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INTRODUCTION

Indium Sulfide (InS;) is an important material, for optoelectronic gitbtovoltaic applications and is
promising candidate, for many technological appiices due to its stability, wider band gap and phonhductive
behavior. These materials have possible application solar cells [1]. Indium sulfide is an 1I-VIrgup
semiconductor [2], which has important photolumasege properties [3] and hence, finds larger agfidios in
optoelectronic devices [4]. Indium sulphide has semposite forms of InS and, B, with band gaps of 2.44 an
2.0 — 2.2 eV, respectively [2]. At atmospheric prgs, InS; is found to crystallize into three different stiwal
forms, defective cubic structure-(n,S;), defective spinel structurg-{n,S;) and layered hexagonal structuge (
In,Ss). Among, these three fornfisin,S; has gained much attention, because of its uniceerehic [5], optical [6],
optoelectronic [7] and semiconductor sensitizat{8h properties. Among various inorganic semicondgt

materialsg3-In,S; has been of great interest, because of its qutiéedsting structure and potential properteB,S;
is an n-type semiconductor, with an energy gap @etw2.0 and 2.2eV [7, 9]. This has been used asfer bayer
in solar cells [10], a hetero junction in photowaddtelectric generators [11], a photo catalyticeriat for hydrogen
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evolution [12-15], biological image sensors [16§anphoto catalytic material, for degradation oésl{17,18]8-In,S; can
be used as an effective non- toxic substitute Cfd® in CulnSgand Culn$ based solar cells [19-21]. This material not
only eliminates toxic Cadmium, but also improveghtitransmission, in the blue wavelength regiorhaving band gap,

wider than that of CdS. However, the synthesisotdntial applications af-1n,S; are rarely reported.

The synthesis of nanostructured electronic mateliak been of great interest, to material scisndisti chemists
due to their various potential applications [22-2bhe preparation of thin films of group Il suléd has been widely
reported. 18S; thin film solar cells have been reported with 26.4éfficiency [26]. InS; dendrites were prepared, via an
oxidation and sulphidation growth route [27],3nnanorods were obtained by metal- organic chemvigabur deposition
approach [28]. However, synthetic routes to prephlrsS; nanoparticles are scantily reported. Indium suphi
nanoparticles have been reported, by various tqabsilike solvothermal reduction [29], arresteccimiéation techniques
[16], sonochemical [30], and hydrothermal methat]s [

In the current paper, we report the synthesis bfacln,S; nanoparticles by electrochemical procedure, wisch
achieved by passing an electric current, betweendwmore electrodes, separated by an electraBgedefinition the
synthesis takes place, at the electrode- electraherface [31, 32]. Some of the advantages of itiethod are the high
purity of the particles and the possibility of theecise particle size (due to decrease in band gamtyol, achieved by
adjusting the current density. For optimizationisinecessary to take into account the followingapeeters: the choice of
the right solvent, supporting electrolyte, typeetéctrode and the current density [33]. The catalytoperty on photo
degradation of Indigo carmine dye and antibacteasietivity, using gram negative bioluminescastioto bacterium

leiognathiand antimitotic activity, usingllium cepahave been reported here.

EXPERIMENTAL

Materials

All chemicals used were of analytical grades oftgutndium (l11) Chloride (99.99 % metal base) wasrchased
from Alfa Aesar, Sodium Sulfide from Alfa-Aesar afutligo carmine dye from Merck. All solutions wepeepared in
double distilled water. Optical absorption spectrere recorded at room temperature, on JASCO- UV VIS
spectrophotometer. The crystallographic interpiatat were performed by X-ray diffractometer (Rigakiniflex Il
desktop X-ray diffractometer), using Ca kvavelength Q. = 1.54 A ). The morphological feature of the seamituctor
was observed by scanning electron microscopy (ZEws LS15). The elemental analysis of the nanogediis
confirmed, from Energy dispersive X- ray analysED@AX), recorded on HITACHI S-3400N JAPAN. Impedance

measurement was donsingWAYNE KERR 6500B precision impedance analyser.
Electrochemical Synthesis of 1pS; Nanoparticles

Nanoscaled I38; was synthesized, by the electrochemical proceisg lisdium coated platinum electrode in an
aqueous system, using sodium sulphide as condusle Sodium sulphide was employed as sulphur csour
An electrochemical process based on an electroda¢ell, where M coated platinum electrode was used as anode and
uncoated pt-electrode, as cathode with lateraadigt of 1cm. They were fixed in a holder, so thaytwere completely
enclosed by the electrolyte. A potential differermfe20V was applied between the electrodes, usiigCasource.
Electrochemical synthesis of;B involves two steps. Firstly, Indium is electrochieaitly deposited, on pt- electrode from

an aqueous solution of Indium chloride (0.05M). @elly, the Indium coated platinum electrode, coted¢o anode gets
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oxidized in Sodium sulphide solution, to yield npadicles of 18S;. The size of nanoparticles depends on experimental

parameters, such as current density, distance batweo electrodes and volume of JSasolution. The synthesis is
optimized to 20ml of Ng5. The nanoparticles thus, formed was washed regigatvith distilled water, until sodium
sulphide is completely removed, centrifused andicat,, for 2hr to remove sodium and hydroxide intms, which was
formed, due to electrolysis and atmospheric oxifatiHigh melting point of indium sulphide (1,080 affords

calcinations to 8AtT.

ST BE

In** Coated Pt - electrode

Uncoated Pt- electrode

In2S: Nanoparticles

Figure 1: Graphical Representation of Electrochemial Formation of In,S;
InCl; ==———= In®" + 3CI

Na,S 4+ 2H,0 <~———== 2NaOH + S* + H;

23t +  3S8% = InS;

Scheme 1: Mechanism for Synthesis of y8; Nanoparticles
Determination of Photo catalytic Activities

The photo reactivity of nanocatalysts are influehbg variables, such as the dopant, pH of solutimsage of
photo catalyst, concentration of dye and exposordifferent source of light iz. sunlight and UV Hig[34,35]. Indigo
carmine (IC) dye (Molecular formula:;§sOsN,S,, Molecular weight: 466.16, ., =610 nm) solution was prepared by
dissolving in distilled water (1 x 10M stock solution). This solution was used as testtaminant, for evaluating photo
catalytic activities. To assess the photo catalgfficiency of the prepared nanoparticles, photgrdéation experiments
were carried out using different concentrationrafifjo carmine dye, as substrate and different atrations of 1sS; as
catalyst. A calculated amount of catalyst was addeithe dye solution, stirred in dark for 1 mindstablish adsorption/
desorption equilibrium between dye and nanopasdijclend then illuminated under 8 W UV source to aea

photochemical reaction. Aliquots were taken atraerival of 5 minutes and percent transmittance dedsrmined.

To account for the mineralization of dye Chemi@alygen Demand (COD), was determined at differesgess.
The COD was measured according to the standardodhictte titration method [36,37]. The decrease iDG@g/ L) and
increase in % T of the dye solution, with color myal was observed. The formation of different ratligpecies, during
photo degradation is given in Scheme 2. The dyefaasd to have mineralized into,&8, CG, and simpler inorganic salts,

after being irradiated using 8 photo catalyst.
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The adsorption and photo catalytic conversion (gM#8 calculated as follows [38] :

8000 ( vol of FAS in blank - vol of FAS in dye soln ) normality of FAS
COD =

Sample volume

The photo degradation efficiency of the catalyst swacalculated by following Formula

Initial COD —Final COD
% Efficiency = * 100

Initial COD

The mechanism of photo degradation can be repesastfollows [39, 40]:

Np+hy ——» e +h'
h"+H,O ——s= OH +h"
h*+OH — s OH
e+02 ——» Oy
Oy’ +H,O — HO, +OH
HOy' + H,O——— OH + H,0
H,0, —— 20H
OH +IC —>

—

Intermediate products
Degradation products
O,"+1IC ——— = Intermediate products

——» CO,, H,O, NH; and other degradation products

Scheme 2: Mechanism of Dye Degradation by OH Radita

RESULTS AND DISCUSSIONS
X-Ray Diffraction

The XRD pattern of the prepared,$ nanopatrticles is displayed in Figure 2, which bitkisharp diffraction
peaks. The (hkl) values according to Treor programgn{lUCR) of the peaks 21.4830.59, 32.92, 35.49, 37.70,
41.84, 45.72, 49.38, 51.04, 56.0f 59.13, 60.68, 62.2%, 63.67 and 68.03 corresponds to crystal planes of (211),
(222), (222), (400), (330), (332), (510), (5214@4, (611), (541), (622), (631), (444) and (72&ppectively. The average
crystallite size was calculated using Debye Schexgeation, which is further confirmed by Willianmse Hall plot [41]
and it was found to be 76.3nm, the unit cell voluim@034.9 Rando = p =y =9¢,( a = b= c¢= 10.11 A). Accordingly,
In,S; belongs to cubic crystal system (In,S;). The obtained diffraction peaks are well in agneat with that of the

reported XRD results, with lattice parameter of @21 A, which is consistent with the reported vabfea= 10.71 A
(JCPDS Card No.65-0458)2]
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Figure 2: XRD Pattern of In,S; Nanoparticles
Optical Absorption Spectrum and Optical Band Gap

From the optical absorption spectra it is cleat,thaaximum absorption for }8; nanoparticles is at 350 nm.
This peak position reflects the band gap of thisoparticle and the synthesized nanoparticles an¢ophtive, under UV
light radiation. There is no absorption peak atblésregion. The indirect band gap of the sampleakulated, using
Tauc’s plot [43,44] by plotting ¢hm)“? verses h and then, extrapolating the straight portion & turve, orhy axis at
a=0 as shown in figure 4 and found to be 2.9 eVsTisignificantly blue shifted from that of bulk,8; (Amax = 601nm,
Ey = 2.07 eV ) and consistent with the quantum canfiant effect [45].
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Figure 3: UV-Visible Spectrum of In,S; Nanoparticles
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Figure 4: Tauc’s Plot of In,S; Nanoparticles
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Scanning Electron Microscopy (SEM) and Energy Dispssive X-ray Analysis (EDAX)

The morphology of I58;, Nanoparticle was investigated by FE SEM shown in Figure 5. The SE
observations can reveal thte sample consists of gregates of particles (Figure 5Ayjth irregular hexagonal cluster
(Figure5B like structure. The elemental analysis 0,S; nanoparticlesvas carried out using ED/4, to confirm the
presence of Indim and Sulphur. The EDAX result also shows the preseof smaller amount of oxygen as impu
(Figure 6).
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Figure 5: SEM Imagesof Electrochemically Synthesized I8S; Nanoparticles

Full scale counts: 97 Base(271)

Figure 6: Energy Dispersive X-Ray Analysis Spectrum of |gS; Nanoparticles
Transmission Electron Microscopy

The size and morphology of the synthesize,S; nanoparticles were investiga, using TEM. The TEM
micrographs of cubic h$; showed the, the material is particulate (Figure7). The TEWBDQes represented figures 7(A)
and 7(B) demonstrates thahtained products have diameters 20 nm and 100Them.SEAD pattern as well as HRTE
observation provides additional insi, into the structure of cubic J8. From the XRD da, the average crystallite size

calculated was 76.3nmwhich is also corroborated by TE
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Figure 7: TEM Micrographs of In ,S; Nanoparticles

Measurement of Zeta Potential by Dynamic Light Scaering (DLS)

The Zeta potential of W nanoparticles were determined using Zeta sizer NeS®0 (Malvern instruments).
The analysis was performed at an angle df @0 a temperature of 45, using sample diluted with acetone at pH 7.
The lower Zeta potential value, B nanoparticle (Table 1) suggests that, the naniofestobtained from electrochemical
method have a better stability of dispersion inesmys solution, at neutral pH and can enhance tberpiibn of cationic
organics, on the surface and thus, improve the opluatalytic efficiency of cationic organic pollutan The high
conductivity and field strength of 4uS/cm and 5.0kY respectively make j8; nanoparticle, a promising electronic

applicant.

Table 1: Measurement of Zeta Potential of I6S; Nanoparticles using DLS

Zeta Potential -

Mobility 0.01u/S/V/icm
Zeta potential 0.1 mV
Charge 0.00056 fC
Polarity Positive
Conductivity 4uS/cm
Field strength 5.0 kV/ m

Impedance Studies

The impedance analysis was performed in a frequeswoge, from 100 Hz to 10 K Hz, using WAYNE KERR
6500B precision impedance analyzer at room temperafThe Figure 8, shows the Bode plot [46] (véoratof total
impedance with frequency), forJ8 nanoparticles. The total impedance values arealgilower at low frequency region
and increases gradually with increasing frequerdter reaching a maximum, the impedance changedomaty, with
respect to increase in frequency. The impedancdystlearly indicates that, synthesized,3fnnanoparticles are

semiconductor photo catalysts.
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Figure 8: Bode Plot of Nano InS;

PHOTOCATALYTIC DEGRADATION OF INDIGO CARMINE DYE AN D COD MEASUREMENTS

Effect of Concentration of Indigo Carmine Dye

To ensure the optimum dye concentration, photodizgi@n is carried out with different concentratioinindigo
carmine, with constant weight of catalyst. The g®im the concentration of Indigo carmine, was réed by change in
colour using UV-Vis Spectrophotometer 117, SysiteniA plot of log% T verses time was linear, upth % of the
reaction indicating the disappearance of IC folldikst order kinetics (Figure 9). The rate constealues are tabulated
and the reaction rate decreases with increasesidyth concentration (Table 2). Beyond the optimysn @bncentration, as
the initial concentration of dye increases, therddgtion efficiency reduces. The possible reasothas, as initial
concentration of dye is increased, more dye moéscate adsorbed onto the surface of the catalyst.tfie adsorbed dye
molecules are not degraded immediately, becausatiesity of the light and the amount of catalgstonstant and also,
the light penetration will be less. Also, with iraise in dye concentration, the solution becomes mtense coloured and
the path length of the photons entering the saiuisodecreased thereby, fewer photons reachedatagyst surface [38].
Hence, there will be reduction in the productiorR&S species like hydroxyl and superoxide radigit$. Therefore, the
photo degradation efficiency is reduced. The COD Ifd solutions before and after degradation wereasueed and
tabulated in Table 2.

Effect of Catalyst Loading

The experiments were performed by taking diffel@mbunt of catalyst, varrying from 0.02 to 0.06gpider to
study the effect of catalyst loading (Figure 10 gadule 2). Several studies have indicated thatiquadalytic rate initially
increases with catalyst loading and then, decreatskigh values because of light scattering andesing effects [38,48].
The tendency toward agglomeration also increaséghtsolid concentration, resulting in a reductinrthe surface area
available for light absorption and a decrease iot@tatalytic degradation rate. The number of adites in solution will
increase with catalyst loading, a point appeatsetoeached, where light penetration is compromimerhuse of excessive
particle concentration [49]. A further increasecatalyst loading beyond the optimum (0.02g), wekult in non- uniform

light intensity distribution, so that, the reacti@ie would indeed be lower with increased catalgsiage.
Effect of pH

The pH of the solution is one of the important éast in evaluating the photo degradation reactroaqueous
medium. In the present work, the pH of the solutieas adjusted by adding 0.01M HCI solution and BlIO4aOH

Impact Factor (JCC): 3.7865 NAAS Rating: 3.55
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solution. The effect of pH was studied at pH 4,§HbH 8 and pH 10, keeping all other experimentalditions constant.

The results are illustrated in Figure 11 and taledlan Table 2. It can be suggested that, the énfte of pH on photo
degradation is due to the amount of dye adsorbedhamoparticles. It was observed that, the rate haftg catalytic
degradation of IC increases, with increase in pHoup0. This observation can be explained, on #sistthat, as the pH of
the solution increases, more Obins are available. These Oidns will generate more OH radicals, by combinwith the

positive holes of the semiconductor [50]. Theserbyd radicals are responsible for the degradabibiine dye.
Re-Use of Photo Catalyst

The possibility of reusing the photocatalyst waareied to see the cost effectiveness of the maiked (Figure
12 and table 2). After degradation of the dye,dhe solution was kept standing for 10 hrs and ttten supernatant liquid
was decanted. The photocatalyst was thoroughly &dhshith double distilled water and then, reused foe
photodegradation, by taking fresh IC dye solutidhe re-use sample has shown almost same degradfioency
compared to the fresh samples, while an obvioustrehse in photoactivity was noticed with the remyggdes [51]. This
indicates the nano samples, that can be regenaatece-used with slightly less efficiency. An almsly decrease in rate
of reaction was observed, with the second use tafyst. Reuse cycles might cause the aggregatigrhotocatalyst and

the decrease in specific surface area and thesladsmtalyst, resulting in a loss of catalytictt [52].

Table 2: Effect of Different Variables on the Rateof Photodegradation of Indigo Carmine Dye

www.tjprc.org
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Figure 9: Plot of Log %T Vs Time for Different Init ial Concentration of
Dye (a) and the Effect of COD upon Degradation (b)
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Figure 10: Plot of Log %T Vs Time for Different Amounts of
Catalyst (a) and the Effect of COD upon Degradatiorfb)
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Figure 11: Plot of Log % T Vs Time for Different pH of the
Dye (a), and the Effect of COD upon Degradation (b)
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Figure 12: Plot of Log %T Vs Time for Reuse of Catlyst
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BIOLOGICAL ACTIVITY

Antibacterial Activity

Bacterial Growth Condition

The Gram negative bioluminesceRthoto bacterium lieognathi{accession number: KM434234 ), isolated
from coastal area of Goa, were used in this study. Bactere grown in nutrient broth (NB) containing 386dium
chloride, with aeration at 25°C for 24 h.dl®f the overnight culture was inoculated into 1@0of nutrient broth and
incubated under the same condition until thegggEraches 0.5 ( approximately 12 hours), as at@sbacteria were

emitting the maximum amount of light.
Reagents

1mg/ml stock solution of nanoparticles was prepanesterile distilled water. To disperse the namtples, the
suspension was sonicated, before use. Later, netfubgs dilutions were prepared in sterile brotls #hese solutions are
later inoculated with an equal amount of bactaeribrioth, the dilutions are prepared at concenindtiace the desired final

concentration.
Minimum Inhibitory Concentration (MIC) Assay

Broth microdilution technique has been used to rd@tee the MIC of nanoparticle. For this purposeo tield
serial dilutions of the compound ranging from 50®t4 mg/ml were performed in 96-well white mictetiplate. Initially
100l of bacterial inoculums was placed into the welighe plate and later each well seeded with [1I08f nanoparticle
dilutions. Bacterial luminescent intensity was meed, using a luminometer (Variosk8hFlash Multimode Reader,
Thermo Scientific) after 6 hrs of incubation at @5kith 150 rpm shaking. In addition to the nanoigbeitreated well,
each plate had untreated bacterial culture asao@terile broth containing nanoparticle and &ebroth, also served as
blank for the test and control, respectively. Naartiple efficacy was calculated from the blanksnteol and treated

luminescence values on a plate:
Percentage of inhibition= [(C+B(T-B,)/(C-B)]*100
where

B, B,, C and T denotes the average luminescence ofestanth, sterile broth containing nanoparticlentcol

and treated wells, respectively.
RESULT AND DISCUSSIONS

The % inhibition of bacterial growth at differemirentrations of nanoparticles, is tabulated inet&and the
results are plotted in figure 13. The MIC is defires the lowest concentration of nanopatrticled, ittrabits the growth of
a microorganism. The percentage of inhibition tog hanoparticle has showed in table 3. The MICevédtur the tested

nanoparticle is 31.25 pg/ ml.

Table 3 Inhibition of Bacterial Growth at Different Concentrations of Nanoparticles (ug/ ml)

Nanoparticle
Concentration | 500 250 125 62.5 31.25 15.6 7.8 3.9 1.9 0/97 048

(1g/ml)
% of Inhibition | 142 [ 127 | 125 | 118 [ 100 89 81] 77] 74 7020

www.tjprc.org editor @tjprc.org
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Figure 13: Plot of % Inhibition of Bacterial Growth V/s Concentration of Nanoparticle inpg/ ml

Antimitotic Activity

The antimitotic activities of synthesized naopaescwere determined b4llium assay methodAllium cepahas
been used, to evaluate the antimitotic activityspfithesized Indium sulphide nanoparticles. Theltesf antimitotic
activity are given in table 4 and percentage irttwhiof cell division, by In2S3 nanoparticles congzhito control is given
in figure 14. The treatment &llium Cepacells with different concentrations of nanopagtc25, 50 and 75 ppm), at
different time duration (12, 18 and 24 hrs) extfitchanges in chromosomes and shape of the céiés.change in
chromosomes and cellular morphology were achieveéhéreasing time and concentration. The synthdsipelium

sulphide nanoparticles show good inhibitory effat24hrs of treatment and acts as potent antimiaggents.

Table 4: Antimitotic Activity Results of Indium Sulphide Nanopatrticles byAllium Cepa Assay Method

% Dividing Cells % Inhibition
Compared to Control Compared to Control

% Dividing Cells

CormpaLre Conc.inppm =518 [ 24 | 12 18 24 12 18 24
hrs hrs hrs hrs hrs hrs hrs hrs hrs
Control SDW 24.05| 24.5( 23.4p 0.00 0.00 0.00 0.00 .000| 0.00
25 25.81| 28.000 20.13 83.18B 72.68 38,7 16/82 27.31.43
In,S; nanoparticles 50 31.64| 33.15 17.34 69.82 62.42 25.89 30[18 37.58.01
75 32.30| 27.91] 13.89 63.14 48.66 18.p2 3686 51.31.98

(A) (B)

Figure 14: Cell Growth Inhibitions by (A) Control and (B) In,S; Nanoparticles
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CONCLUSIONS

Cubic InS; nanoparticles were synthesized by electrochemiedhod, which is simple, cost effective and eco-
friendly method. The photodegradation by this semituctor offers a green technology, for removalhazardous
components (organic dyes) present in waste watkimatustrial effluents. Kinetics of photo-degradatof Indigo carmine
suggested that, disappearance of IC follows firgieo kinetics and nanoparticles can be regenerated,reused with

slightly lesser efficiency. The complete degradatieaction was confirmed, by conducting COD expenrin

The synthesized nanoparticles are capable of irgténto the bacterial cell andllium cepacell, therefore

inhibits the cell growth and hence, confirms theldgical activity, as a potent antibacterial antraitotic agents.
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