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Abstract

The functionalization of nanomaterials offers a significant impact on environmental protection.
Three silver composites: silver nanocubes (Ag NCs) with cellulose (Ag-CE), Ag NCs with
chitosan (Ag-CH), and Ag NCs with neutral alumina (Ag-NA) were synthesized with the
incorporation of very low concentration of Ag NCs. The synthesized Ag-composites were used for
the detection of hazardous analytes: 4-mercaptobenzoic acid (4-MBA), rhodamine 6G (R6G), and
methylene blue (MB) via a highly sensitive surface-enhanced Raman scattering (SERS) technique.
The enhancement factor (EF) for the detection of MB was found to be 1.2 x 10°, 1.4 x 10°, and
3.7 x 10° using Ag-CE, Ag-CH, and Ag-NA, respectively. A limit of detection (LOD) of 1 nM,
100 pM, and 100 uM was achieved for MB using Ag-CE, Ag-CH, and Ag-NA, respectively. The
Ag-CH composite achieved excellent sensitivity and enhancement for the detection of MB
compared to the other two Ag-composites. The order of detection efficiency of MB using Ag-
composites was measured theoretically and follows the order, Ag-CH > Ag-CE > Ag-NA. A real-
time filtration unit showed excellent efficiency for MB removal. The present method can be
employed in commercial filtration processes for the benefit of the environment and sustainable

development.
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Introduction

Functionalized nanoparticles have proliferated as promising solutions for environmental problems
within the diverse variety of nanomaterials. Implementation of bare nanomaterials has a few
challenges or limitations, such as instability, agglomeration, and reusability.! Functionalization of
nanomaterials provides an excellent advantage on cost-effectiveness and enriches the properties in
several folds.? Functionalization of the nanomaterial’s surface offers the opportunity to tune their
properties to overcome the current limitations of bare nanomaterials and improve the activity,
stability, and selectivity of the materials.’> The use of composites is one of the better solution for
cost-effectiveness and large-scale use of materials in industrial applications.* Environmental
contamination occurs in different ways, such as the use of dyes, pesticides, heavy metal ions, the
release of toxic gases, and other organic pollutants into the environment without proper pre-
treatment.>® Environmental contamination causes pollution of air, water, and soil to a large extent
and impact detrimental effects in humans and other living entities.®” Industries are the main source
of dye-based water contamination where the dye-contaminated water is released to water bodies
without proper pretreatment. As a result, the fresh water sources get contaminated and a threat to
humans as well as aquatic life. The wastewater from textile industries is the most polluted of all
the industrial sectors with regard to the volume of waste generated and the composition of the
effluent.” Furthermore, the rise in demand for textile objects and corresponding increase in
manufacturing, as well as the use of synthetic dyes, has become one of the most significant sources
of serious pollution concerns in recent times. ' General techniques used to purify dye contaminated
water include adsorption method, membrane technology, electrochemical process, advanced
oxidation method, microbial technology, and photocatalytic degradation.!! The adsorption method
provides a number of advantages over other approaches, including a simple design and the
potential for high performance at a low cost. Adsorption is a technique that is commonly used to
remove organic and inorganic contaminants from industrial wastewater, and it has drawn a lot of

interest for many researchers.'?



4-mercaptobenzoic acid (4-MBA) is an organic pollutant'® and rhodamine 6G (R6G) is a cationic
dye, affect human health and pose a threat to the environment.'* R6G is hazardous to nature and
humans because of its chronic toxicity, carcinogenicity, reproductive, and developmental toxicity.
Methylene blue (MB) is a cationic dye that affects the esophagus and stomach. It causes nausea,
vomiting, diarrhea, dizziness, headache, fever, anemia, discoloration of urine, bladder irritation,
etc.!> Because of these hazardous effects, detection of harmful contaminants is highly essential to
protect the human and environment. Surface-enhanced Raman scattering (SERS) is one of the
premium tools for the detection of these contaminants, due to its convenient sample preparation,
and high sensitivity towards detection of contaminants.® Hence, in this work, SERS technique is
implemented to detect the contaminants using Ag-composites. In the synthesis of composites, the
selection of support materials needs to be taken care of. Support material should be economical,
non-toxic, and environmentally friendly. Among different support materials, cellulose (CE),
chitosan (CH), and neutral alumina (NA) were opted because of their excellent characteristics and

eco-friendly nature. '8

Many research groups have synthesized composites for the detection of MB. Chettri and coworkers
synthesized composite with RGO as a support material and reported a loading of 10 M Ag NPs."
Ag NPs-RGO composite was used for the detection of MB and achieved a limit of detection (LOD)
of 10 M.' Multi-walled carbon nanotubes (MWCNTSs) composite was synthesized by loading
of10 x 10° M Ag NPs (MWCNTs-Ag) and detected MB at 10"M.?’ Fe304/GO/Ag was used as a
composite with 14.7 x 102 M Ag NPs loading and detected MB at 10 M.2! Lee and Chin
fabricated a SERS substrate by the deposition of Ag NCs over polydimethylsiloxane (PDMS). 1.31
x 10~ M concentration of Ag NCs was used for the substrate fabrication and detected MB as low
as 10 M.?2 Ag coated magnetic polymethacrylate core-shell NPs were used as the substrate for
the detection of MB at 10”7 M with 70.6 x 10°® M Ag loading.”> The details of composites,
concentration of Ag loading, and LOD of MB reported in the literature and present work are
compared and tabulated in Table 1 in the results and discussion. There are other substrates
synthesized for SERS application with higher loadings of nanostructures were observed.?***%

From the literature, it is observed that loading of high concentration of nanomaterials onto support

materials results in enhanced performance. The use of high concentration nanomaterials is not



economical. Hence, keeping this factor in mind, the present work synthesized composites with

very low concentration loading of Ag NCs for contaminants detection via SERS.

In the present work, three support materials: CE, CH, and NA were used to synthesize three Ag-
composites, namely, Ag NCs with cellulose (Ag-CE), Ag NCs with chitosan (Ag-CH), and Ag
NCs with neutral alumina (Ag-NA). Herein, low concentration of 0.2 wt % Ag NCs were added
to all three support materials, individually, to synthesize three Ag-composites. These composites
were used for the detection of 4-MBA, R6G, and MB via Raman analysis. SERS has been
performed only for MB dye with three Ag-composites because of its high sensitivity compared to
other contaminants. Among the three Ag-composites, Ag-CH provided excellent enhancement for
MB and lower LOD compared to the other two composites. The enhancement factor (EF) for Ag-
CE, Ag-CH, and Ag-NA towards MB detection was found to be 1.2 x 10°, 1.4 x 10°, and 3.7 x
10°, respectively. A LOD of 1 nM, 100 pM, and 100 uM was achieved for Ag-CE, Ag-CH, and
Ag-NA, respectively, for MB detection. All the samples exhibited good uniformity and a relative
standard deviation (RSD) 0f 9.7, 8.6, and 12.9% were achieved for MB detection with Ag-CE, Ag-
CH, and Ag-NA, respectively. A control experiment was carried out to determine the individual
effects of Ag NCs and bare support materials for MB detection. This study confirmed that the low
concentration of MB was detected due to the strong sustenance of support materials for Ag NCs
to adsorb on them and the formation of Ag-S bond directly between Ag NCs and MB. Hence, the
composite materials with low concentration loading of Ag NCs is the better option for sensing and
also in terms of cost-effectiveness and environmental safety. The density functional theory (DFT)
was performed, and the order of detection efficiency of MB follows Ag-CH > Ag-CE > Ag-NA
with respect to the binding energy. The calculated adsorption energies for MB with Ag-CE, Ag-
CH, and Ag-NA molecules are -5.57 eV, -5.98 eV, and -5.30 eV, respectively. This shows that Ag-
CH has more capacity for MB adsorption. Hence, the result from the theoretical study is well
matched with the experimental result.3D finite-difference time-domain (FDTD) was implemented
for three different geometrical configurations of single, dimer and trimer Ag NCs and EF found to
be 1.4 x 102, 8 x 10°, and 6 x 10, respectively. A real-time filtration unit was made to filter MB
using all three Ag-composites. Ag-CE and Ag-CH composites showed better adsorption of MB

compared to Ag-NA. The filtration process is fast and effective. The composites used in the present



work can detect two or more contaminants, especially MB at a lower concentration, even with low

concentration loading of Ag NCs and this work can be extended in large-scale filtration processes.

Materials and methods

The detailed materials and methods are given in SI.

Experimental Section
Synthesis of Ag NCs
The one-pot method was employed for the synthesis of Ag NCs as reported elsewhere®%° and

detailed protocol is mentioned in supporting information (SI).

Synthesis of Ag-composites

For the synthesis of Ag-composites, 2 g of CE, CH, and NA were taken individually in a 20 mL
glass vial and 10 mL of 0.2 wt% (0.18 nM) purified Ag NCs was added and stirred for 1 h. After
1 h, the color of the support materials turns slightly yellow due to the adsorption of Ag NCs. Later
the composite solutions were transformed into petri dish and dried at 100 °C for 4 h. Ag NCs with
CE, CH, and NA were labeled as Ag-CE, Ag-CH, and Ag-NA, respectively.

SERS substrate preparation

5 mg of each of the three Ag-composites were taken in an eppendorf tube and 1 mL of MB at
various concentrations (ranging from 107 to 10"!' M) was added. Further, the mixture was
thoroughly mixed under a vertex mixer for 1 minute to attain proper interaction between Ag-
composites and MB. The eppendorf tube was then left for approximately 5 minutes to allow the
suspension of MB adsorbed Ag-composites (Ag-composites-MB) to settle. The unreacted MB in
the supernatant was thereafter pipetted out and discarded. The leftover (Ag-composites-MB) slurry
was transferred onto a glass slide, allowed to dry in ambient conditions, and then subjected to

SERS analysis. The same procedure is followed to prepare all the SERS samples.

Results and discussion
UV-vis analysis was performed for synthesized Ag NCs and shown in Fig. 1A. Ag NCs exhibits

three peaks in UV-vis spectra corresponding to different localized surface plasmon resonance



mode. The main surface plasmon resonance peak observed at 457 nm, ascribed to excitation of
dipolar charge distribution. Two shoulder peaks observed at 399 and 353 nm assigned to
quadrupolar and octupolar mode, respectively. All the peaks of Ag NCs were assigned and are
well matched with literature.”>?” FESEM analysis reveals the nanocube morphology of the
nanostructure, shown in Fig. 1B. FESEM image of Ag NCs shows that the NCs are nearly
monodispersed in nature. Side and diagonal length of Ag NCs found to be 43 + 2 and 58 + 2 nm,

respectively.
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Figure 1. (A) UV-vis spectrum, (B) FESEM image of Ag NCs, (C and D) histogram of the size
distribution of Ag NCs along the side and diagonal length, respectively, and (E) SAED pattern of
Ag NCs. The inset of (B) display the (a) TEM image of Ag NC and (b) shows the interplanar
distance of Ag lattice.

The inset of Fig. 1B shows the TEM image of Ag NC (Fig. 1B (a)) which is comparable with the
side and diagonal length obtained from the FESEM analysis. Crystalline nature was confirmed by
HRTEM analysis, provided with the d-spacing value of 0.14 nm corresponds to (220) plane of Ag



as shown in Fig. 1B (b). Histogram was plotted for the side and diagonal length of Ag NCs,
displayed in Fig. 1C and D, respectively. SAED pattern shown in Fig. 1E shows different
interplanar distances match with different planes of Ag. The obtained interplanar distances of 0.20,

0.14, and 0.11 nm are correspond to the planes of (200), (220), and (222), respectively.
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Figure 2. Structure and image of (A) CE, Ag-CE, (B) CH, Ag-CH, and (C) NA, Ag-NA. (D), (E),
and (F) displays PXRD analysis of CE, CH, and NA, respectively, along with their Ag-composites.

The structure of CE, CH, and NA are shown in Fig. 2A, B, and C, respectively. Photographic
images of CE, CH, and NA before and after interaction with Ag NCs i.e., Ag-CE, Ag-CH, and Ag-
NA are shown in Fig. 2A, B, and C, respectively. It is clearly observed that color of CE, CH, and



NA changed after adsorption of Ag NCs. All the Ag-composites were subjected to PXRD analysis
to confirm the crystalline nature and phases of materials. Fig. 2D, E, and F displayed PXRD spectra
of all Ag-composites. XRD spectrum of Ag-composites is compared with Ag NCs and respective
support material. Ag NCs displayed four major peaks of 20 values at 38.0, 44.2, 64.3, and 77.3
corresponding to h, k, 1 values (111), (200), (220), and (311), respectively. All the peaks are
indexed to fcc silver and well-matched with the literature (JCPDS file no. 04-0783).28 XRD spectra
of CE and Ag-CE is shown in Fig. 2D. CE shows 26 values at 15.0, 16.1, 22.5, and 34.5
corresponds to (101), (101), (002) and (040), respectively.?? XRD spectra of Ag-CE shows all the
planes of CE along with Ag, where 20 values at 38.1, 44.3, 64.3, and 77.4 which corresponds to
(111), (200), (220), and (311) planes of Ag and these planes are present in all the composites. As
the loading of Ag NCs is very low in concentration (0.2 wt%), peak intensities are low for Ag NCs
and hence, magnified planes of Ag in all the composites are shown as an inset in Fig. 2D, E, and
F. Fig. 2E shows the XRD pattern of CH and Ag-CH, where 26 values at 9.1, 20.1, 23.0, and 26.7
corresponds to (020), (110), (120), and (130), respectively. Ag-CH contains all planes of CH along
with Ag planes.’® NA and Ag-NA XRD patterns are shown in Fig. 2F, where 20 values at 38.1,
39.4, 45.7, and 67.2 are corresponds to (311), (222), (400), and (440) planes. Ag-NA contains all
planes of NA and Ag NCs.3! It is clearly evident that all the Ag-composites contains planes of Ag
NCs as well as the planes of respective support materials. Hence, XRD analysis confirms that Ag

NCs are adsorbed on CE, CH, and NA.

FESEM analysis was performed for the Ag-composites, which confirms the adsorption of Ag NCs
on the CE, CH, and NA support materials. As the loading of Ag NCs is very much lower, only a
few NCs can be seen and the main motto is to get better SERS activity with low concentration
loading of Ag NCs. Fig. S1 shows the FESEM image of all the Ag-composites. FESEM images of
Ag-CE are displayed in Fig. S1 (A and D), which shows the adsorption of Ag NCs on CE. The
inset in Fig. S1D is the high-resolution FESEM image of Ag-CE. Fig. S1 (B and E) are the FESEM
images of Ag-CH, and the inset in Fig. S1E is the high-resolution FESEM of Ag-CH. NA is a
porous material, and hence, the Ag NCs were slightly embedded inside the alumina matrix. The
FESEM images of Ag-NA are shown in Fig. S1 (C and F). A high-resolution image of Ag-NA is

shown as an inset in Fig. S1F. Three Ag-composites were measured for TEM analysis to further



confirm the morphology and distribution of Ag NCs over support materials. Fig. 3A, B, and C
show the large area TEM of Ag-CE, Ag-CH, and Ag-NA, respectively.
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Figure 3. TEM image of (A) Ag-CE, (B) Ag-CH, and (C) Ag-NA. (D), (E), and (F) are the
HRTEM images of Ag-CE, Ag-CH, and Ag-NA, respectively. Elemental mapping of (G-I) Ag-
CE, (J-M) Ag-CH, and (N-P) Ag-NA.



Large area TEM shows the distribution of Ag NCs over support materials CE, CH, and NA, further
confirms the NC morphology. Fig. 3D, E, and F shows the HRTEM image of Ag-CE, Ag-CH, and
Ag-NA. Fig. S1G, H, and I display the TEM images of Ag-CE, Ag-CH, and Ag-NA, respectively,
with marking in different colors. The blue, green, and orange markings represent the single, dimer,
and trimer present after interaction with different supports with Ag NCs, respectively. Elemental
mapping analysis has been performed to know the presence of Ag NCs in the support material.
Fig. 3 represents the elemental mapping of all the Ag-composites. Fig. 3G-I represents the
elemental mapping of Ag-CE, where Fig. 3G, H, and I represent Ag (red), C (green), and O
(yellow), respectively. Fig. 3J-M represents the elemental mapping of Ag-CH and Ag (red), C
(green), N (blue), and O (yellow) are represented in Fig. 3J, K, L, and M, respectively. Elemental
mapping of Ag-NA shown in Fig. 3N-P. Here, Ag (red), O (blue), and Al (green) are represented
in Fig. 3N, O, and P, respectively.

Cumulative mapping and line scan profile of all the elements present in the composite are shown
in Fig. S2. Ag, C, and O are the main elements present in Ag-CE composite and their cumulative
elemental mapping shown in Fig. S2A. Ag-CH is composed of Ag, C, N, and O as main elements
and are simultaneously shown in Fig. S2C. Ag, Al, and O are the main elements present in Ag-NA
composite and cumulatively shown in Fig. S2E. Elemental mapping shows that the elements of
support material and Ag are present in all Ag-composites. Hence, elemental mapping confirms the
adsorption of Ag NCs over support materials in the composites. The line scan profile was carried
out for all the Ag-composites, shows the analysis of a selected line on the cumulative mapping
image. The line scan shows the position (in nm) along the x-axis and integrated counts along the
y-axis. Fig. S2B is the line scan profile along the line in Fig. S2A and provides information about
the distribution of Ag, C, and O elements of Ag-CE. Fig. S2D is the line scan of Ag-CH and shows
the distribution of Ag, C, N, and O. Fig. S2F displays the line scan profile of Ag-NA composite
which gives the information of the distribution of Ag, Al, and O elements. Line scan analysis is
strongly evident forthe adsorption of Ag NCs over CE, CH, and NA.Energy-dispersive X-ray
spectroscopy (EDS) analysis was performed, which further provides evidence for the adsorption
of Ag NCs over support materials in the Ag-composites. Fig. S3A, B, and C display the TEM-
EDS spectrum of Ag-CE, Ag-CH, and Ag-NA, respectively. Fig. S3A shows the presence of Ag,
C, and O elements of Ag-CE. Fig. S3B shows EDS spectrum of Ag-CH, which composes of Ag,
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C, N, and O elements.Fig. S3C is the EDS spectrum of Ag-NA which represents Ag, Al, and O

elements.

FT-IR analysis was performed to understand the adsorption of Ag NCs over support materials in
the Ag-composites. FT-IR analysis of Ag NCs, support materials, and Ag-composites were shown
in Fig. S4. Ag NCs are stabilized by cetyltrimethylammonium chloride (CTAC), hence, the bands
at 2925 and 2854 cm! are assigned to symmetric and asymmetric stretching of -CH»- of CTAC
chain, respectively.* FT-IR spectrum of CE shows a band at 3432 cm™' corresponds to a hydroxyl
group (-OH) stretching, 2900 and 1374 cm'bandsare assigned to stretching and deformation
vibrations of C-H groups in glucose unit.** The peak at 899 cm™ is the characteristic peak of -
glycosidic linkage between glucose units, 1453 cm™'band is attributed to tensile vibrations of C-O
group. 1008 cm’! peak represents (—C—O—C) pyranose ring skeletal vibration in CE.** FT-IR
spectra of CH shows a strong band at 3523 cm™! labeled for OH stretching vibration.>* Bands at
2925 and 2854 cm' are allotted for symmetric and asymmetric stretching of C-H group,
respectively. The 1546 and 1610 cm™! bands represents N-H bending of amide II and N-H bending
of primary amine, respectively in CH. The CH; bending and CH3; symmetrical deformations were
confirmed by the presence of bands at 1422 and 1375 cm™!, respectively.>* The band at 1153 cm’!
is assigned to asymmetric stretching of C-O-C bridge. Band at 1673 cm! corresponds to CO-NH»
group in CH. 947 and 877 cm’! bands are assigned to amine group of CH.* The band at 1546 cm"
!, slightly increased in Ag-CH because of the interaction between Ag NCs and amine group of CH.
NA displayed a band at 3490 cm™! corresponds to OH stretching.>® Band at 1623 cm™ is allotted
to H-O-H vibrations and mainly a small band at 1046 cm™! is assigned for Al-O-H vibration.’” All
the vibrations in the support materials are appeared in respective Ag-composites, i.e., vibrations in
CE, CH, and NA are remained in Ag-CE, Ag-CH, and in Ag-NA along with the presence of CH»
vibration from CTAC capped Ag NCs. All the support materials contain an OH band in FT-IR, as
shown in Fig. S4. The shape and position of these OH bands slightly varied after the incorporation
of Ag NCs to support materials (Ag-composites). This change can be clearly seen in FT-IR and
confirms the interaction of the OH group of support material with Ag NCs. Hence, FT-IR analysis
confirms the adsorption of Ag NCs over CE, CH, and NA.
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BET analysis was performed to know the surface area, pore diameter, and pore volume of support
materials along with Ag-composites. Table S1 shows the materials (support materials and Ag-
composites) and their respective surface area, pore diameter, and pore volume. CE shows a surface
area of 0.968 m’g™! and Ag-CE shows a decrease in surface area (compare to CE) of 0.539 m’g™..
The decrease in the surface area of Ag-CE compared to CE is due to the adsorption of Ag NCs
over bare CE. CH and Ag-CH exhibited surface areas of 20.672 and 0.763 m?g’!, respectively. The
decrease in the surface area of Ag-CH compare to CH shows the good adsorption of Ag NCs. NA
and Ag-NA provided with the surface area of 98.437 and 86.695 m?g’!, respectively. It is found
that surface area is decreased in Ag-composites compared to their support materials. The decrease
in pore size and volume of Ag-composites clearly suggests the adsorption of Ag NCs on support
materials. CE, CH, and NA showed pore size of 10.4 nm,* 2.26 nm,** 10.9 nm,*° respectively as
mentioned in the literature. Hence, the pore size of CE, CH, and NA obtained in the present work
is in well agreement with the reported value. The pore size was observed to decrease after the
incorporation of Ag NCs (Table S1).This shows that Ag NCs were adsorbed on support materials.
Ag-CE and Ag-CH samples are not porous, only Ag-NA composite showed good porous nature.
As neutral alumina is a porous material, well porous nature is observed only for the Ag-NA. Zeta
potential analysis was performed to understand the surface charge of the support materials and Ag-
composites. Fig. S5A shows the zeta potential value of Ag NCs, support materials, and Ag-
composites. Ag NCs exhibited a positive zeta potential of 19.2 mV as they are capped by CTAC
(cationic surfactant). CE provided with -13.4 mV but when Ag NCs were added to CE it showed
9 mV. This change in the zeta potential value is because of the adsorption of Ag NCs over CE. CH
and Ag-CH provided with zeta potential of -5.8 and -11.0 mV, respectively. NA and Ag-NA
showed zeta potential of 22.3 and 29.5 mV, respectively. The change in the zeta potential value
confirms the adsorption of Ag NCs over support materials in the Ag-composites. ICP-MS analysis
was carried out to know the amount of Ag present in the Ag-composites. Fig. SSB, C, and D shows
the ICP-MS values of Ag-CE, Ag-CH, and Ag-NA, respectively. ICP-MS values of 0.192, 0.190,
and 0.171wt % correspond to Ag-CE, Ag-CH, and Ag-NA, respectively, confirms the very less
loading of Ag NCs over support materials.

Raman and SERS analysis
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The performance of the synthesized Ag-composites were tested for the detection of 4-MBA, R6G,
and MB. For the detection of 4-MBA and R6G, 1mM analyte solution was added to three Ag-
composites individually and analyzed for Raman analysis using 532 nm laser with 3 mW laser
power, accumulation of 2 cycles, and acquisition time of 30 s employing 50X long working
distance objective. Raman spectrum of bare 4-MBA (Fig. S6A) shows three major peaks at 1070,
1179, and 1583 cm! corresponding to the ring-breathing mode of C-C stretching (v), deformation
(8) of C-H, and C-C ring stretching, respectively.*! Bare 4-MBA and 4-MBA adsorbed Ag-
composites (Ag-composites-4-MBA) exhibit same spectral positions with slight shifting after
interaction with Ag-composites. The peaks at 1080 and 1583 cm! represent ring-breathing modes
of C-C. COO- stretching observed at 1375 cm™! and peak at 1470 cm™ is attributed to combination
modes of v (CC) + & (CH).*'**> The peak position explained above is observed for 4-MBA adsorbed
Ag-CE (Ag-CE-4-MBA). 4-MBA adsorbed Ag-CH (Ag-CH-4-MBA) and 4-MBA adsorbed Ag-
NA (Ag-NA-4-MBA) also provided with the same Raman shift with slight variation in position.
The intense peak observed at 1375 cm™ in Ag-CE-4-MBA compared to Ag-CH-4-MBA and Ag-
NA-4-MBA is due to the strong adsorption of 4-MBA in Ag-CE composite. Raman analysis of
Ag-CE-4-MBA, Ag-CH-4-MBA, and Ag-NA-4-MBA are shown in Fig. S6B, C, and D,
respectively. Table S2 shows the Raman peak assignments of 4-MBA with and without Ag-
composites.***> R6G was added to three Ag-composites individually and analyzed for Raman
detection. The R6G adsorbed on Ag-composites (Ag-composites-R6G) showed peak at 608 cm’!
corresponds to C-C-C ring in-plane bending.** Peaks at 770 and 1122 cm'! are assigned to C-H
out-of-plane and C-H in-plane bending, respectively. C-O-C stretching peak was observed at 1293
cm!. The peak at 1365, 1505, 1568, and 1649 cm™! are attributed to aromatic C-C stre:tching.43
Raman spectra of R6G (1mM) with Ag-CE, Ag-CH, and Ag-NA are shown in Fig. S7. Table S3

depicts the peak assignments of R6G in Raman analysis.

Raman spectrum of bare MB (1 mM) is shown in Fig. 4A. All the peak assignment for Raman
spectra of MB is tabulated in Table S4.** A strong peak that appeared at 448 cm! corresponds to
skeletal deformation of C-N-C, 599 cm™! peak represents skeletal deformation of C-S-C. 674 cm™!
peak in Raman spectra is assigned for out-of-plane bending of C-H (Fig. 4A).* In-plane ring
deformation of C-H is observed at 1301 cm™'. 1627 cm™ is the ring stretching of C-C in MB

13



)_44

molecule (Fig. 4A).” Raman analysis of bare MB was measured by irradiation of 638 nm laser

with 3 mW laser power, accumulation of 2 cycles, and acquisition time of 30 s.
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Figure 4. (A) Raman spectrum of bare MB (1 mM), SERS spectra of (B) Ag-CE-MB, (C)Ag-CH-
MB, and (D) Ag-NA-MB. Raman mapping of MB (10 uM) with three Ag-composites (E-G) Ag-
CE, (H-J) Ag-CH, and (K-M) Ag-NA for three different spectral positions.
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SERS analysis has been performed only for MB as it provided more intensity spectra compared to
other analytes. Bare MB and MB adsorbed Ag-composites (Ag-composites-MB) samples were
normalized using 532 and 638 nm lasers. Normalization of laser with 532 and 638 nm laser
wavelength for bare MB is shown in Fig. S8A and for the three Ag-composites as shown in Fig.
S8B. From the laser normalization, it is seen that 638 nm laser provided with better enhancement
compare to 532 nm laser. This is because the maximum absorption peak of MB lies at 664 nm
which matches with the irradiated laser wavelength. Hence, 638 nm laser is kept constant to
measure all SERS samples with 0.3 mW laser power, accumulation of 2 cycles, and acquisition
time of 30 s. SERS spectra of MB adsorbed Ag-CE (Ag-CE-MB), MB adsorbed Ag-CH (Ag-CH-
MB), and MB adsorbed Ag-NA (Ag-NA-MB) were shown in Fig. 4B, C, and D, respectively. Ag-
CE, Ag-CH, and Ag-NA composites were able to detect MB at the concentration of 1 nM, 100
pM, and 100 uM, respectively. Beyond these concentrations, it was unable to obtain characteristic
spectra of MB. Hence, the LOD for the MB in case of Ag-CE, Ag-CH, and Ag-NA is found to be
1 nM, 100 pM, and 100 uM, respectively. Ag-CH provided more intensity spectra followed by
Ag-CE and Ag-NA for MB detection. So, Ag-CH showed better performance and sensitivity in
the detection of MB. All the peak assignments for MB-adsorbed Ag-composites are tabulated in
Table S4.*

Table 1 is tabulated for varieties of composites synthesized with different concentrations of Ag
and LOD obtained for MB detection in earlier reports are compared with the present work. This
comparison highlights that the present work incorporates very less concentration of Ag to the
support material and successfully detected MB as low as 100 pM in the case of Ag-CH. It is
observed that most of the spectral positions remain almost the same (in some spectra, slight shifting
of 3-5 cm™ is observed) in SERS analysis compared to bare Raman of MB. In case of Ag-CE-MB
and Ag-CH-MB, the intensity of the peak at 448 cm™! is decreased in SERS and it was the strongest
peak in bare Raman along with the increase in intensity of peak at 1627 cm™! is observed in SERS.
But in the case of Ag-NA-MB, peaks at 506 and 1182 cm™! assigned for skeletal deformation of
C-N-C and stretching of C-N were disappeared in SERS and no futher significant changes were
observed compared to Raman spectra of bare MB. In case of Ag-CE and Ag-CH, N-atom in the
skeletal ring may have weak interaction with CE and CH of Ag-CE and Ag-CH and thus the
decrease in the peak intensity was observed at 448 cm™' (C-N-C). The important aspect is the
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appearance of new peak at 361, 359, and 358 cmare assigned for Ag-S vibration in Ag-CE-MB,
Ag-CH-MB, and Ag-NA-MB, respectively. This shows that MB molecule is adsorbed on Ag-
composites by the formation of Ag-S bond. In general, Ag-S bond vibration appears in the range
of 330-340 cm™!,® however, the presence of support material in the Ag-composites, the Ag-S bond
position slightly varied. The Ag-S bond formation is further confirmed by DFT analysis as
explained in the computational section.As both support material and Ag NCs are present in
composite, it is very important to know the main component which is responsible for the sensing
of MB via SERS. For this reason, 1 pM MB (1 mL) was added individually to Ag NCs (20 uL)
and bare support materials: CE, CH, and NA, and Raman analysis was performed by following the
earlier sample preparation metioned above. Ag NCs-MB provided with nearly 18,850 counts,
shown in Fig. S9A. Even though MB concentration was high, the bare support materials were
unable to produce any characteristic spectra of MB. Fig. S9B is displayed with Raman spectra of
1 uM MB with three support materials and represented as CE-MB, CH-MB, and NA-MB. Hence,
this study confirms that bare support materials were unable to detect MB via SERS. Even though
Ag NCs-MB provided with good intensity spectra, but not better than Ag-composite substrates
(Fig. 4B, C, and D). Hence, it is believed that due to the strong supportive nature of support
materials for adsorption of Ag NCs, MB was detected at low concentration with very low loading
of Ag NCs. Use of composites is the better option in view of environmental safety, cost-

effectiveness, recyclability, and large-scale industrial use.

Enhancement factor calculation (EF)

I C.
EF = sers/ Csers

I Raman / CR aman

(D

Where,

Isers = Raman intensities of MB molecules in the SERS sample (Ag composite-MB)
Iraman = Raman intensities of bare MB (1 mM),

Csers = Concentration of MB solution contributing to Iszrs

CRraman = Concentration of MB solution contributing to Iraman
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Enhancement factor (EF) is calculated using equation (1).* The detailed EF calculation for Ag-
CE-MB, Ag-CH-MB, and Ag-NA-MB shown in SI (enhancement factor calculation section). For
the EF calculation, Raman spectral intensity of 1 mM bare MB is considered with Ag-composites
containing 1 uM MB. EF for Ag-CE-MB, Ag-CH-MB, and Ag-NA-MB were found to be 1.2 x
10, 1.4 x 10%and 3.7 x 10, respectively. Raman mapping analysis has been performed to know
the way of distribution of MB over Ag-composites. For the Raman mapping, MB of 10 uM with
three Ag-composites was selected. Fig. 4E-G are the Raman mapping of Ag-CE-MB, where three
spectral positions: 1627(Fig. 4E), 1400 (Fig. 4F), and 452 cm™! (Fig. 4G) were selected. Fig. 4H,
I, and J represent 1625, 1393, and 450 cm! peaks of Ag-CH-MB, respectively, in Raman mapping.
The three peaks of Fig. 4K, L, and M represent Raman mapping for 1625, 1391, and 438 cm’!
peaks of Ag-NA-MB, respectively. There is a scale bar provided with each Raman mapping image
with an increase in intensity. The bottom of the scale bar represents lower intensity with dark color
(almost black) representation and the upper portion of the scale bar represents higher intensity with
lighter color depiction. From the Raman mapping of Ag-composites-MB, it is clearly seen that the
color distribution is nearly uniform in all three selected spectral positions. In Ag-CH-MB, the light
color distribution is more followed by Ag-CE-MB and Ag-NA-MB. This shows that MB is more
adsorbed over Ag-CH compared to the other two Ag-composites. Hence, Ag-CH provided with
more enhancement for the detection of MB compared to other Ag-composites. These results
matched with the intensity count and LOD obtained from SERS in proving Ag-CH is the better
substrate for MB adsorbtion compared to the other two Ag-composites.

A uniformity study was done by selecting 15 random spots on the Ag-composites-MB to know the
uniform adsorbtion of MB. Here, MB of 1 uM concentration is considered with all Ag-composites.
Fig. S10A, B, and C represent the uniformity study on Ag-CE-MB, Ag-CH-MB, and Ag-NA-MB,
respectively. Uniformity study reveals that the spectral intensities obtained from different random
spots are nearly comparable in all three Ag-composites. Hence, the MB is uniformly adsorbed on
Ag-composites, and Ag-composites behave as good SERS substrates. Relative standard deviation
(RSD) calculation was measured from uniformity study and shown in Fig. S11. Ag-CE-MB (Fig.
S11A), Ag-CH-MB (Fig. S11B), and Ag-NA-MB (Fig. S11C) provided with RSD values of 9.7,
8.6 and 12.9%, respectively. These RSD values show that the obtained intensity values are not

much deviated from the mean value. Fig. S12A represents error bar calculation for 107 to 10° M
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concentrations of MB with Ag-CE. The error bar for Ag-CH with MB of 107 to 10 M
concentrations is shown in Fig. S12B. Fig. S12C shows the error bar for Ag-NA with MB of 107
to 10 M concentrations. Error bars were calculated from the values obtained by repeating SERS
analysis five times. From this, we can see that the values in all five times are comparable for three

Ag-composites.

Table 1. Different composites synthesized with different concentrations of Ag and LOD obtained

for MB detection in earlier reports are compared with the present work.

SI.  Composites Concentration LOD References

No. of Ag (M) M)

1 Ag NPs-RGO 10 10°® 19

2 MWCNTs-Ag 10 x 1073 107 20

3 Fe;04/GO/Ag 14.7 x 1073 107 21

4 Ag NCs@PDMS 1.3x 1073 107 22

5 Ag coated magnetic  70.6 x 106 107 23
polymethacrylate core-shell NPs

6 AgNPs/GO/g-CN 1x1073 10712 45

7 ZnO/Ag 0.2 10 46

8 Paper/Ag NPs 1.05 x 1073 2 %10 47

9 Ag-CE 0.18 x 10° 107 Present work

10  Ag-CH 0.18 x 10° 1010 Present work

11 Ag-NA 0.18 x 10° 108 Present work

X-ray photoelectron spectroscopy (XPS) analysis reveals the elemental composition and valence
states of the samples. Ag NCs and all Ag-composites were subjected to XPS analysis, shown in
Fig. 5. XPS survey spectra of Ag NCs, Ag-CE, Ag-CH, and Ag-NA are shown in Fig. SA. Survey
spectra of Ag NCs show peaks at 402.07 and 286.08 eV corresponding to N 1s and C 1s,
respectively. Peaks observed at 374.10 and 368.10 eV are corresponding to Ag 3ds» and Ag 3ds,
respectively.®® The presence of C 1s and N 1s in the survey spectra of Ag NCs is because of the
CTAC (CTAC stabilized Ag NCs), and it contains C and N. All the Ag-composites exhibit peaks
at 533.08 and 286.08 eV attributed to O 1s and C s, respectively.*” As CH contains N, the peak
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that appeared at 402.07 eV corresponds to N 1s in Ag-CH. N 1s peak is also observed in case of
Ag-NA, this is because of the presence of CTAC stabilized Ag NCs. All the spectral details are
matched with the literature.**#° The marked position in survey spectra is for Ag 3d and shown as
high-resolution spectra for Ag NCs, Ag-CE, Ag-CH, and Ag-NA in Fig. 5B, C, D, and E,
respectively. For high-resolution spectra of Ag NCs, peaks observed at 374.10 and 368.10 eV
corresponds to a doublet of Ag 3ds» and 3ds;, respectively with spin-orbit coupling, A = 6.0 eV
(Fig. 5B). All the Ag-composites contain Ag NCs and only the peak position for Ag is shown in
high-resolution spectra. Ag 3ds» and 3ds» peaks were observed at 374.10 and 368.10 eV for all
Ag-composites, confirming the adsorption of Ag NCs over support material in Ag-composites

(Fig. 5C, D, and E). Fig. 5F shows the table of all mentioned elements with respective binding

energy.
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Figure 5. (A) XPS survey spectra Ag NCs, Ag-CE, Ag-CH, and Ag-NA. High-resolution spectra
of (B) Ag NCs, (C) Ag-CE, (D) Ag-CH, and (E) Ag-NA, and (F) Table composed of elements

with binding energy.

Computational details
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DFT studies

All calculations were carried out using spin polarized density functional theory (DFT) as
implemented in VASP (Vienna Ab Initio Simulation Package) code®® with projector augmented
wave (PAW)*! potential and Perdew-Burke-Ernzerhof (PBE)* functional of generalized gradient
approximation (GGA). The convergence criterion for the plane-wave kinetic energy cut-off was
set to 450 eV for all calculations. The convergence criteria of energy and force are 10° eV and
0.05 eV/A, respectively. The Ag (111) and Ag (100) facets were modelled by (5 x 5) supercell
consisting of repeated three-layer slabs. The Brillouin zone was sampled by a Monkhorst-Pack
scheme™ with 1 x 1 x 1 k-points grid for geometry optimization and single-molecule adsorption
calculations. The DFT-D2%* method is applied to describe the van der Waals interactions. The
initial arrangements for the adsorbed molecules (CE, CH, and NA) on Ag surfaces were chosen to
mimic the considered experimental findings, in which the molecules were hinted as preferring the
lying-down structure on Ag surfaces. The optimizations of initial structures were performed via
locating the O atoms of the molecules (CE, CH, and NA) on different active sites of various Ag
facets. During the total energy calculations, the adsorbed molecule and the top layer of Ag atoms
were allowed to relax in their positions to reach the most stable configuration, whereas Ag atoms

of bottom layers were frozen to reduce the computational cost.

Further, we computed the adsorption energies of molecules (CE, CH, and NA) on Ag surfaces with
different facets ((100) and (111)). The adsorption energies (Eaq) of molecules was computed by
using the following equation (2).%

Eaa= Eagsorbed system — Esystem — Efree molecule -+ -+ - (2)
Where, Eadsorbed system 1 the total energy of surface with molecule, Egysem is the total energy of
surface and Efree molecule 1S the total energy of free molecule. Using this equation, the negative values

of Eaq suggest that adsorption of free molecules on the Ag surfaces are energetically favorable.

The charge density difference can be defined using equation (3),
Ap = PMB+composite = Pcomposite =PMB................. (3)
Where, pmB-+composite 1 the total charge density of the system, peomposite 18 the charge density of

composite and pwmg is the charge density of free molecule.
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Figure 6. Optimized model structures of molecules adsorbed on different facets of Ag-NCs (A)
Ag-CE (100), (B) Ag-CE (111), (C) Ag-CH (100), (D) Ag-CH (111), (E) Ag-NA (100), and (F)
Ag-NA (111). Adsorption energies are given below for each model. All values are in eV.

The density functional theory (DFT) calculations were performed to first understand the
configuration and facet selectivity for interaction between molecules (CE, CH, NA) and different
Ag facets (As Ag NCs consist of (100) and (111) facets) (Fig. S13). G. Yao et al. attempted to
figure out the conformations of simple rigid molecules on the surface of metal nanoparticles using

Gaussian software to evaluate DFT-simulated Raman spectra.®>’
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In the present work, the Vienna Ab initio Simulation Package (VASP) is used for simulation,
where the Molecular Dynamics (MD) method is computationally costly. Thus, to achieve the
research objective and to reduce the cost of calculations, we consider the most favorable
geometrical conformation in this study, as reported in previous works.*%" Results reveal that the
most probable configurations for the molecules (CE, CH, and NA) adsorbed on Ag surfaces are
the lying-down geometry with O atoms of molecules occupying mostly the atop site and hollow
site on different Ag facets (Fig. 6A-F). The distance between Ag atoms bonded to the adsorbed O
atoms, N atom, H atom and Al atom are less (2.0-2.7 A) (Table 2), implying the strong
chemisorption between molecules and the Ag surfaces. Remarkably, the adsorption energy of CE,
CH, and NA molecules on Ag (111), Ag (100), and Ag (111) facets is much lower than that for
the Ag (100), Ag (111), and Ag (100) facets, respectively. Table 2 gives more details on bond length
and adsorption energy of molecules and MB. This indicates that CE, CH and NA molecules possess
unique facet selectivity for Ag (100) and Ag (111), hindering the deposition of Ag atoms and
eventually leading to the formation of (100), (111), and (100) facet-terminated NCs on CE, CH,
and NA, respectively.

Table 2. Bond length between different Ag atoms and oxygen atoms (Ag-O), nitrogen atom (Ag-
N), hydrogen atom (Ag-H), and aluminium atom (Ag-Al). Adsorption energy values of molecules
adsorbed on different facets of Ag and adsorption energy values of MB adsorbed on most stable

composite is given. All values are in eV.

Adsorption Adsorption
Bond Length (A)
Surface Energy Molecules Energy of MB
(Eaa) (eV) (Eaa) (eV)

Ag-CE (100) 2.62 (Ag-0), -2.26 -5.57
Ag-CE (111) 2.67 (Ag-0), -1.67 --
Ag-CH (100) 2.50 (Ag-0), 2.54 (Ag-N), -3.34 --

2.15 (Ag-H)
Ag-CH (111) 2.65 (Ag-0), 2.34 (Ag-N), -7.16 -5.98

2.00 (Ag-H)
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Ag-NA (100) 2.42 (Ag-0), 2.47 (Ag-Al) -5.73 -5.30

Ag-NA (111) 2.50 (O-Ag), 2.64 (Ag-Al) 4.59 ~

A Top view B Top view C Top view

Side view

Figure 7.0ptimized model structures of different composite adsorbed with MB (A) Ag-CE (100)-
MB, (B) Ag-CH (111)-MB, and (C) Ag-NA (100)-MB. Top view of the structures are given in
inset. (D-F).Charge density difference of the MB molecule adsorbed on Ag facets. Blue and yellow
color represent charge loss and charge accumulation, respectively. For clarity, the S and Ag atoms
are marked.

Further, to check the detection of hazardous analyte such as MB, we only considered (100), (111),
and (100) facet-terminated Ag NCs on CE, CH, and NA, respectively. The calculated adsorption
energies for MB with Ag NCs on CE, CH, and NA molecules are -5.57 eV, -5.98 eV, and -5.30 eV,
respectively (Table 2). Optimized structures are shown in Fig. 7A-C, where the sulfur atom of MB
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is strongly interacting with the composite and adsorbed in atop configuration on Ag atom. The
charge density difference of MB adsorbed on the Ag facets with most stable structure is shown in
Fig. 7D-F. As a result of the MB molecule's chemical adsorption and the resulting redistribution
of charge density in the MB molecule, the electronic structures of the Ag facets are altered.
Electrons tend to accumulate around S atoms, C atoms of the C=S functional group of MB
molecules and the Ag surface nearby, as shown in Fig. 7D-F. Results indicate that when a MB
molecule is adsorbed on electron rich Ag facets, electrons may transfer from surface of Ag atoms
to MB molecule. This electron transfer is majorly dependent on the Ag surface structure. Hence,
all adsorption configuration is energetically favorable but MB can be highly detected by (111)
terminated Ag-CH composite than Ag-CE and Ag-NA. Order of detection efficiency of MB can
be given according to the binding energy which is, Ag-CH > Ag-CE > Ag-NA. Results indicate
that the theoretical study is matching well with the experimental outcome. From theoretical
analysis, it can be concluded that Ag-CH composite is more sensitive towards MB with better
adsorption energy, therefore, this type of composite materials are highly suitable for detection of

environmentally hazardous contaminants.

Finite-Difference Time-Domain Simulation

3D finite-difference time-domain (FDTD) calculation was performed using Lumerical FDTD
simulation software. Ag NC of side length 45nm and diagonal length 65nm on a glass substrate of
Imm thick were considered for simulation. Simulations are carried out on single, dimer, and trimer
Ag NC configurations keeping a gap of 4 nm as shown in Fig. 8. A plane wave was used for
excitation, propagating along the negative z-axis direction with 0° polarization. The excitation
wavelength and size of the nanostructure greatly impacts on the electric field distribution in
FDTD.%2 The laser wavelength used was centered at 632nm. All output images were optimized
and normalized to the intensity of the excitation source. Periodic boundary conditions were applied
in the plane of the simulated structure. The frequency-dependent dielectric function of Ag was
taken from literature®® and the effective refractive index of the surrounding dielectric was set to

1.33.

The field enhancement observed in the SERS experiments with the Ag NCs are compared with the
results from FDTD simulations with three different configurations. Fig. 8 A-C display the electric
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field intensity distributions for the selected geometries. Three different geometrical configurations
of the NCs corresponding to experimentally observed structures (Ag NCs with rounded corners,

radius of curvature: 3 nm) were considered for modeling.
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Figure 8. Simulated (3D-FDTD) electric field intensity distribution in the xy-plane for three
geometrical configurations of the NCs corresponding to experimentally observed structures (Ag
NCs with rounded corners, radius of curvature: 3 nm). (A) Single Ag NC, (B) face-to-edge Ag
NCs dimers (one nanocube rotated by 90°), and (C) face-to-face Ag NCs trimers.

Fig. 8A, B, and C display three different geometries namely, single Ag NC, face-to-edge Ag NCs
dimers (one nanocube rotated by 90°),and face-to-face Ag NCs trimers, respectively. The
distribution of electric field intensity is provided for each configuration. For a single Ag NC, the
highest electric field is observed at the corners (red color) (Fig. 8A), as reported in literature.%*
Considering equal conditions for the excitation and the scattering field, it would lead to an
electromagnetic SERS enhancement of ~1.4 x 102.Fig. 8B and C indicate that, when aggregates
are formed on the glass, the electric field enhancement increases significantly, and the highest field
enhancement is localized at the corners and in the nanogaps between the NCs in both the
configurations. For face-to-edge Ag NCs dimers, electric field intensity distribution is more at the
contact of two Ag NCs (face of one Ag NC to the edge of another Ag NC) and for face-to-face Ag

NCs trimers the electric field intensity distribution is more at the nanogaps between the adjacent
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Ag NCs. Face-to-edge Ag NCs dimers and face-to-face Ag NCs trimers exhibited EF of 8 x 10°
and 6 x 10°, respectively. EF for Ag-CE-MB, Ag-CH-MB, and Ag-NA-MB was found to be 1.2
x 10%, 1.4 x 10% and 3.7 x 10°, respectively via experimental method. As EF of Ag-CE-MB and
Ag-CH-MB is in the order of 10%, Ag NCs are expected to present mostly in dimer or trimer
configurations. But in case of Ag-NA-MB, EF is in the order of 10°, this may be due to the mixed
Ag NC configurations of single, dimer and trimer. Upon the addition of Ag NCs to support
materials, Ag NCs are arranged mostly in dimer and trimer form along with single NCs throughout
the sample. FESEM and TEM analyses confirm the different arrangement configurations of Ag
NCs in the composites, as shown in Fig. S1. In Fig. S1, blue, green, and orange markings represent

the single, dimer, and trimer of Ag NCs, respectively, present in the different composites.

Plausible mechanism and real time filtration process

The plausible mechanism of MB adsorption on three Ag-composites shown in Fig. 9A and
depicted based on the Raman, SERS, and DFT studies. From the SERS analysis, it is very clear
that the MB molecules adsorbed on Ag-composites by direct bond formation with Ag NCs. Hence,
new peak assigned to Ag-S was observed in SERS. Even though MB molecule is directly attached
to Ag NCs, the role of support materials in the detection of MB cannot be neglected. Here, Sulfur
atom of MB attached to Ag NCs, and the support materials can facilitate the adsorption of Ag NCs
on them. This chain of adsorption property between support materials, Ag NCs, and MB can lead
to the better detection of MB compared to bare Ag NCs (Fig. S9A). Hence, mechanism cannot be
exactly synergistic effect between Ag NCs and support materials, because when MB molecule is
measured on bare support materials, no significant spectra was obtained (Fig. S9B). But, the
support materials may act as strong backbone for Ag NCs to adsorb MB. DFT studies depicts the
interaction of support materials with Ag NCs and shows that the distance between Ag atoms
bonded to the adsorbed O atoms, N atom, H atom and Al atom (from support materials) are less
(2.0-2.7 A) implying the strong chemisorption between support materials and the Ag surfaces.
DFT studies also confirms the adsorption of MB on Ag-composites by Ag-S bond formation.
Hence theoretical as well as experimental analyses were well matched and confirmed the formation
of Ag-S bond between MB and Ag-composites. Charge density calculations specify that when a

MB molecule is adsorbed on electron rich Ag facets, electrons transfer from surface of Ag atoms
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to MB molecule. This electron transfer is strongly emphasizing the chemical enhancement along

with electromagnetic enhancement in the system.
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Figure 9. Plausible mechanism of adsorption of MB on (A) Ag-CE, Ag-CH, and Ag-NA.(B) MB
(10 uM), (C) filtration unit for Ag-CE, Ag-CH, and Ag-NA, and (D) UV-vis absorption spectra of
MB and the filtrate from Ag-CE, Ag-CH, and Ag-NA after passing MB from the filtration unit.

A real-time filtration unit was constructed by filling 1 g of the Ag-composites individually in the
syringe tube. Initially, small cotton was placed in the syringe then 1 g of composite material was
filled individually in three syringes. Further 3 mL of 10 uM MB solution was made to pass through
the filtration unit. The filtrate that comes out of the filtration unit was collected and subjected to

UV-vis analysis to confirm the MB adsorption. Real-time filtration unit is shown in Fig. 9. Fig.
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9B shows the 10 uM MB, Fig. 9C shows the filtration unit for Ag-CE, Ag-CH, and Ag-NA after
passing MB. Fig. 9D shows the UV-vis absorption spectra for 10 uM MB, filtrate collected from
Ag-CE-MB, Ag-CH-MB, Ag-NA-MB. It is clearly seen in Fig. 9D that the filtrate from Ag-CE
and Ag-CH does not contain MB but Ag-NA contains less concentration of MB. This shows Ag-
CE and Ag-CH adsorbs MB completely, whereas Ag-NA was less better. Hence, Ag-CE and Ag-
CH can be successfully employed for the real-time analysis for the filtration of MB to get pure

water. This small scale can also be applied for large-scale filtration unitson an industrial scale.

Conclusion

Ag NCs were successfully synthesized and used for the preparation of three composites, Ag-CE,
Ag-CH, and Ag-NA with 0.2 wt % of Ag NCs loading. All the Ag-composites were successfully
characterized by XRD, FT-IR, FESEM, HRTEM, elemental mapping, EDS, line scan profile, zeta
potential, ICP-MS, and XPS analysis.ICP-MS values well matched with the concentration of
experimentally loaded Ag NCs with the support materials. MB was detected using all the Ag-
composites through Raman analysis. EF for Ag-CE-MB, Ag-CH-MB, and Ag-NA-MB was found
to be 1.2 x 10° 1.4 x 10%, and 3.7 x 10°, respectively. LOD of 1 nM, 100 pM, and 100 pM was
achieved for Ag-CE, Ag-CH, and Ag-NA, respectively. All the samples exhibited good uniformity
and RSD 0f 9.7, 8.6, and 12.9% for Ag-CE-MB, Ag-CH-MB, and Ag-NA-MB, respectively. MB
was detected to ultra-low concentration due to the strong bonding of Ag NCs and support materials.
DFT calculations reveal that configuration and facet selectivity for interaction between molecules
CE, CH, and NA with different Ag facets. Order of detection efficiency of MB follows Ag-CH >
Ag-CE > Ag-NA with respect to the binding energy. Hence, results from the theoretical study is
well equivalent with the experimental outcome, where Ag-CH exhibited more sensitivity for MB
detection. Charge density calculations confirm the strong adsorption of MB on Ag-composites.
This shows the strong adsorption of MB on Ag-composites enables ultra-low detection via SERS.
The EF values observed from FDTD simulation for single, dimer and trimer present in the Ag-
composite are found to be 1.4 x 102 8 x 105, and 6 x 10°, respectively, and observed a maximum
EF for face-to-edge configuration in dimer. A real-time filtration unit was made to filter MB with
all three Ag-composites. Ag-CE and Ag-CH composites showed better adsorption of MB
compared to Ag-NA. Hence, the filtration unit can be employed on an industrial scale for real-time

analysis. Overall, the composite materials exhibit excellent performance for detection of
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environmental hazardous contaminants and also meet the need of cost effectiveness, and

environmental support materials.
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The hazardous dye, methylene blue (MB) can be detected at ultra-low concentration using Ag-

composites via surface enhanced Raman scattering (SERS).

36



