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Abstract: Europium (Eu) doped Bi,S; nanoparticles (NPs) with different Eu contents were

successfully synthesized by solvothermal decomposition of the precursor complexes Bi(ACDA);
and [Eu(ACDA);-H,0] [ACDA=2-aminocyclopentene- 1-dithiocarboxylic acid] in
ethylenediamine (EN). The precursors were characterized by usual techniques such as UV-Vis
spectroscopy, FT-IR, CHN and TGA analyses. The prepared nanomaterials were characterized
by XRD, EDX, SEM and TEM analyses. XRD results demonstrate that the particles were well
crystallized. TEM images ascertain the NPs to be of flower-like structure consist of ultrathin
nanoplates of average diameter of 9-10 nm. Photocatalytic efficiency of the Eu doped Bi,S; NPs
were evaluated by monitoring the degradation of methylene blue (MB) in aqueous solution under
visible light. It was observed that the rate of photocatalytic degradation of MB increases with
increase of dopant ion. In addition, the photocatalytic degradation of various toxic organic
pollutants such as phenol, p-cresol, 4-chloro phenol, 4-tert-butyl phenol, 2,5-dimethyl phenol and
2,6-di-tert-butyl-p-cresol were carried out with doped NPs in visible light. Under identical
condition, the degradation rate of 4-chloro phenol is higher than the corresponding phenol, p-
cresol and 4-tert-butyl phenol. Finally, the mechanism of the degradation pathway for the phenol

and substituted phenols is discussed.

Keywords: Eu doped Bi,S; NPs, methylene blue, phenols, photocatalytic degradation

pathway.
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1. Introduction

Recently, a wide variety of organic pollutants are responsible for environmental and water
pollution.1 Among them, organic dyes, phenolic compounds and their derivatives are commonly
used in various field and most of which are highly toxic and can remain in the environment in
waste water for a long time.” These pollutants cause various environmental and serious health
related issues in our society.”® Although a variety of chemical, physical and biological methods
are used for treatment of waste water but majority of these processes are expensive and not

7-12

highly effective.” “ In this regard, uses of semiconducting nanomaterials for degradation of

organic pollutants have many advantages over other methods because of their environmental

friendliness, mild reaction condition and low concentration usage:.13’14

In particular, metal
chalcogenides are finding increasing use as photocatalysts for degradation of toxic organic
pollutants. In addition, the photodegradation of several toxic organic pollutants using TiO, as a

15-18

photocatalyst has been extensively studied over past decade. However, it is catalytically

19-22 \hich hinders its

active only under UV irradiation because of its wide band gap energy,
application in the visible region. Consequently, there is considerable demand for materials which
are active in the visible region, since visible light is the main component in solar light and indoor
illuminations.”

In this regard, sunlight-induced degradation of organic pollutants is one of the most attractive
approaches for combating environmental pollution and wastewater treatment.”* In order to
improve the efficiency of utilizing solar energy, attention has been focused on designing visible-
light driven photocatalysts. Over the last few decades, S-, N- and C doped TiO, photocatalysts

25,26

have shown much promising as visible light induced photocatalysts. However, low quantum

efficiency is a big problem for anion doped and co-doped TiO, — based photocatalysts. As a



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Catalysis Science & Technology

result, non-titania—based catalysts which exhibit visible-light-driven catalytic activity have
turned out to be promising alternartives.”” **
Therefore, enormous efforts have been dedicated to search for highly efficient visible light

driven photocatalysts in the past few years.”>!

Moreover, a large number of reports have been
focused on the synthesis of doped inorganic semiconducting chalcogenides for the degradation of
organic pollutants through photocatalytic process.’”> Recently, Baibiao Huang and his group
reported synthesis of Bi,0,CO3/Bi;S; and Bi;S; nanocrystals/BiOCI heterojunctions and
discussed their enhanced visible light-driven photocatalytic activity towards dye degradation.”*
In addition, rare-earth metal doped semiconductor has been a focus of numerous investigations
because of its unique optical properties and promising applications due to contribution to the

35,36 Furthermore, rare earth materials have been the

position of 4f electrons of rare-earth ions.
subject of intensive interest as they are known for their ability to trap the electrons, which can
effectively reduce the photogenerated electron-hole pairs. But pure rare-earth materials are very
expensive; it is urgent to look for desirable host substance for the rare-earth materials or rare-
earth host substance. In this respect, europium doped semiconductors have attracted much
attention in photocatalytic process owing to its high photocatalytic activity for the degradation of

37,38

organic contaminants. Nevertheless, there have been no reports regarding the photocatalytic

degradation of organic pollutants using Eu doped Bi,S3 NPs. Eu’" can be doped in Bi,S; moiet
p y

at ambient condition because of an ionic size closer to that of Bi’".*

Therefore, doping of
europium with Bi,S; would be an efficient way to improve the photocatalytic activity.
In this study, we report a facile synthesis of Eu doped Bi,S; NPs in different ratios through

the decomposition of two single source precursors namely previously reported®® Bi(II)

dithiocarboxylate complex and newly synthesized Eu (III) dithiocarboxylate complex using
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simple solvothermal technique. Furthermore, the doping percentage of Eu on Bi,S; NPs is tuned
to increase catalytic efficiency of the Bi,S; NPs which were characterized by usual techniques.
We demonstrated that the synthesized nanoparticles exhibit photocatalytic efficiency towards the
degradation of methylene blue (MB), phenol and substituted phenols such as 4-chlorophenol, p-
cresol, 4-tert-butyl phenol, 2,5-dimethyl phenol, 2,6-di-tert-butyl-p-cresol etc and the
degradation kinetics using different ratios of Eu doped Bi,S; NPs were studied thoroughly.
Finally, the mechanism of the degradation pathway for the phenol and substituted phenols were
studied which should provide important information about photocatalytic degradation pathway of

other aromatic molecules.
2. Experimental

2.1. Chemicals and materials

All chemicals were of reagent grade and used without further purification. The ligand 2-
aminocyclopentene- 1-dithiocarboxylic acid (HACDA) was prepared according to the previously
reported method.*' Bismuth nitrate [Bi(NOs3);3-5H,0], europium oxide (Euy0O3), ethylenediamine
(EN), methylene blue (MB), phenol, 4-chloro phenol (4-CP), p-cresol, 4-tert-butyl phenol, 2,5-
dimethyl phenol, 2,6-di-tert-butyl-p-cresol etc were purchased from Sigma-Aldrich. Millipore

water, methanol, acetonitrile and diethyl ether were used as received.

2.2. Synthesis of precursor complexes

The precursor complex Bi(ACDA); was synthesized by the reaction with [Bi(NOs3);-5H,0]

and 2-aminocyclopentene-1-dithiocarboxylic acid (HACDA) which was reported previously.*

[Eu(ACDA);-H,0] complex was synthesized using a stock solution of Eu(NOs); prepared

by the digestion of Eu,Os3 (175 mg, 0.5 mmol) in presence of conc.HNO;. To a 10 mL clear
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methanolic solution of Eu(NOs); (0.1 mmol), 15 mL HACDA (474 mg, 0.3 mmol) in methanol
and triethylamine (301 mg, 0.3 mmol) mixture was added. A yellowish brown precipitate was
immediately formed. After stirring for 15 min at room temperature, the product was filtered,

washed in methanol and ether. Finally it was dried over calcium chloride. Yield- 450 mg (70 °/,).

Anal. (C13H26EuN3S60): Found: C, 33.62; H, 4.59; N, 6.49. Calc. for C;sH,sEuN3S¢O: C, 33.54;
H, 4.50; N, 6.52%. FT-IR (Amax, cm'l): 3381 (m, br), 2928 (w), 1609 (s), 1466 (s), 1268 (w),

1037 (m), 790 (m). UV-Vis [Amax(CH;CN)/ nm (¢ / M cm™)] 388 (9680).

2.3. Preparation of Eu doped Bi,S; NPs

Eu doped Bi,S; NPs in different ratios were prepared by solvothermal decomposition of
the synthesized precursor complexes [Bi(ACDA);] and [Eu(ACDA);-H,0] using nucleophilic

solvent ethylenediamine (EN) in the following way:

The precursor complexes [Bi(ACDA);] (200 mg, 0.3 mmol) and [Eu(ACDA);-H,0] (4 mg,
0.0062 mmol) were dissolved in 30 mL ethylenediamine and transferred into a Teflon-lined
stainless steel autoclave. The temperature of the autoclave was maintained at 140° C for 5 hin a
thermo-stated air oven. After that the black NPs, that deposited, were collected by centrifugation,
washed several times with methanol and finally dried in air. The other two different ratios of Eu
doped Bi,S; NPs were prepared in a similar way by reacting the amount of [Bi(ACDA);] (200
mg, 0.3 mmol) with [Eu(ACDA);-H,0] (6 mg, 0.0093 mmol) and [Bi(ACDA);] (200 mg, 0.3

mmol) with [Eu(ACDA);-H,O] (10 mg, 0.0155 mmol), respectively.
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2.4. Physical measurements

Elemental analyses (C, H and N) were performed using Perking-Elmer 2400 II analyzer. FTIR
spectrum was recorded on JASCO FTIR-460 plus spectrophotometer using KBr disks. The
electronic absorption spectra were recorded on a JASCO V-530 UV-Vis spectrometer. Thermo
gravimetric analysis (TGA) was carried out using Perkin-Elmer USA Diamond-200 analyzer
under nitrogen atmosphere with a heating rate of 10 °© C/min. Powder X-ray diffraction (XRD)
were measured by the Philips PW 1140 parallel beam X-ray diffract meter using with Bragg-
Bretano focusing geometry and mono chromatic Cu Kea radiation (4 = 1.540598 A).
Transmission electron microscopy (TEM) images were collected by using JEOL JEM-2100
microscope using an accelerating voltage of 200 kV. EDX analyses were carried out by using
Hitachi S-3400 N (EDS, Horiba EMAX) instrument. The surface morphology of the materials
was studied by Scanning electron microscopy (SEM) (JEOL-JSM-6360). The electro-spray
ionization mass spectra (ESI-MS) were measured on a Micromass Qtof YA 263 mass

spectrometer.

2.5. Photocatalytic Activity Measurements

The prepared Eu doped Bi»S; nanoparticles were tested as photo-catalysts by the degradation of
methylene blue (MB) and phenolic compounds in water. The experiments were carried out in a
round bottom flask kept in a thermostated bath at 22° C. The light irradiation was carried out
from a 200 W tungsten lamp (= 410 nm) and a 1 M solution of NaNO, was used as the UV
cutoff filter.* The solutions of MB and phenolic compounds were prepared by dissolving it in
Milli-Q Millipore water to obtain solutions of (2 x 10~ M). The catalytic experiments were
separately carried out with 40 mL aqueous solution using 10 mg of the synthesized catalyst.

Before irradiation, the suspensions were magnetically stirred in the dark for 10 min to reach the

7
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adsorption-desorption equilibrium. After a given interval of illumination, 3 mL of the aliquot
was withdrawn from the solution mixture and centrifuged. The absorbances of the clear solutions

were measured on a UV-Vis spectrophotometer.

3. Result and discussion

3.1. Synthesis

The precursor complex Bi(ACDA); was synthesized according to the previously reported
method.** The yellowish brown precursor complex [Eu(ACDA);-H,0O] was synthesized by the
reaction of Eu(NOs); with three equivalents of HACDA in methanol at room temperature
(Scheme 1). The precursor complex is air stable and insoluble in water and common organic
solvents, however, readily soluble in DMF and DMSO. The complex has been isolated in good

yield and micro analytical data are consistent with the composition proposed.

Digestion

S
3HACDA AN
> Eu(NO;); > ( |Ful.m,0
Conc.HNO, CH;0H S

Scheme 1

Eu203

\

The FTIR spectrum of the [Eu(ACDA);-H,0O] (Fig. S1a) shows similar pattern compared
to that of HACDA (Fig. S1 b) except a band at ~2500 cm™ which appear in HACDA due to vs.y
stretching frequency. The electronic absorption spectrum of the precursor complex (Fig.S2)
shows one sharp absorption band at 388 nm and a shoulder at 322 nm, which may be due to the

intra-ligand transition.
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The Eu doped Bi,S; NPs were prepared by simple solvothermal decomposition of the

precursor complexes in EN at 140° C for 5 h (Scheme 2).

N EN 5
Autoclave, 140°C
[Bi(ACDA);| [Ew(ACDA);.H,0] Eu doped Bi,S; NPs
Scheme 2

3.2. Thermogravimetric analysis (TGA) of [Eu (ACDA);-H,0O] complex

The curve obtained from the thermogravimetric analysis (TGA) for [Eu(ACDA);-H,0] complex
is shown in Fig.1. The compound was found to decompose between 44 and 495°C through the
following three steps, resulting in the formation of metal sulfide. At 397 °C the curve shows
27.99 °/, residues, indicating the formation of EuS nanoparticle. The calculated weight
percentage for the EuS residue is 28.41°,, which is in good agreement with the value given by
TGA. The first weight loss (2.836 %) between 68 and 118° C corresponds to the loss of one H,O
group (calc. wt °/;=2.797). The major weight loss (37.324 °/,) in the second step is observed in
the temperature range of 118-226° C, which indicates the removal of one ACDA (CsHsNS,)
group and one CsHgN group (calc. wt% =37.269 °/,). The decomposition in the temperature
range between 226-397 °C in the third step has been found to be 31 °/,, which is very close to
the loss of remaining CS; and one CsHgNS group (calc. wt °/;=31.67 °/,). The weight loss curve
becomes linear after 397° C, signifying no further changes in composition of the material. The
possible chemical transformation equations for the thermal decomposition of [Eu(ACDA);-H,0]

are presented in the Scheme 3.
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68-118°C

[Eu(CsHgNS,)3.H,0] > [Eu(CcHgNS;)3] + H,O ... @
118-226°C
[EU(C6H8NSZ)3] > [EU(C6H8NSZ)CSZ ] +C6H8NSZ + C5H8N .......... (2)
0,
[Eu(CHgNS,)CS, | —22397C L BuS + CHNS + CSy o 3)
Scheme 3

100+ 68-118'C , Delta Y=2.836 %
80+ 118-226 °C, Delta Y=37.324%
s
< 60-
o
0
; 226-397°C,Delta Y=31%
40
20
0 100 200 300 400 500
Temperature('C)
Fig.1

Fig.1 TGA curve of the [Eu(ACDA);-H,O].

3.3. Structural characterization of Eu doped Bi,S; NPs

In order to confirm the formation of Eu doped Bi,S; NPs and its crystalline phases, X-ray
diffractgrams were recorded. Fig. 2A shows a comparison of the XRD patterns of the prepared
samples of undoped Bi,S; and Eu doped Bi,S; in different ratios. As shown in the Figs. 2A(b),
2A(c) and 2A(d) the obtained XRD patterns show a set of four major peaks, centered at 20
values of 19.95°, 26.09° , 30.13° and 45.05°, that are considerably broaden than the XRD

patterns of the bulk pure Bi,S; NPs [Fig. 2A(a)], although they have been made in a similar

10
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method. Average crystal diameters for Eu doped Bi,S; NPs were calculated using the Debye-
Scherrer equation [D= 0.94/(fcos0), where, D is the crystallite size, 4 is the wave length of X-ray
(1.540598 A), B is the value of full width at half maximum and 6 is the Bragg’s angle] and found

to be 9.5 nm.

The diffraction patterns of the bulk Bi,S3 presented in Fig.2A(a), match well with the standard
diffraction data of the pure primitive orthorhombic phase of Bi,S; (JCPDS No.170320).
Unfortunately, the large peak broadening in case of Eu doped Bi,S; NPs, due to the small crystal
size make it difficult to obtain unambiguous crystal structure information from the XRD pattern
of these doped Bi,S; NPs. However, an accurate study combining HRTEM and SAED pattern
will shed light on the crystalline structure of the NPs. A small shift (Fig. 2B) of the diffraction
peaks are observed in case of the Eu doped Bi,S; NPs, nevertheless this shift cannot be measured
due to the low percentage of the dopant ion and the width of the diffraction peaks which is
strongly broadened due to the small size of the crystallites. In addition, the EDX elemental

analyses, as shown in Figs. S3, S4 and S5 confirmed that the nanocrystals were composed of Bi,

Eu and S.
A s 45.05° B
( ) 26.09 30.130 ( )
E 19.95° E}
2l(d) £
2 2
/7] n
; :
o
3|(b) 2
s s
: &, /\J\W\Jmﬂ’\«
JCPDS NO-170320 \\WMW
(a)

l y T y T y y 1 ) ) 7 j T j j
10 20 30 40 5 60 70 8 40 42 44 46 48 50
20 (Degree) 26 (Degree)

11
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237  Fig. 2 (A) Powder X-ray diffractgram for (a) the pure Bi,S; NPs (JCPDS No-170320), (b) 1.85
238 % Eu” doped Bi;S;NPs, (c) 2.32 % Eu™ doped Bi,S3;NPs, (d) 4.26 % Eu™ doped Bi;S;NPs; (B)

239  Zooming of XRD peaks centered at 45.05°.

240  The morphology of the as-formed Eu doped Bi,S; NPs samples were examined by scanning
241  electron microscopy and was shown in the Figs. S6(A) and (B), which revealed the formation of

242 flower like aggregates with average diameter of 1.226 um [Fig.S6(A)].

243 The above spherical flowerlike microstructures were also confirmed by TEM analysis and the
244  images are shown in the Figs. S7, S8 and Fig.3. TEM images of undoped Bi,S; NPs are also
245  given in Fig.S9. Typical TEM images in those Figures show that the synthesized Eu doped Bi,S;3
246  nanoparticles are composed of flower-like aggregates on a large scale, with average diameters of
247 1.276 um [Fig.S7(A)]. It is interesting to note that with increasing the percentage of the dopant
248  ion, size of the nanoflower moiety also increases (diameter for 1.85% Eu doped Bi,S; is 1.269
249  um, [Fig.S7(C)] for 2.32% Eu doped Bi,S; is 1.505 um [Fig. S8(C)] and for 4.26% Eu doped
250 Bi,Ssis 1.841 um (Fig. 3C). The average diameter obtained from TEM images are much higher
251  than those of the XRD results, which was due to aggregation of the newly generated crystal
252 nuclei. Detailed analysis of the NPs [Fig. S7(B)] revealed that each flower-like aggregate consist
253  of ultrathin nanoplates which possess a relatively uniform thickness of 9-10 nm. Selected area
254 electron diffraction (SAED) patterns of the 2.32% and 4.26% Eu doped Bi,S; NPs exhibit sets of
255  concentric rings that can be indexed to diffraction planes for (211), (120) (041) (231) [Fig.S8(D)]
256  and (410) (301) (310) (200) respectively ( Fig. 3D). The HRTEM image of Eu doped Bi,S; NPs,
257  displays clear image of lattice fringes of the prepared nanocrystals, indicating the good

258  crystalline nature of the doped NPs.

12
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Fig. 3 TEM images of 4.26% Eu doped Bi,S; NPs.

3.4. Optical properties

The optical property of Eu doped Bi,S; prepared in different ratios were investigated by the UV-
Vis absorption spectroscopy and the corresponding plots are shown in the Fig. S10 and Fig.4.
The room temperature absorption spectra were recorded by dispersing the samples in methanol.
The band gap energies (Eg) of Eu doped Bi,S; NPs were calculated from the band edge
absorption using the Tauc’s relation [(ahv)l/ 2 vs ho] (Fig. 4) and are found to be 2.55, 2.70 and
2.80 eV for Eu doped Bi,S; NPs, where Eu=1.85, 2.32 and 4.26 °/,, respectively. The band gap
energies are blue shifted with increasing the amount of the dopant ion compared to the bulk

counterparts (for pure Bi,S; band gap=1.7 eV) due to the quantum confinement effect. Further to

13
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reveal the presence of Eu 3 jon in the Bi,S; moiety, photoluminescence spectra of pure Bi,S;

and Eu doped B1,S; (Eu=4.26%) were studied (Fig.S11).

(chv)"*(eVicm)®

15 16 17 13 18 20

(zhv)"*(eViem)’

15 20 25 3.0 35 40 4.5 5.0 5.5
hv(eV)

Fig. 4 Tauc’s plot of Eu doped Bi,S3; NPs. Inset: Tauc’s plot of undoped Bi,S; NPs.

3.5. Photocatalytic degradation of MB

To investigate the potentiality of the prepared materials as photocatalyst, the catalytic
performances of Eu doped Bi,S; NPs were examined by the photodegradation of MB under the
illumination of visible light as followed by spectrophotometric monitoring. We have chosen MB

as representative organic dyestuff since it is resistance to biodegradation.

In order to establish relative performances of the synthesized three different Eu doped Bi,S;
NPs as photocatalyst with respect to pure Bi,S; NPs and commercial WOj3 as standard samples,
the following comparative studies were made using (2x10 M) MB solutions. 10 mg NPs were
taken for doing all the experiments: (a) without catalyst in dark, (b) without catalyst in light, (c)

with pure Bi,S; NPs in light (d) with commercial WOs in light , (¢) with Eu doped Bi,S; NPs (

14
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Eu= 1.85 °/,) in light, (f) with Eu doped Bi,S; NPs (Eu= 2.32 °/,) in light and (g) with Eu doped
Bi,S; NPs ( Eu= 4.26 °/,) in light (Fig.5A and Figs.S12, S13). Fig. 5B shows the comparative
photocatalytic test under different conditions in terms of relative concentration (C/C,) with
irradiation time (#). The decomposition processes have been modeled as a pseudo first order
reaction with the kinetic expression /n(C,/C,) = kt, where C, represent the initial concentration of
MB; C; denotes the concentration at a given reaction time ‘#’. The comparative measurement
show that, there is no such change in relative concentration of MB in absence of catalyst in dark
and in light [Fig.5B (a) and (b)], indicates that degradation of MB is resistive in without any
catalyst in dark and also in presence of light whereas, a negligible change is observed when it
was kept in presence of pure Bi,S; NPs [Fig.5B (c)] and in presence of commercial WOj; [Fig.
5B(d)]. Remarkable changes can be observed in relative concentration of MB in presence of Eu
doped Bi,S; NPs and degradation up to 98 °/, is achieved using Eu doped Bi,S; NPs (Eu= 4.26
%) under the light irradiation within 20 minutes. The degradation time has been found to be
related to the percentage of Eu in the Bi,S; NPs; greater the percentage of Eu in Bi,S; NPs lesser
will be the time of degradation. From the linear extrapolations (Fig. 5B inset), the reaction rate

constants have been obtained and are given in Table S1.
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Fig. 5(A) Time dependent UV-Vis spectral change of MB solution (2x 10 M) catalyzed by 10
mg Eu doped Bi,S; NPs (Eu=4.26 %) (B) Photocatalytic degradation following pseudo first
order kinetics of methelene blue under different conditions: (a) without catalyst in dark, (b)
without catalyst in light, (c) pure Bi,S; NPs in light, (d) commercial WOs in light , (¢) Eu doped
Bi,S3; NPs (Eu=1.85%), (f) Eu doped Bi,S; NPs (Eu=2.32 %), (g) Eu doped Bi,S; NPs (Eu=4.26

%). Inset: corresponding kinetic plot.

Therefore, these results indicate that Eu~dopant really could play an important role in the
improvement of the photocatalytic activity of pure Bi,S; NPs. This behavior can be attributed to
the fact that the number of produced electrons and holes and their lifetimes are dependent on the
kind and amount of dopant and the size of the semiconductor particles. When the band gap
energy of a semiconductor is low, the lifetime of the produced electrons and holes in its surface
is low, which decrease the photocatalytic activity. As the band gap energy of the Eu doped Bi,S;
NPs were higher than the pure Bi,S;, it can suppress the recombination of electron-hole pairs. It
is cleared from the UV-Vis spectra that with increasing the amount of the dopant ion band gap
energy of the synthesized NPs increase (2.55 eV to 2.80 eV). As a result, the Eu™ dopant operate
as an electron scavenger on the surface of Bi,S; NPs, suppressing the recombination of electron-
hole pairs and enhancing their lifetime, so the photocatalytic activity of photocatalyst is
increased. In addition, we also studied the photocatalytic degradation of Rose bengal and
Rhodamine B dyes in presence of visible light (Fig.S14, S15) .The reaction rate constants have

been obtained from Fig.S16 and are given in Table S2.

The probable mechanism for the enhanced photocatalysis of Eu” doped Bi,S; NPs is
proposed as follows. Under visible light irradiation, electrons are excited from the valance band

to the conduction band of Bi,Ss, and holes (h") are produced. Eu” dopant in Bi,S; can effectively
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342  scavenge e and inhibit their recombination with holes (h"). Due to the standard redox potentials
343 of Eu"*/Eu™ and 0,/0, [E°(Eu™*/Eu'?) =-0.36V] and [E°(0»/O,) = -0.0338 V], surface electrons
344  could be trapped by the Eu™ ion to form a reduced species Eu'? ion, which then further oxidized
345  back to Eu" by the adsorbed oxygen present in the system.*> During these redox transformation,
346  the species O, and ‘OH will form and simultaneously, the adsorbed photogenerated holes
347  oxidize water molecules or surface-bound hydroxide species to generate ‘OH species. The

348  mechanism is shown in equations 1-7.

349
Eu/Bi,S; + Visible light —————— Eu/Bi,S; (€ + h") .eeeeeececucncnnnnns 1
Eu® +¢ —— gu* (electron scavenging step), . ............c.coe.... 2
Opags T € = 0y i 3
0,” + Eu™® ————> Eu™? reeseesestentsaetenesaesaeseaesesaeraeneraereenenenaenersesanen 4
Eu™? + Opgs Eu™ + O, (electron transferring step)............... 5
h* + H,0 ——— OH + H' ot 6

350 ht + O —> OH .. . . ceesseeesnnesessssssane 7

351

352 Furthermore, the stability of Eu doped Bi,S; NPs were also examined by pursuing the MB

353  degradation process with the Eu doped Bi,S; NPs (Eu= 4.26 %) for three successive reactions.
354  Slight decrease in catalytic activity (Fig.6) was observed after these successful reuses. Therefore,
355 it is also concluded that the prepared Eu doped Bi,S; NPs are stable enough for degradation

356  reactions at normal condition.

357
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Fig. 6 Cyclic run for the catalytic decomposition of MB with Eu doped Bi,S; NPs (Eu=4.26%)).
3.6. Photocatalytic degradation of selected organic pollutants

In order to further investigate the enhanced photocatalytic activity of the prepared Eu doped
Bi,S; NPs, we have studied the photocatalytic degradation of more toxic compounds such as
phenol, 4-chloro phenol, p-cresol and 4-tert-butyl phenol using only 4.26 °/, Eu doped Bi,S; NPs
because its activity is maximum for MB degradation. The photocatalytic degradation
experiments were performed using 40 mL of an aqueous solution of the appropriate pollutants
(2x 10° M) and 10 mg of 4.26 °/, Eu doped Bi,S; NPs as catalyst (Figs. S17, S18, S19 and Fig.
7A). From the In(Cy/C;) vs time (¢) plot in Fig.7B inset, the highest rate is observed for the
decomposition of 4-Chloro phenol followed by that of phenol, p-cresol and 4-tert-butyl phenol.
The reaction rate constants have been obtained from the linear extrapolations plot (Fig. 7B inset)

and are given in Table S3.
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Fig. 7(A) Time dependent UV-Vis spectral change of 4-tert-butyl phenol solution (2x 10 M)
catalyzed by 10 mg Eu doped Bi,S; NPs (Eu=4.26 %) (B) Relative Concentration (C/C,) vs
irradiation time (¢) plot of different phenolic compounds catalyzed by 10 mg Eu doped Bi,S; NPs

under light irradiation. Inset: corresponding kinetic plot.

3.7. Mechanism of the degradation of phenol and substituted phenols (4-cp, cresol, 2,4,6-

tertiary butyl phenol)

To investigate the mechanistic pathway in detail for the degradation of phenol and its
different substituents, we have chosen various phenolic compounds mentioned in Table S4.
Recently, very few groups have studied for the degradation of phenol, 4-CP, and p-cresol using

TiO, as a photocatalyst.'> **+°

They observed that the degradation process proceeds through the
stepwise formation of various intermediates like catechol (CC), hydroquinone (HQ),

hydroxyhydroquinone (HHQ) formed at the initial stage. These aromatic intermediates undergo
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397  further photocatalytic oxidation to ring cleavage to yield carboxylic acids and aldehydes, which

398 further degraded to CO, and H,O.

399 In our study, the ESI-MS analysis of degraded solutions of these phenolic compounds show
400 that the reaction pathway is not as similar as described above. The large number of intermediates
401  which have been identified during the photocatalytic degradation of phenolic compounds
402 indicated a complicated mechanism. These reactions proceed through the formation of a
403  hydroxyphenyl radical (HPR) which in turn further converted to the dihydroxy-biphenyl (DHB)
404  mentioned in Scheme 3 and 4. The formation of the various intermediates has been confirmed
405  from mass spectra (Figs. S20, S21, S22, S23, S24, S25). The presence of hydroxyphenyl radical
406  (HPR) as a short-lived radical intermediate has also been suggested in a recent study by electron
407  paramagnetic resonance spin trapping detection during the direct photolysis of 4-CP.*® All the
408  bicyclic compounds will then be degraded under photocatalytic conditions into monocyclic
409  compounds which further decomposed to carboxylic acid. It is interesting to note that the rate of

410  degradation of 4-CP is higher than the rates of the other phenolic compounds. This phenomenon
411  may be explained due to -I effect of Cl atom which stabilize the H radical formed by the photo

412  degradation. But in case of other alkyl substituted phenols the electron donating ability of alkyl

413  groups could not stabilize the aromatic ring and hence their rates are much slower than 4-CP.

414 The probable mechanism of degradation of Phenol and 4-CP are mentioned in Scheme 3
415  and Scheme 4. It is observed from mass analyses that p-cresol, 4-tert-butyl phenol, 2,5-dimethyl

416  phenol and 2,6-di-tert-butyl -p-cresol are also follow the similar reaction pathway.

417

418
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427 4. Conclusion

428 In summary, a simple and efficient solvothermal method was applied for the synthesis of
429  different ratios of Eu doped Bi,S; nanoparticles as new visible light activated photocatalysts. The
430  structural features of those materials have been studied by UV-Vis spectroscopy, XRD, EDX,
431  SEM and TEM which supports the formation of Eu doped Bi,S; NPs with an average diameter
432 9.5 nm. The results of XRD and EDX analyses confirmed that the doping of Eu ions into the
433  Bi,S; moiety did not change the crystal structure of pure Bi,S; NPs. Optical characterization of
434  the products revealed a blue shift in the band gap energies (2.55 eV to 2.80 eV) of the
435  synthesized materials which is due to quantum confinement effect exerted by the nanocrystals.
436  The synthesized nanoparticles showed excellent photo-sensitized photodegradation of MB and
437  some typical organic pollutants such as phenol, 4-CP, p-cresol, 4-tert-butyl phenol under the
438  illumination of visible light. This study of degradation of MB has shown that the synthesized Eu

439  doped Bi,S; NPs is more effective than commercial WOs3,

440 Kinetics of the degradation of MB and phenolic compounds were also investigated and found
441  to follow the pseudo-first-order path. These photocatalysts are stable enough to be recycled
442  several times. It was observed that with increase of the dopant ion, the photocatalytic activity of
443  the NPs increases. This is due to the decrease in the particle size with increasing band gap
444  energies with the incorporation of the dopant ion, which inhibit the electron-hole recombination
445  and enhanced their life time. The mechanism of the degradation pathway for the phenol and
446  substituted phenols were investigated. It was observed that hydroxyphenyl radical (HPR) was
447  formed in each case, which is immediately further, converted to the dihydroxy-biphenyl (DHB)
448  and formed a bicylic compound which will be then degraded under photocatalytic conditions into

449  monocyclic compounds and finally to carboxylic acid. No detectable amounts of toxic impurities
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such as catechol (CC) and hydroquinone (HQ) were present during the degradation of phenolic

compounds with synthesized catalyst, which makes the Eu doped Bi,S3; NPs ecofriendly.
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