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Abstract

In order to identify the quality of water, detection of organic pollutants at very low concentrations is
needed. In this work, hydrothermally grown ZnO nanoparticles (NPs) were used as a SERS active
substrate for the detection of nano-molar concentration (10~ M) of Methylene Blue (MB) and
Methyl Orange (MO), which is the best known detection limit for any pristine metal oxide
nanoparticles as a SERS substrate to detect organic pollutants. Additionally, self cleaning property of
used SERS substrate was demonstrated under UV light irradiation in aqueous medium for the
reusability of SERS substrate. These cleaned ZnO based SERS substrates were reused to detect the
organic pollutant with repeated detectability. Hence, bi-functional behaviour of ZnO NPs is
demonstrated in the present work by detection of organic pollutant using ZnO based SERS substrate
and self cleaning of SERS substrate for its reusability.

1. Introduction

Surface enhanced Raman spectroscopy (SERS) is a highly precise and sensitive tool for the detection of very tiny
amount of molecular species, sometimes close to single molecule level [ 1-4]. The detection of low concentration of
organic pollutants in water bodies is difficult to achieve and necessary for human safety. Methylene Blue (MB) isa
thiazine dye and widely used in chemical and biological industries. Similarly, Methyl Orange (MO) is an Azo-dye and
widely used in pharmaceutical, chemical and textile industries for the purpose of printing and dyeing. At very low
concentrations (micro molar or lower) of these organic pollutants, water is completely colourless and hence their
detection through UV-visible absorption spectroscopy is nearly impossible. SERS technique can be used to improve
the detection limit up to nano-molar or lower concentrations. In case of SERS, probe molecules get adsorb onto the
surface of active substrate giving rise to an enhanced Raman signal due to the chemical and/or electromagnetic
enhancement with later as a dominant factor. In general, metal nanostructures show electromagnetic enhancement,
while semiconductor nanostructures indicate chemical enhancement. Thus a better detection limit can be achieved
using Ag or Au nanoparticles (NPs), however, their high cost restricts their application towards sensing [5—15]. The
AgNPs suffer with oxidation and hence have a limited functional lifetime. Whereas, Au NPs are stable against
oxidation but to prevent the formation of their aggregates, usually capping agents are used which hamper the dye
adsorption on the surface of Au NPs resulting in reduced Raman signal. In view of this, different metal oxides such as
CuO, TiO,, ZnO etc are being investigated as cost effective alternatives for the detection of different organic
pollutants [16—-20]. Wang et al showed SERS detection of milli-molar concentration of 4-mercaptopyridine using
CuO nanocrystal [17]. Gong et al performed SERS detection of milli-molar concentration of 4-mercaptobenzoic acid
using TiO, NPs [18]. The ZnO NPs can be used as SERS active substrates due to their high refractive index, which is
helpful in confining the light to enhance the SERS signal. It is used in SERS detection of different organic molecules
such as cyanine dye D266, 4-mercaptopyridine (4-MPY), 1,4-bis[2-(4-pyridyl)ethenyl]-benzene (BVPP) and N719
dye [21-24]. Nanocage structure of amorphous ZnO is also studied for efficient SERS detection of
4-mercaptobenzoic acid, 4-mercaptopyridine and 4-aminothiophenol [25]. Adsorption of organic pollutants

on the surface of ZnO NPs and charge-transfer between them holds the key in SERS detection of pollutants.
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Liu et al demonstrated ZnO nanosheets as a SERS substrate to detect the micro-molar concentration of
4-mercaptobenzoic acid [26]. Jin et al detected 4-methylpyridine using ZnO nanorods as SERS substrate [27]. Among
studies on SERS detection of MB and MO using metal oxides as SERS substrate, detection of milli-molar
concentration of MO could be obtained using ZnO nanorods [28]. The detection of milli-molar concentration of MB
could be achieved with TiO, nanotubes [29], while micro-molar detection was obtained with Niobium pentaoxide
NPs [30]. Zhang et al demonstrated the detection of MO and MB along with other organic pollutants at 10~7 M
concentration using MoO, nanodumbbells [31]. However, detection of MB and MO at near nano-molar
concentration using cost effective pristine metal oxide NPs as SERS substrate is not reported till date to the best of our
knowledge.

Here, we successfully demonstrated detection of nano-molar concentrations of both the organic pollutants
(MB and MO) using cost effective hydrothermally grown ZnO NPs as SERS substrate. The surface morphology,
structure and band gap of prepared ZnO NPs were analyzed using different characterization techniques. The
bi-functional behaviour of prepared ZnO NPs was examined by SERS detection of MB and MO at nano-molar
concentrations and demonstration of self cleaning behaviour of used SERS substrate under UV irradiation for
multiple uses.

2. Experimental

2.1. Materials

Methylene blue trihydrate and Methyl Orange were purchased from Himedia Laboratories Pvt. Ltd, India for
the preparation of aqueous solutions of dyes. Zinc acetate dihydrate was purchased from Sisco Research
Laboratories Pvt. Ltd, India and methanol was bought from Loba Chemie Pvt. Ltd, India to synthesize the ZnO
NPs. These chemicals were used as received without further purification.

2.2. Synthesis of ZnO NPs

To synthesize ZnO NPs, 0.4 M concentration of Zinc acetate dihydrate in methanol (30 ml) was magnetically stirred
at room temperature for 30 min. Then the solution was transferred into a teflon lined stainless steel autoclave and
maintained at 150 °C inside a hot air oven for 12 h. After completion of reaction time the oven was allowed to cool
down to room temperature naturally. Finally, the formed product was air dried for 2 h to obtain pure ZnO NPs [32].

2.3. Preparation of SERS substrate

Aqueous dye solutions of 10~ to 10~ ° M concentrations were prepared by serial dilution method for both the
dyes. SERS substrates were prepared by drop casting method as reported in literature [4, 33, 34]. In this method,
4 mg of ZnO NPs were dispersed in 2 ml respective dye solutions in ultrasonic bath for 30 min for each
concentration of MB and MO (10 °,10°%,10 7,10 ®and 10 ~° M). The fixed amount (100 1) of dispersed
solution of ZnO and dye was dropped upon a Si wafer and dried in air at room temperature. These drop casted
and dried ZnO/dye over Si were used as SERS substrates.

2.4. Measurement techniques

The surface morphology of the synthesized ZnO NPs was studied using Nova NanoSEM 450 high resolution
scanning electron microscope (HRSEM). The structural study was done with a room temperature bench top
Rigaku Miniflex 600 x-ray powder diffractometer having a Cu K, radiation source operating at 40 kV and 15 mA
and the Rietveld refinement was done using Full Prof software. The ultraviolet-visible (UV—vis) absorption
spectra were recorded on a Biotek UV—vis spectrophotometer and Raman spectra were collected with Airix
Corp. STR 300 micro Raman spectrometer having 1200 cm ™' grating with step size of 1.2 cm ™' and laser source
of 532 nm. The SERS spectra of both the dye molecules were recorded for 10 s acquisition time and 3
accumulations with laser power of 0.26 mW at sample. The self-cleaning behaviour of ZnO based SERS
substrate was examined for reusability purpose by irradiating ZnO SERS substrate with UV light in presence of
DI water using an indigenously designed UV chamber equipped with four UV lamps of 8 W power each.

3. Results and discussion

3.1. Surface morphology and XRD studies

Surface morphology study of synthesized ZnO NPs was done using SEM technique. SEM image (figure 1(a)) of
ZnO NPs clearly shows well distributed particles with nearly uniform spheroidal shape. The SEM image
indicates the particle size in the range 45-50 nm. It is observed that they are well separated implying higher
accessible surface area for better adsorption of dye molecules over ZnO NPs, which is important for their
detection. The XRD pattern of ZnO NPs (figure 1(b)) was collected in the 26 range 20°—70° with a step size of
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Figure 1. (a) SEM image, (b) Rietveld refined XRD pattern with W-H plot as inset, (c) Raman spectrum, (d) UV-vis absorption
spectrum, (e) Tauc plot and (f) Nitrogen adsorption/desorption isotherm for synthesized ZnO NPs.

Table 1. Lattice parameters and crystallite size of ZnO NPs.

Crystalline Parameters (Units) ZnO NPs

Lattice Parameter (nm) a=Db = 0.32513;c = 0.52083
Unit cell Volume (nm?) 47.6796

X 3.47

Crystallite size , D(nm) ~50

0.02°. The diffraction peaks are well matched with JCPDS file number (03-065-3411) and absence of any
additional peak confirmed the purity of synthesized ZnO. It is found that the formed ZnO NPs have acquired
hexagonal wurtzite structure which belongs to the space group P6;mc having two formula units per primitive
cell. The Rietveld refined XRD pattern with pseudo-Voigt function defining the profile shape is utilised to
extract the refined cell parameters as tabulated in table 1. The average crystallite size ‘D’ of the ZnO NPs is
determined using the Scherrer formula as given in equation (1) [35].

D = k)\/fp cos O (D

where k (~0.9) is a dimensionless shape factor, A is the wavelength of the x-ray radiation, 0 is the peak position of
Bragg’s angle and 3 is the instrument-corrected line broadening at half the maximum intensity (FWHM) which
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is evaluated using silicon as standard material [36]. Further, Williamson-Hall (W-H) analysis was performed
using equation (2) to incorporate strain induced effects [37]. Therefore,

0B cosd = (kA/D) + (4¢ sin 0) ?2)

By plotting Scost with respect to 4sinf for all XRD peaks of ZnO-NPs and performing linear fit the value of
crystallite size can be calculated from the y-intercept of the fitted line (inset of figure 1(b)). From the y-intercept
of W-H plot the size of ZnO NPs is calculated and found to be around 50 nm, which is similar to the SEM
measurement.

3.2. Spectroscopic study

The Raman spectrum of synthesized ZnO NPs (figure 1(c)) indicates polar A, (TO) mode (~378 cm ™), two non
polar modes E58" (~435 cm ™) and EX’™ (~112 cm '), second order E5'8" - EX’" mode (~330 cm ") and

TA + LO mode (~660 cm™ ") confirming the formation of wurtzite ZnO. The Ebieh and EXY modes are
associated with vibrations of oxygen and vibration of Zn sub-lattice, respectively. Presence of all these peaks
confirms the formation of wurtzite ZnO nanostructure as described in literature [38]. In order to perform the
band gap study of ZnO NPs, the UV -vis absorption spectrum (figure 1(d)) was recorded in the wavelength range
0f200 to 900 nm. A clear peak at around 370 nm is observed suggesting presence of wide band gap in synthesized

ZnO NPs. Further, in order to calculate the band gap a Tauc plot was obtained using following equation (3) [39]:
(ahv)* = A(hv — E,) (3)

where o is the absorption coefficient, hv is the energy of incident radiation and Eg is the optical band gap. The
intercept obtained on the abscissa by extrapolating the linear portion of the (ahv)* versus hv graph (figure 1(e))
gives the optical band gap to be around 3.04 eV. Further, surface area analysis was performed to study the porous
nature of prepared ZnO NPs. The nitrogen adsorption-desorption isotherm of ZnO NPs is shown in figure 1(f).
The obtained specific surface area (using Brunauer—-Emmett—Teller, BET method) is found to be around
18.38 m? g_l, while pore volume (using Barrett—Joyner—Halenda, BJH method) is obtained to be around
0.024 cm® g~ !, indicating the porous nature of prepared ZnO NPs. This porous nature of ZnO NPs helps for
effective adsorption of dye molecules over its surface, which may lead to the better charge transport between
ZnO and dye molecules during SERS process.

The dye molecules were characterized using Raman and UV—vis absorption spectroscopy techniques.
Figure 2(a) shows the normal Raman spectra of MB and MO. The Raman peaks of MB around 760 and
1397 cm ™' corresponds to C-S—C skeletal deformation and C-H in-plane ring deformation, respectively.
Raman peaks around 1170 and 1467 cm ™' correspond to out of plane bending and anti-symmetric stretching of
C-N mode, respectively. The peak at around 1626 cm ™' corresponds to out of plane C—C ring bending [40, 41].
The Raman modes of MO at around 1117 and 1193 cm ™' corresponds to Ph—N stretching vibration and the
peaks around 1145, 1311 and 1591 cm ™' corresponds to C—C stretching vibration. The Raman peaks at around
1390 and 1413 cm ™' corresponds to N=N group stretching [42]. The UV-vis absorption spectra of aqueous
solutions of MB and MO are shown in figure 2(b). The MO dye shows major absorption in the range
400-500 nm while MB shows major absorption in the range 600-700 nm. In order to calculate the band gap of
both the dye molecules, Tauc plots between (chv)” and hv were drawn. The value of band gap of MB comes
around 1.81 eV (figure 2(c)) and of MO comes around 2.33 eV (figure 2(d)). The inset of figures 2(c) and (d)
clearly indicates that the aqueous solutions of micro molar or lower concentrations of these dye molecules
become colorless and would be difficult to detect using UV—vis absorption spectroscopy. Therefore, SERS can be
an effective technique to detect such lower concentrations of these organic pollutants.

3.3. SERS analysis

Figures 3(a) and (b) show the SERS spectra for 10> to 10~ M concentrations of MB and MO adsorbed on ZnO
NPs, respectively. The Raman peaks at around 770, 1166, 1394, 1455 and 1626 cm lin figure 3(a) implies the
presence of MB as described in earlier reports [41]. The Raman peaks at around 1117, 1145, 1194, 1312, 1390,
1418 and 1594 cm ™ in figure 3(b) implies the presence of MO as described in earlier reports [42]. A significant
amount of peak intensity for 1626 cm 'and 1390 cm ™! for MB and MO, respectively, is observed even for their
lowest concentration at nano-molar level. This clearly indicates the nano-molar detectable limit of ZnO NPs for
both the dyes, which is better than earlier reports for any pristine metal oxide nanoparticles to the best of our
knowledge. Figure 3(c) shows the linear increase in intensity of 1626 cm™" and 1390 cm ™' peaks with
concentrations of MB and MO, respectively, acting as a calibration curve for examining the concentration of
these dye solutions. Error bars in the calibration curve were calculated using standard deviation based on
multiple measurements for same concentration. Lombardi et al [43] showed that SERS enhancement of a
molecule-semiconductor system depends on many factors such as charge transfer, exciton and molecular
resonances. They also observed that the most intense enhancement occurs for transitions terminating at the
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Figure 2. (a) Normal Raman spectra and (b) UV—vis absorption spectra of both dyes, Tauc plot of (¢) MB and (d) MO with inset image
of their different concentrations (10>, 10 ®and 10~7 M).
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Figure 4. SERS signals for 10~ M concentrations of (a) MB and (b) MO, adsorbed ZnO NPs at different cleaning time (illumination
time), (c) Dyes concentrations versus illumination time, (d) Schematic of cleaning mechanism for ZnO NPs based SERS substrate and
reusability of ZnO NPs as SERS substrate for (¢) MB and (f) MO.

band edges. The enhancement of the Raman signal in the present case can be attributed to the effective charge
transfer between adsorbed dye molecules and ZnO NPs, as shown schematically in figure 3(d).

When laser is made to fall on the dye adsorbed ZnO NPs SERS substrate, generation of charge carrier takes
place within the HOMO-LUMO of dye molecules and conduction-valence bands of ZnO NPs. These photo-
generated charge carriers transfer from the semiconductor band edges to the affinity levels of the adsorbed
molecule, which results in an increase in rate of change of polarizability for few vibrational modes of molecules
[44—46]. Therefore, the Raman activity as a consequence of the SERS signal is amplified, resulting in significant
peak intensity at very low concentrations. The better detectable limit in the present case could be achieved due to
the better adsorption of dye molecules over the active surface of well distributed ZnO NPs and hence better
charge transfer between them.

The analytical enhancement factor (AEF) for MB and MO adsorbed on ZnO NPs is calculated according to
the following equation (4)

AEF = (Isgrs /INr) (Cnr / Csgrs) (4)

where Cyr and Cggrs are molar concentration of MB or MO for the normal Raman and SERS and Iy and Igggrs
are corresponding Raman intensities [20, 44]. In the present case, the AEF of ZnO NPs for detection of MB and
MO is found to be around 308 and 116, respectively.

To demonstrate the reusability of used ZnO NPs as a SERS substrate, UV assisted self cleaning of SERS
substrate was performed in aqueous medium to remove the adsorbed dye molecules over ZnO NPs so as to make
it ready for repeated cycles of detection. The SERS peaks at around 1626 cm™" was chosen for MB (figure 4(a))
and 1390 cm ™" was chosen for MO (figure 4(b)) to examine the concentrations of remaining dye molecules over
the surface of ZnO NPs after cleaning process at different intervals. The decreased intensity of 1626 cm ™' and
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1390 cm ™! peaks with illuminated time suggests the reduced dye concentration due to effective photo-
degradation of adsorbed dye molecules over ZnO NPs leading to the regeneration of the SERS substrate for
multiple reuses. The actual concentration of remaining adsorbed dye molecules was calculated using calibration
curves of figure 3(c) for respective dyes. The fast decrease in concentration of both the dyes (figure 4(c)) indicates
the effective cleaning of ZnO NPs SERS substrate. It shows that maximum cleaning occurs within 25 min of
illumination in aqueous medium for both the dyes and the substrate was completely cleaned after 90 min of
illumination. Figure 4(d) shows the schematic diagram for possible mechanism for cleaning of adsorbed dye
molecules over the surface of ZnO NPs in presence of water. The electron-hole pairs get generated on or near the
surface of ZnO NPs under UV illumination. These photo-generated electron-hole pairs react with water and
atmospheric or dissolved oxygen and generate hydroxyl radicals (€ OH) and superoxide radical anions (-O5 )
respectively [47, 48]. These highly reactive species reacts with adsorbed dye molecules and help in degrading
them. This suggests the probable reuse of treated ZnO NPs for SERS application. To demonstrate the reusability
of ZnO NPs for SERS application, we used cleaned ZnO NPs for the detection of low concentrations of MB and
MO (10 °to 107 M). The corresponding SERS signals are shown in figures 4(e) and (f), respectively, which
indicates nearly same intensities of the SERS peaks for similar concentrations of MB and MO adsorbed over
pristine ZnO NPs. This indicates the reusability of ZnO NPs as SERS substrate with repeatable detectability.

4, Conclusion

The bi-functional behaviour of hydrothermally grown ZnO NPs were successfully demonstrated by detection of
organic pollutants (MB and MO) using ZnO based SERS substrate and the self cleaning of ZnO based SERS
substrate. The detection of nano-molar concentrations of both the organic pollutants (MB and MO) was
successfully demonstrated using pristine ZnO NPs over Si as a SERS substrate. This detection limit of ZnO for
organic pollutant is the best to our knowledge for any pristine metal oxide nanoparticles as SERS substrate.
Further, self cleaning of used ZnO NPs was performed under UV light illumination in aqueous medium for
reuse of SERS substrate. The reusability of ZnO based SERS substrate was successfully demonstrated by
reemploying the cleaned ZnO NPs for the detection of MB and MO with repeated detectability.
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