrobial activities okteynthesized rGO-Ag@AgCIl nanocomposites.

Herein, we report, for the first time, the prepmmatof rGO-Ag@AgCl nanocomposites using

bitter gourd (medicinal plant) leaf extract.

The chemical structure of Clofibric acid and NaghiGreen B dye were given below:

Napthol Green B

3 (Clofibric acid)

2. Materials and Method

2.1. Materials

Reduced graphene oxide was purchased from Nanb&l@&Punjab, India and Clofibric acid [2-

(4-chlorophenoxy)-isobutyric acid] and Naphthol &reB (trisodium, iron (lll), 5-nitroso-6-

oxidonaphthalene-2-sulfonate) were purchased froerck Ltd. India. All solutions were

prepared in double-distilled water.

2.2. Synthesis of reduced graphene oxide loaded Ag@®! nanocomposites (rGO-
Ag@AgCl)

Ag@AQgCI nanoparticles were synthesized using Biggeurd leaf extract. The method for the

preparation of Ag@AgPs was modified, as mentioned in previous work.[BBe MC leaf

extract was added dropwise in 20 mL of AgN0.001M) solution under stirred condition and



reaction mixture was changed into brown color watdi0 min. About 30 mg of rGO was
dispersed in 300 mL colloidal solution of Ag@AgCPBland stirred at room temperature for 24
h. After 24 h, brown color of nanoparticles wasraded into a black and indicated formation
of rtGO-Ag@AgCI nanocomposites. The growth mecharn$nGO-Ag@AgCl nanocomposites
was shown schematically (Scheme 1).

2.3. Photodegradation of hazardous dye and pharmagtcal compound rGO-Ag@AgCI
nanocomposites as photocatalyst

The optimization study of catalysts also reportedthis present work. The experiment was
carried out by keeping a solution concentratiodl@fppm for both NGB and CA. To evaluate
optimum amount of catalyst, the experiment wasi@admout by changing the amount of catalyst
from (0.01 to 0.05) gm in 250 mL of NGB and CA daun. Here the catalysts were added in
each 250 mL solution of NGB and CA solution andotiael the catalytic activities. It was found
that photodegradation efficiency increased withrease in catalyst amount from 0.01g to 0.025
g. However, the efficiency of photodegradation ecréased with increase in catalyst amount
from 0.03 g to 0.05 g. The optimum amount of th@lyat was observed to be 0.025 g in the
degradation of both NBG and CA from aqueous ph3gep].

In a photocatlytic experiments, specific amouniphbbtocatalyst (0.025 gm) suspended in 250
mL of 10 mg/Laqueous solutions of CA and NGB. CA and NGB sohgiwere kept in a dark
environment under agitation for 30 min to achieve tadsorption-desorption equilibrium
folowed by exposure to sunlight (average solar iatiwh ~4.29 kWh/fiday) for
photodecomposition [37]. A total of 4 mL of NGB ar@A aqueous suspensions were
withdrawn, centrifuged and recorded by noting theoabance at their respectivg.x after every

10 min.



2.4. Recycling of photocatalysts

The life span of a catalyst for a longer perioddke#o a considerable decrease of cost. It is very
important to check the reusability of rtGO-Ag@AgQlhe details of the recovery of the
photocatalyst and their subsequent use in photadagon were reported in our previous study
[36]. The recovered catalysts were reutilizedgbotodegradation of NGB and CA upto fourth
cycles, and their catalytic losses were also catedl

2.5. Antimicrobial activities of rGO-Ag@AgCI nanocanposites

The biological activities of nanocomposites wersoainvestigated by Kirby Bauer or Disc
standard disc diffusion method. Here we used twiergint gram-negative and gram-positive
bacteria like Pseudomonas aeruginosgdP. aeruginosy Escherichia coli (E. coli),
Staphylococcus aureuéS. aureus), and Staphylococcus epiderminis Epiderminig. The
details of experiments for antimicrobial activitsre reported in our previous study [40]. After
24 h of incubation, the zones of inhibition (mm)revealculated using standard scale. Here, code
Bi1, By, Bz and B, were presented th8taphylococcus aurey$. aureus), Escherichia coli (E.
coli)), Pseudomonas aeruginos@. aeruginosg and Staphylococcus epiderminis (S.
epidermini3. The Code 1 represents rGO-Ag@AQCI, Code 2 ptes&0 and Code 3 AgNO
solution.

2.6. Characterization

The synthesized rGO-Ag@AgCIl nanocomposites were eteracterized by various analyses.
Here we investigated the absorption pattern (UWbsia3, Powder X-ray diffraction (XRD)
patterns, morphology and diffracted ring patterENT AFM and SEM), the functional groups
(FT-IR), element mapping (S-TEM, EDX and EDX linefile analysis), elemental composition

and chemical status (XPS), radical determinatioBRE and the surface area and pore size of



nanocomposites (BET). We adopted the same methddiremtrument as mentioned in our
previous work [36].

3 Results and Discussion

3.1. Ultraviolet-visible spectroscopy

The optical absorption properties of the synthesizZg@AgCIl/rGO nanocomposite were
investigated using UV-Vis spectrophotometry andresented in Fig. 1 (a). The broad band
centered at 460 nm was attributed to the surfagenmbn resonance (SPR) of Ag nanoparticles.
The UV cut-off in the range 280 — 320 nm can beibed to the photo-excitation of electrons
from valence band (VB) to conduction band (CB) @CA and the sharp peak centered at ~230
nm can be assigned to ther* transition of aromatic C=C bonds of rGO. The agd plasmon
resonance of Ag nanoparticles can induce enhangktddbsorption capacity to the Ag@AgCI
photocatalyst and the hybridization with rGO magraase the life span of photogenerated
excitons by delocalizing electrons to the C=C bacib [40]. Therefore, Ag@AgCI/rGO is
believed to have high light absorption capacity &w charge recombination rate which can
synergistically enhance the photocatalytic propeftthe engineered nanohybrid.

Further, to determine the direct band gap enexfitise Ag@AgCIl/rGO nanocomposite, Tauc’s
theorem can be employed using the following equddd-42],

(ahv)’= A(hv-Ey)

where h is Planck’s constant,s the absorption coefficient, is the photon frequencyyks the
band gap energy and A is a proportionality constéhe X-axis intersection point of the linear
fit of Tauc’s plot gives an estimate of the bang@ gaergy. The Tauc’ plot showed two possible

tangents corresponding to surface plasmon resonafcAg nanoparticle and electronic



excitation of AgCl semiconductor nanoparticle (Fi¢h)). The calculated band gap energies for
Ag and AgCl using Tauc’s method were found to [&eM, and 3.7 eV respectively.
The conduction band (CB) and valence band (VB)tmrs of AgCI can be calculated from the
following equation [43],

Ecs = X-E-0.5E,

Eve= Ecs + Ey
where X is the absolute electronegativity of thenisenductor (agci = 6.07 eV [43]), Ec is the
energy of free electrons in hydrogen scale (4.5 &y)s the band gap energycd=and kg are
the conduction band and valence band potentiadpertively. Accordingly, thedg and Ep of
AgCl were calculated to be -0.28 eV and 3.42 eSpeetively.
3.2. Morphology studies
3.2.1. Scanning and Transmittance electron microspe
Surface morphologies of inner and outer surfacey@fnanocomposites were investigated by
scanning and transmission electron microscope. Fifa-b) demonstrates scanning electron
microscope (SEM) and transmission electron micrmpscfrEM) images of rGO-Ag@AgCl
nanocomposites. From SEM and TEM images, shape aretage particles size of
nanocomposites can be calculated. From the SEMdnsuferical shape of nanocomposites was
observed and calculated average particles sizefouasl to be ~40 nm. TEM images of rGO-
Ag@AgCIl nanocomposites showed that a core-shelpeshaas formed. The core and shell
structure was clearly identified by brightnesseliéinces between the silver and silver chloride of
the particles. This was due to the difference ofsitees between Ag and AgCl atoms [44-45].

The core and shell NPs Ag@AgClI were further attdahethe surface of the reduced graphene.



The calculated shell thickness and average pastsilee, from TEM image were 3 and 10 nm,
respectively. Here the shell thickness was foundet® nm, therefore Ag core was also marked
in plasmonic contribution [44-46]. Fig. 2 (c-d) pisayed HR-TEM and SAED pattern of rGO-
Ag@AgCI nanocomposites. The calculated d-spacihngeviiom HR-TEM images corresponds
to the (111) plane of Ag crystal and (222) plan®&gC€Cl crystal respectively. The SAED pattern
revealed the polycrystalline nature of the nanoamsiips. The d-spacing values were calculated
from the SAED pattern and observed to be 0.13@%and 0.0876 nm and corresponds to the
lattice plane (400), (220), (620) of fcc structofeAgCl, respectively and 0.116 nm corresponds
to lattice plane (222) of Ag (fcc) structure.

3.2.2. Atomic force microscope microscopy

Further, the core shell morphology was confirmed\Bv (Atomic force microscope) analysis.
The AFM was performed in contact mode and image negned in two forms: 3-dimenssion
(3D) topography and 2-dimension (2D) scan as seéigl. 2 (e-d). In the 2D image of AFM the
formation of core-shell morphology was clearly atved. The nanocomposites showed
monodispersed and well separated from each other.

3.3. X-ray Diffraction Pattern analysis

Fig. 3 (a-b) displays XRD spectra of reduced graphexide (rGO) and rGO-Ag@AgCI
nanocomposites. The XRD pattern of rGO showed aderpeak at 23.74° and 43ahd appeared
as the peak of graphite (amorphous) (JCPDS Caitbnrd621). All peaks were corresponded to
(002) and (101) planes of graphite with d-spacaiges of 0.339 and 0.204 nm [47-48]. The peaks at
32.2°, 46.2°, 57.6° and B¢orresponded to the lattice planes of AgCl (pla@€9), (220), (222)
and (400)) and reflected the face centered cub @tructure of crystal (JCPDS File No: 131-

1238). The remaining peak at 44@as due to the lattice planes (200) of Ag and cédie the



face centered cubic (fcc) structure of Ag (JCPDE: 65-2871). The board peak at 24.74°
corresponds to (002) plane of graphite. The JCP&& number 225, demonstrated that NPs have a
space group Fm3m (for Ag and AgCl) and edge lengtre found to be 4.079 and 5.549 for Ag
and AgCl, respectively. The crystallite particleesof Ag and AgCIl atom were calculated from
the XRD spectra. The calculated average crystglteicle sizes were 12 and 25.5 nm for Ag
and AgCl, respectively. The crystallite particleesiof rGO was not determined because of
amorphous structure.
3.4. X-ray photoelectron (XPS) and energy dispersév x-ray (EDX) spectroscopy
analysis
The elemental composition and chemical statusehdnocomposites were investigated by XPS
and EDX analyses. Fig. 4 (a-d) displays XPS speaaftrAg (3d), Cl (2p), C (1s) and O (1s)
respectively. Fig. 4 (a) shows the Ag 3d spectrd fanther Ag 3d region fragmented into the
two components and coexist in Agadand Ag 3d,; signals, respectively. These two peaks may
be divided into two peaks at 366.55, 367.58 eV3RI58, 373.58 eV, where the peaks at 366.55 and
372.58 eV for the Ay and those at 367.58 and 373.58 eV are attritiatetktallic AJ. Hence from
the XPS spectra of Ag 3d, it was confirmed the gmes of Ajand Ad in rGO-Ag@AgCI
nanocompositesThe binding energies of Cl (2p and 2p;;) are approximately 197.76 and
196.24 eV. In XPS spectra of Cls, five deconvolutipeaks correspond to the C=C
(283.15eV), C—C (284.2V), C-O (hydroxyl, 285.76V), C=0 (carbonyl, 28@V), and O—
C=0 (carboxyl, 288.2V) groups, respectively. The binding energies dfL§) 531.8 and 532.3
eV are associated with oxygen in the states - @nd C—OH/C—O-C, respectively. The survey
spectra of rtGO-Ag@AgCI were demonstrated in Fig)4

Elemental compositions of rtGO-Ag@AgCI nanocompssitere also investigated by EDX (Fig. 4 f).

10



The EDX spectra of rGO-Ag@AgCl nanocomposites slhiogvpresence of Ag, Cl, C, and O.
The elements, such as C and O were from rGO redgcaghene oxide and Ag, Cl from
precursor materials and MC leaf. Hence, from theXEIDd XPS analyses, it was confirmed the
formation of rGO-Ag@AgCI nanocomposites.

3.5. Functional group determination by FT-IR spectoscopy

Fig. 5 (a) shows the FT-IR spectrum of reduced lygap oxide and indicated the presence of
peaks at 3280, 1696, 1550 and 1034 cithese peaks can be assigned to the stretchirefivity

of C-OH (hydroxyl), stretching vibration of C=C,bration of C=C (may be because of skeletal
vibration of unoxidized graphite domains), and Gi@etching, respectively [49-50]. The peak
assigned to C-OH was changed to 3289 imthe spectrum of rGO-Ag@AgCl nanocomposites
(Fig. 5 b). The peaks at 2923, 2359, were due t€ Gtretch (in-ring) and C-O bond. The
remaining peaks at 1640, and 1536 anere assigned to -C=C asymmetric stretching of the
aromatic ring, and C=N stretching, respectivelye Bppearance of peaks 1020’cwas due to
the alkoxy C-C [51-52]. The presence of Cl (peak2@ cm') was also observed in the FT-IR
spectra of the. The appearance of peak at 52bwas assigned for the presence of Cl in the as-
synthesized nanocomposites.

3.6. STEM-HAADF imaging and EDX line analysis

Fig. 6 (a) depicted the STEM-HAADF micrograph oéthGO-Ag@AgCl nanocomposites. It
was observed from Fig. 6 that the core was compahgt brighter than the shell. The
arrangement of the core-shell morphology was furtbafirmed by elemental mapping executed
using the Ag-Lal and Cl-Kal energies with the STEMADF-EDX technique (Fig. 6 (b-c)).
Major elements, such as carbon and oxygen of redg@gphene oxide were investigated by C—

Kal and O-Kal energies (Fig. 6 (d-e)). The overapi-ray elemental mapping image (red

11



dots- represented-Ag and white dots- representedr€én dots-carbon, and blue dots-oxygen)
was represented in Fig. 6 (f). It was apparent ftoenfigure (Fig. 6 (f)) that Ag was at the center
and CI (from AgCl) at the periphery. Further, itsvaurrounded by C and O. Hence, it was
perceptible from all the micrographs that Ag isuafed in core and was bounded by the AgCI
shell. Fig. 6 (g) (EDX line profile) showed thatettcore was made of Ag (red line) and
completely surrounded by the shell of CI (from Agéen line). The core-shell morphologies of
Ag@AQgCI were attached on the surface of rGO and alsserved in EDX line profile (aqua
color —carbon and violet color- oxygen).

3.7. BET analysis

The porosity and surface area of rGO-Ag@AQCI nangmosites were also investigated in this
present work by BET analysis. The activity of attemt in the adsorption process depended
porosity and surface area of rGO-Ag@AQCI| nanoconme®s High values of porosity and
surface indicate good adsorption characteristics dbmination of hazardous dyes and
pharmaceutical compounds. The surface area andspedistribution (PSD) were calculated
from N, adsorption data. The surface area of nanocomposiissfound to be 630.67°gt" as
evident from the BET analysis. The value of surfacea indicates single point surface area of
the nanocomposites. Fig. 7a displays the hystetess of N, adsorption-desorption isotherm
and follows Type-IV isotherm and demonstrated thatsynthesized nanocomposites are
mesoporous (d=2-50 nm) in nature, with no poresnegeat both ends. The calculated pore
diameter was found to be 4.25 nm (Fig. 7b). FroemBET analyses, it was confirmed that dye
and pharmaceutical molecules were quickly accommeddan the mesoporous surface of the
rGO-Ag@AgCl nanocomposites. Hence, surface area BB® data of rGO-Ag@AgCl

nanocomposites showed superior values for elinonaif dye and pharmaceutical compounds.
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3.8. Removal of hazardous dye and pharmaceutical sgpound from aqueous phase using
synthesized rGO-Ag@AgCl nanocomposites

The BET results (N adsorption/desorption isotherms) showed that namposites followed
typical IV isotherm [53], and it was confirmed thr&O has a strong adsorption capacity. Here
we also investigated adsorption ability of nanocosifes for exclusion of NGB dye and CA
drug before sunlight irradiation. The reaction mnet was kept under magnetic stirring in dark
conditions for the adsorption/desorption equilibristudy. Approximately, 35-40% NGB (dye)
and 25-30% CA (drug) adsorption were detected otig 1 h treatment in dark condition [54].
It shows that as-synthesized nanocomposites posshggher adsorption capacity of dye and
pharmaceutical molecules from aqueous phase. Thsor@itbn process occurred on
nanocomposites viara-t conjugation between CA and NGB molecules and aticmagions of
graphene.

The photocatalytic activities of synthesized namogosites were evaluated for the degradation
of NGB dye and CA drug under solar irradiation..”d{p-b) showed photodegradation spectra of
NGB and CA using rGO-Ag@AgCIl nanocomposites as atqiatalyst under sunlight. The
absorption spectra of NGB showed a prominent alisorand at around 715 nm and band
intensity decreases with the addition of photogatalFrom the absorption spectra, it was also
found that color of the dye solution faded awayhwitcrease in radiation time and indicated the
destruction of chromophore structure of the dyee @hsorption spectra depicted that NGB dye
was completely degraded completely within 30 mimgsGO-Ag@AgCI.

Similarly, the photodegradation of CA was also stigated. Clofibric acid showed prominent

absorption band at around 227 nm and charactehiaticl intensity decreases with addition of
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the nanocomposites. The absorption spectra shdveeC was completely degraded within 40
min utilizing rGO-Ag@AgCI nanocomposites.
The photodegradation of NGB and CA obeyed the pséiust-order kinetics and shown in
equation (1).
IN @) = Kbeeneeneee e, (1)

All the parameters were mentioned in our previoosky33]. Fig. 8(c-d) showed kinetics plot of
In [Co/Ci] versus radiation time (t) for degradation of N@fe and CA using rGO-Ag@AgCI
nanocomposites as a photocatalyst. The plot gdireear relationship, and hence, slope of the
line represented the rate constant (k) for photaatigion. The rate constant for the degradation
of NGB and CA were 9.16xT0and 4.57x18 min™ respectively. Moreover, the percentage
degradation was calculated using the equation dgredmw:

Percentage degradation 5 {C)/G] x 100.............. (2)
Here, parameter LCand C presents concentration before and afteradagon process. The
percentage efficiency for degradation by solardiaon was found to be 98.7 % for NGB and
98% of CA. Table 1 presents the result obtainenhftiee photodegradation of NGB and CA.
3.9. Recycle studies rGO-Ag@AgCIl nanocomposites (piocatalyst)
The photocatalysts, rGO-Ag@AQCI were reused fordiagradation of NGB and CA upto fourth
cycles and the loss of their catalytic activity vedso determined. Fig. 9 shows the investigation
recycle properties of rGO-Ag@AgCI photocatalystidgrphotodegradation of NGB and CA
under solar irradiation.
3.10. Probable degradation products of NGB and CAuting photodegradation
The probable by-products during photodegradatioN@B dye were naphthalene (m/z 128), 2-

formylcinnamaldehyde (160.17), naphthoquinone (1%8.15), formaldehyde (m/z 30), O-

14



phthalaldehyde (m/z 134), E-penta-2,4-diene (m/Z)82nd ethane (m/z 28) [55-57]. The
possible intermediates or by-products obtained fiabegradation of Clofibric acid are 2-(4-
hydroxyphenoxy)-isobutyric acid (m/z 195), 2-or 3ydloxyisobutyric acid (m/z 104),
hydroquinone (m/z 110), isobutyric acid (m/z 88)horophenol (m/z 125), 4-chlorocatechol
(m/z 143), Hydroxybenzoquinone (m/z 124), p-Benzogue (m/z 108) etc. CCand HO were
formed as a final product after complete degradatb CA and NGB [58-60]. Fig.10 (a-b)
displayed the probable by-products formation durihg photodegradation of CA and NGB
using nanocomposites as a photocatalyst.

3.11. Probable mechanism of nanocomposites durindpe photodegradation of CA and
NGB under solar irradiation

The plausible mechanism of enhanced photocatalgggradation using rGO-Ag@AgCl
nanocomposite can be proposed on the basis ofohetetion structure of rGO-Ag@AQgCI. In
the first step, when nanocomposites were disparsdifsB and CA solution, molecules of dyes
and drug were absorbed on rGO surface viamaconjugation between NGB and CA molecules
and aromatic regions of graphene. In second stagtop (due to the sunlight irradiation) with
adequate energy falls on the surface of the catalyse presence of Ag nanoparticles in
Ag@AQCI/rGO enables it to absorb visible radiatias indicated by the UV-Vis spectral
analysis (Fig. 1 (a)). Most of the photoexcitecclens due to SPR of Ag cluster can transfer to
conduction band of AgCI [43]. Also, under UV irratlon, electronic excitation can occur within
AgCl semiconductor to generate electrons at CBlremels at VB.

A photogenerated electron—holé-(g") pairs are formed on AgNPs surface under visibtgan
because of SPR effect of Ag. AgCl nanoparticlesnoambsorb visible light because of its high

band gap (3.25 eV). Therefore, the photocatalyiaracteristic of Ag@AQgCI is ascribed due to
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the plasmonic absorption of metallic silver (Aghoparticles. Then, plasmon-induced electrons
of silver (Ag) nanoparticles transfer to the rGosheets via the conduction band of AgCl and
reduce oxygen. But plasmon-induced hol€3 éne retained on Ag NPs surface and react with
water molecules to generate hydroxyl radicals [B]l-6Thereafter, these holes *Yhare
transferred to the surface of AgCl surface anddeadthe oxidation of Clions to form Ci
atoms (radicals). This transfer takes place dulechigh oxidation ability of the chloride ions
present in AgCl. Meanwhile, electrons on rGO sheetst with Q and produce®O; radical.
Finally, the NGB and CA molecules adsorbed on acsites of rGO-Ag@AgCI and oxidized by
active species, such aszfdical. In the entire system, rGO sheet actsaslectron mediator,
and enhance the photocatalytic activity for sepanaand transfer of electrons [64-65]. This can
be explained by the fact that rGO pieces may deerdhe resistance of separation and
transportation charge produced from Ag nanocrygidiose surface plasmon resonance is
susceptible to visible light) [65]. The probable anhanistic pathway of rGO-Ag@AgCI
nanocomposites during the photo degradation of @& HGB were displayed below and in

Scheme 2.

AgNPs + hv ——=) AgNPs*——=> AgNPSs () +AgNPs+(H)
H,O +h* —— OH+H*
OH+h" ——— OH-"
AgNPs (€) + O, ———> ‘O, + AgNPs
or

rGo (e) + O —— ‘0,
NGB or CA+ OH-=————> Degradation product (CO,+H,0)

NGB or CA+ ‘O, ———) Degradation product (CO,+H,0)

To detect the photogenerated radicals, such ag sk anion radical in the photodegradation

process, spin-trapping ESR method was utilized. El (a-b) displays the ESR spectra of
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DMPO-superoxide anion radicals during the photoa@gtion of Naphthol Green B and
Clofibric acid. The reagent like DMPO (5,5-dimetliybyrroline-N-oxide) is usually used for
trapping radicals because of its capability of getieg stable radicals such as DMPO-
superoxide anion. Fig. 11 clearly showed the foronabf superoxide anion radicals@,) [66].

It was reported that the active species liM®, was mainly responsible for NGB and CA
degradation. Therefore, ESR study evidently in@isdahe production of both the radicals. These
radicals are accountable for NGB and CA degradation

3.12. Antimicrobial Test

The inhibition zones were calculated after 24 Imotibation and displayed in Table 2. From the
antimicrobial test, it was observed that rGO-Ag@Ag@nocomposites showed greater
inhibition zones than that of rGO and Aghli€blution. Fig. 12 presents the photographic images
of antimicrobial activities of rtGO-Ag@AgCl nanocoogites.

3.13. Antibacterial mode of actions of rGO-Ag@AgChanocomposites

The probable mechanism action of rGO-Ag@AgCI nangmasites was cited agsertion mode

of action”. Here, the sharp edges of graphene nanoshaetsa¢ knives cut through cell
membranes of bacteria, hence, the leakage of ellngar substrates causing eventually cell
death [67-69]. Then hydrocarbon tails of the lipaisl the lipophilic flat surface of graphene
were attracted each other and then allow the grephie sink in between the lipid tails,
embedding the graphene nano sheets in cell memra@qgl]. In next step, metal NPs (Ag
were enter in the bacterial cell membranes, asutriheir structural compositions were changed
because of the interaction with the sulfate grolipacteria éctive site of enzymedAs a result,
few of the bacterial enzymes were blocked whicheiguired for metabolism and electrolyte

transport system for bacterial mechanism and fina#akens bacterial survival and deteriorates
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its activity. The metallic nanoparticles affect tB&lA backbone of the bacteria hindering its
replication process, reduce its immunity by binditgelf to the bacterial wall rendering
structural imperfections within its cells. Therefpmetal ions also serve as defensive tool for
minimizing bacteria proliferation and weakening tesial development [72-74].

4. Conclusion

In summaryyGO-Ag@AgCIl nanocomposites were successfully s\gitleel by loading reduced
graphene oxide (rGO) on Ag@AQCI| nanoparticles. THhiage showed core and shell
morphology of as-synthesized nanocomposites arlefiyrit was also confirmed by STEM and
elemental mapping analyses. The synthesized narmpmztes were successfully used as a
photocatalyst and antimicrobial agents. As-syn#tegsnanocomposites showed 98 % of CA and
98.7 % of NGB within 40 and 30 min, respectivelfisTindicates efficient catalytic activities of
rGO-Ag@AgCIl nanocomposites for elimination of halmars organic pollutants from water and
wastewater. As-prepared nanocomposite showed goeiimierobial activities against
Staphylococcus aureu$. aureus), Escherichia coli (E. coli)), Pseudonwia@ruginosa(P.
aeruginosd, and Staphylococcus epiderminis (®piderminig strains. The rGO-Ag@AgCI
nanocomposites showed superior antimicrobial ptegethan that of rGO and AgNOThe
above studies established that the synthesizedAG@AgCI| nanocomposites could be utilized
as a potential material for wastewater treatment.
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5. FIGURE 4 (e-f) displays XPS survey spectra and EDX spectra of AG@AgCI

6. FIGURE 5 (a-b) presents FT-IR spectrum of reduced graphene oai@ rGO-
Ag@AgCI nanocomposites.

7. FIGURE 6 (a-e) depicted the STEM-HAADF micrograph image, elementapping
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with the STEM-HAADF-EDX technique.

8. FIGURE 6 (f-g) depicted combined elemental mapping and STEM-EDX¥ profile
images of rGO-Ag@AgCl nanocomposites.

9. FIGURE 7 (a-b) depicted Nitrogen adsorption — desorption isoth¢®BT) and Pore

volume vs pore radius (using the BJH method) of #&@AgCl nanocomposites.

10. FIGURE 8(a-b) represented the absorption spectra of photodetiwadsf NGB and CA
by solar irradiation using rGO-Ag@AgCI, nanocompesias photocatalyst.

11.FIGURE 8 (c-d) represented the plot of In {C;] versus irradiation time (t) for the
degradation of NGB dye and CA drug using rGO-Ag@HAg@s photocatalyst,

respectively.

12.FIGURE 8 (e-f) showed the percentage degradation of NGB and GA tiwne using
rGO-Ag@AQCI as photocatalyst.

13.FIGURE 9 displays the recycle studies of rGO-Ag@AQCI phatatyst during the
photodegradation of NGB and CA under solar irradiat

14.FIGURE 10 (a-b) displayed the probable by-product formation duririige
photodegradation of CA and NGB using nanocomposies photocatalyst.
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15.FIGURE11 (a-b) displays the ESR spectra of DMPO-hydroxyl and DMB@peroxide
anion radicals during the photodegradation of NlaphGreen B and Clofibric acid .

16.FIGURE 12 (a-d) displays the antimicrobial photographic imagé Staphylococcus
aureus (code B1), Escherichia coli (code B2), Psewhas aeruginosa (code B3), and

Staphylococcus epiderminis (code B4) microbes usB@-Ag@AgCl
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SCHEME 1 displays a schematic diagram of the growth of r&§@®AgCl nanocomposites
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SCHEME 2 presents probable mechanistic pathway of rGO-Ag@Amnocomposites during
the photo degradation of CA and NGB.
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FIGURE 1 (a-b) displays UV-Vis spectrum and Taystst of rGO-Ag@AgCl nanocomposite.
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FIGURE 3 (a-b) displays the XRD spectra of rGO and rGO-Ag@AgGiommposites.
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FIGURE 4 (a-d) displays XPS spectra of Ag (3d), CI (2p), C (1) & (1s) respectively.
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FIGURE 4 (e-f) displays XPS survey spectra and EDX spectra ofA@@AgCI
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FIGURE 5 (a-b) presents FT-IR spectrum of reduced graphene

nanocomposites.
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FIGURE 6 (a-e) depicted the STEM-HAADF micrograph image, elementapping energies of silver
(Ag-Lal) chlorine (Cl-Kal), Carbon (C kall-2) andy@en (O Kal) with the STEM-HAADF-EDX

technique.
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FIGURE 6 (f-g) depicted combined elemental mapping and STEM-EIDX profile images of
rGO-Ag@AgCIl nanocomposites.
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FIGURE 7 (a-b) depicted Nitrogen adsorption — desorption isoth@T) and Pore volume vs
pore radius (using the BJH method) of rGO-Ag@ Ag&hocomposites.
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FIGURE 8(a-b) presents the photodegradation absorption spettthdGB and CA by solar
irradiation using rGO-Ag@AQgCI, nanocomposites ghatocatalyst.
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FIGURE 8 (c-d) displays the plot of In [¢C{] versus irradiation time (t) for the degradatidn o
NGB dye and CA drug using rGO-Ag@AQgCI, as photdgatarespectively.
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FIGURE 8 (e-f) showed the percentage efficiency of NGB and CAwitadiation time using

rGO-Ag@AgCI as photocatalyst.
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FIGURE 9 displays the

photodegradation of NGB and CA under solar irradrat
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FIGURE 10 (a-b) displayed the probable by-products during the @iegradation of CA and

NGB
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FIGURE 11 displays the ESR spectra of DMPO- superoxide amadicals during the
photodegradation of Naphthol Green B and Clofibg.
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FIGURE 12 (a-d) displays the antimicrobial photographic immgé Staphylococcus aureus
(codeB1), Escherichia col(code B2),Pseudomonas aeruginogeode B3),and Staphylococcus
epiderminig(code B4) microbes using rGO-Ag@AgCl
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TABLE 1 Comparative analyses of the results obtained ferptimotodegradation of NGB and
CA under solar irradiation in presence rGO-Ag@AgBH@AQCI-AC and Ag-AC of as

photocatalyst.

Compounds Photo-catalyst | Amount | Time Efficien | Rate
added (min) cy (%) | (min™)
(9)

Clofibric acid (CA)

HO.
o—@—u rGO-Ag@AgCl | 0.025 40 98 4.57x10
(e}

(Clofibric acid)
Naphthol green B (NGB)

\\/o
§ QO rGO-Ag@AgCl | 0.025 30 98.7 | 9.16x1C7

Napthol Green B

w
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TABLE 2 displays the results obtained from

the antimicrobial test r&fO-Ag@AgCl,

nanocomposites
Amount  of

| Time of | Zones of

Bacteria Name Nanocomposites nanocompost inhibition | Inhibition
:g | (mm)

Staphylococcus aureus | rGO-Ag@AgCI (code 1) 1 24 4.5
(Code B1) rGO (code 2) 1 24
Gram positive AgNO; (code 3) 24 0.5
Bacteria
Escherichia coli rGO-Ag@AgCI (code 1) 1 24 7
(Code B2) rGO (code 2) 1 24 3-4
Gram negative bacteria | AgNO; (code 3) 1 24 0
Pseudomonas aeruginosa rGO-Ag@AgCI (code 1) 1 24 2
(Code B3) rGO (code 2) 1 24 1
Gram negative AgNO; (code 3) 1 24 0
Bacteria
Staphylococcus epiderminisGO-Ag@AgCI (code 1) 1 24 6
(Code B4) rGO (code 2) 1 24 3
Gram positive AgNO; (code 3) 1 24 0
Bacteria
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Highlights:

A core—double shell NPs were synthesized using &ileali leaves extract.

+« Synthesized NPs were utilized for photodegradadiah antimicrobial activities

+ A total of 98% of CA and 98.7% of NGB was degradedhin 40 and 30 min,
respectively.

« rGO-Ag@AgCI showed superior antimicrobial propestikan that of rGO and AgNO

+« Hydroxyl and superoxide anion radicals were resiibm$or photodegradation.
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