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ARTICLE INFO ABSTRACT

Keywords: Binary p-n heterojunction of ZnFe,0,4/SnS, nanocomposite (NCs) was constructed by sonochemical assisted for
ZnFe;04/SnS, enhanced visible light induced photocatalytic performance. The narrow bandgap of 2.21 eV facilitated the pho-
Na"°c°m1’°5’ite tocatalyst be to active under visible-light irradiation. The rate of photodegradation of methylene blue (MB) dye
;:z;z;?lt;;ym by optimized-NCs ratio was observed to be remarkable with multifold enhancement than pristine ZnFe,O4 and

SnS,. The interfacial contact enforces an internal electric field dependent directional charge migration which
hinders charge recombination that was verified by reduced photoluminescence intensity in NCs. Degradation
process admits pseudo-first order kinetics. The scavengers assay predicts the major role of hydroxyl (OH) and su-
peroxide (‘O,7) radicals in the degradation of MB dye. The structural stability and reusability of NCs were vali-
dated by six consecutive cycles experiment. This work provides guidance for rational design of heterojunction
with superior activity and ZnFe;04/SnS,; NCs expressed a greater potential to be a photocatalyst to eliminate

toxic pollutants from the aquatic resources.

1. Introduction

The recent advancement in nanotechnology encourages several
modes of degradation yet photocatalysis is highly preferred because of
its cost effective execution [1]. This utilizes photoelectrons to eliminate
pollutants [2]. The presence of toxic dyes in the effluents might be life
threatening as they are toxic carcinogen [3]. Hence, it is essential to re-
move hazardous materials present in the effluents. Recent urge for wa-
ter resources, appreciates recycling and reusing water for the survival
of living creatures.

In general, the association of metal cations in coordination with the
oxygen atoms at the octahedral and tetrahedral positions which take up
the spinel structure has a notation of AB,O4 Spinel ferrites are the
metal oxides which hold dependency with the quantum, nature and site
of occurrence of the metal cations in the crystal lattice [4]. They are
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widely applicable from drug delivery to photdegradation [5] via a cata-
lyst. Their onset of action behind their role as a catalyst is to enhance
the rate of chemical reaction. Owing to its catalytic role, they promote
the reaction yield by undergoing physiochemical modifications.
ZnFe,0, are categorized under the normal ferrite which expresses least
magnetic properties. On the other hand, when fabricated to nanometre
scale their magnetic properties tend to enhance when magnetized [6].
The method, by which the ferrites are synthesized, also has an effect on
the expression of magnetic properties [7]. The zinc ferrites are recog-
nized due its magnetic applications [8], tetrahedral and octahedral sites
are resided by the divalent Zn?* and Fe®* metal cations respectively.
Though, these ferrites are applicable for electronic yet they are ex-
tended towards various innovative applications owing to its optical and
magnetic properties. The magnetic moment of ZnFe;O,4 has lead to its
appreciable usage in biomedicine, sensors etc [8]. The zinc ferrites are
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non-toxic to some extent and cost effective with abundant availability
[9]. They are efficient photocatalyst in degrading the organic dyes that
pollutes the environment [10].

Non-toxic SnS,, a chalcogenide exhibits good visible light absorp-
tion with a band gap energy of 2.0-2.4 eV [11]. It is an n-type semicon-
ductor with increased activity of catalysis. The limitation of SnS, in
photocatalysis is the high rate of recombination of charge carriers,
photo-corrosive effect and added to that it is unstable. Hence, it greatly
affects its reusability [12]. Upon doping this narrow band gap semicon-
ductor, it was reported to suppress the recombination of carriers [13].
This heterojunction creates an internal electric field that induces the re-
lease of the photogenerated charge carriers, hence suppresses the re-
combination [14].

Here, the current investigations harness the property of SnS, to
make it suitable for visible light photocatalytic activity. Here, the
nanohybrid was constructed with two materials, a p-type and an n-type
semiconductor. Coupling of n-SnS, and p-ZnFe,O, to fabricate p-n type
interface will drive the migration of electron by the build-in electric
field and thus could overcome the limitations of high recombination
rate. In addition, considering that SnS, and ZnFe,O,4 heterojunction
would result in required band gap for visible light sensitization and en-
hanced stability. The novelty of this work is to design the method to
boost the photocatalytic performance in a facile and less energy con-
sumption manner. The hybrid material should possess better charge
separation and high visible-light absorbing ability than the pristine in-
dividual parts. This study provides a perspective and guidance for the
fabrication of efficient heterojunction for boosted photocatalysis. Thus,
the study developed a novel n-SnS,/p-ZnFe;04 nanohybrid system and
studied its photocatalytic activity under visible light illumination.

2. Materials and methods
2.1. Materials

Methylene blue (MB) dye, zinc sulphate heptahydrate
(ZnS047H,0), ferrous sulphate (FeSO,), stannous chloride (SnCly), sil-
ver nitrate (AgNO;3), para-benzoquinone and ethylenediaminete-
traacetic acid (EDTA) were procured from Hi Media productions Ltd
(Mumbai, India). tert-butyl alcohol was purchased from Sisco research
laboratories, India. Sodium sulphide (Na,S) was obtained from Nice
chemicals, India. All the chemicals utilized here were of analytical
grade.

2.2. Synthesis of ZnFe,0,

ZnFe,O4 was synthesized by simple chemical co-precipitation
method. Here, 0.1 M of ZnSO4 and 0.2 M of FeSO,4 were used as the
precursors. The aqueous solution of 0.1 M ZnSO,4 was stirred vigor-
ously with the addition of 0.2 M of FeSO, under persistent heat for
about 30 min. Ammonia solution (25 mL) was added dropwise under
heat for 30 min to achieve complete precipitation. The entire volume
was kept for reflux at 100 °C for a span of 2 h. The precipitate was
then washed twice with distilled H,O and C,HsOH and dried at 90 °C.
The obtained fine fraction was annealed at 500 °C for 1 h.

2.3. Formation of ZnFe,0,/SnS, NCs

The fabrication of ZnFe,04/SnS; NCs was performed by sonochemi-
cal method. Here, 0.1 M of annealed ZnFe,O, was dispersed in 100 ml
of deionized water with an ultrasonic processor (Sonics, USA) for
30 min. Then the suspension was made by adding SnCl, and Na,S in
three different molar ratio (20, 40 and 60%) respectively. The suspen-
sions were sonicated for 30 min. The entire volume obtained in three
combinations of heterojunction was kept at reflux for 1 h. The precipi-
tate was then washed twice with distilled H,O and C,HsOH and dried at
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90 °C. Pure SnS, was also synthesized with similar procedure as men-
tioned above without sonication and excluding ZnFe,04.

2.4. Characterization of nanoparticles

In order to estimate the crystalline structure of ZnFe,04/SnS, NCs,
Powder X-Ray Diffraction (PXRD) was performed in 26 range of 10-90°
using the Cu-ka radiation (4 = 1.54178 A°) using Bruker D8 Advance
[15]. Transmission electron microscopy (TEM) describes the morphol-
ogy and their associated nanostructures (Jeol/JEM 2100). The chemical
combinations of elements that exist in the NCs were determined with
Energy dispersive X-ray spectroscopy (EDAX). Fourier transform in-
frared spectroscopy (FTIR) was done in Thermo Fisher scientific Nicolet
IS50 to detect the chemical bond formation in the photocatalyst [16].
Brunauer-Emmett-Teller (BET) method detects the surface area of the
photocatalyst which elicits N sorption isotherm at 77.35 K using Quan-
tachrome instruments, Autosorb IQ series. Chemical composition and
the orientation of oxidation states in the decorated NCs were estimated
by X-ray photoelectron spectroscopy (XPS) in Thermo Scientific™ ES-
CALAB™ Xi+ with monochromatized Al Ka excitation. UV-vis Diffu-
sion Reflection Spectroscopy (UV-vis DRS) was carried out in
PerkinElmer Lambda 750. The Raman spectroscopic technique was uti-
lized to determine the vibrational modes of the molecule using WiTec
alpha 300, Germany. The electrochemical impedance spectroscopy
(EIS) was carried out in order to ensure the migration of e~/h* using
Metrohm Autolab Potentiostat (India). The photoluminescence spectra
of SnS, decorated over ZnFe,O4 was determined using photolumines-
cence spectrophotometer (FLS 1000, Edinburgh Instruments).

2.5. Photocatalytic experiments

Photocatalytic potential of the fabricated ZnFe;04/SnS, NCs was
evaluated based on MB degradation with the generation of free radicals
owing to the irradiation of visible light source. The samples are placed
inside the experimental setup at a distance of 18.3 cm from the light
source. Here, 3 mg/L of ZnFe;04/SnS; NCs was dispersed in 20 mL of
H,0 which was then infused into 25 mg/L of MB dye. The prepared test
solution was kept under 500 W halogen lamp until visible degradation
of MB dye happens. In order to obtain the degradation kinetics, the in-
tensity of absorbance was measured subsequently for every 20 min. The
quantity of MB dye residues in the test solution was determined by mea-
suring the absorbance spectra in UV-visible spectrophotometer (Sys-
tronics, India) for every 20 min from 550 to 750 nm. The half-life (t;)
of MB by ZnFe;04/SnS; NCs was found out from the plots of C/Cy and
1-(C/Cy) versus time. Here, ti, denotes half life of MB, Cy and C were
represented with their concentration of MB at initial time (t = 0) and
at time t respectively. Owing to the rate at which the efficient degrada-
tion occurs in photocatalysis, their light-associated decomposition was
reported by the expression,

C
—In—= =kt 1
n o (@)
where k is the degradation rate constant (min~1), Cy and C are the
concentration of MB at initial time (t = 0) and time t respectively. The
percentage of MB degradation was determined using the formula men-
tioned below

. A0 — At
Degradation (%) = ———— x 100 2

Ag
where A( denotes the initial absorption at t = 0 min and A; denotes
the absorption of MB solution at irradiation time (t). The photocatalysis
of ZnFe;04/SnS, NCs in three different molar ratios (20, 40 and 60%)
were performed. In a similar way, photocatalysis of ZnFe;O4 and SnS,
was also monitored separately by performing the same experiment.
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This aids in better correlation and conclusion of efficient degradation of
the desired photocatalyst. The experiment was further performed over
different dosage of ZnFe;0,4/SnS; NCs ranging from 1 to 5 mg/L to infer
their corresponding modifications in the degradation efficiency.

Stability of ZnFe,04/SnS; NCs is one of the limiting factors for their
effective applications. Thus the potential to reuse the heterocatalyst
was determined upon performing six cycles of experiments. In due
course of time, ZnFe;,04/SnS; NCs were subjected to centrifugation, col-
lected and they are re-dispersed in MB to validate the photocatalytic ef-
ficiency of recycled ZnFe,04/SnS; NCs to degrade MB. XRD of the re-
covered ZnFe;0,4/SnS, NCs were performed in order to investigate their
structural stability and photo-corrosive nature during photocatalysis.

The generation reactive oxygen species (ROS) up on visible light ex-
posure to ZnFe,04/SnS,; NCs was evaluated by the addition of radical
scavengers namely silver nitrate, para-benzoquinone, EDTA, tert-
butanol for the entrapment of electrons (e~), superoxide radicals (-05"),
holes (h*) and hydroxyl radicals (‘OH) respectively. An overall photo-
catalytic mechanism of the modified ZnFe,04/SnS, NCs was elucidated
with the results obtained based on photocatalytic performance. All the
experimental studies were carried out in triplicate.

—— ZnFe0,

——5SnS,

nFe,0 /SnS,- 20%

Intensity (a.u)
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Fig. 1. Characterization of ZnFe;04/SnS; NCs: XRD pattern.
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3. Results and discussion
3.1. Characterization of ZnFe,0,/SnS, NCs

3.1.1. Structural studies

The crystal lattice and phase in ZnFe,04/SnS; NCs, ZnFe,04 and
SnS, were established from Powder X-Ray diffraction studies. The dif-
fractogram of ZnFe,0,/SnS,; NCs were correlated with pure ZnFe,O4
and SnS, which is represented in Fig. 1. Resemblance of peaks positions
in pure ZnFe,04 and SnS, were observed in ZnFe;0,4/SnS, NCs-20, 40
and 60. The diffraction peaks for spinel ZnFe,O4 was observed at 20 of
18.60%, 30.33?, 35.517, 38.24%, 43.09°, 46.75%, 53.61%, 57.10%, 62.74’,
65.187, 70.97? and 74.17? and they are indexed as (111), (220), (311),
(222), (400), (331), (422), (511), (440), (531), (620) and (622) respec-
tively (JCPDS file no: #01-070-6490). The diffraction peaks agrees well
with literature [17,18]. The characteristic diffraction peaks of SnS, was
observed at 20 of 15.757, 26.27?, 30.68?, 31.7%, 39.26°, 45.457, 49.11°,
51.68°, 53.827, 58.3%, 59.7%, 64.17%, 67.37 and 70.87 and they are in-
dexed to (001), (100), (002), (101), (102), (003), (110), (111), (103),
(200), (112), (004), (202) and (113) respectively (JCPDS file no: #00-
023-0677). All the detected peak positions reported in SnS, matches
well with literature [19]. The XRD patterns showed distinct narrow
peaks which represents the high crystallinity of ZnFe;04/SnS; NCs.
Thus, the detected peaks associated with pure ZnFe,O4 and SnS, were
observed in the diffractogram of ZnFe;0,/SnS, NCs-20, 40 and 60 NCs
which indicates the decoration of SnS, over ZnFe,O,4. Moreover, in the
NCs pattern of the sulfide/ferrite, the appearance of additional peaks
might be due to the chemical interaction between them during the syn-
thesis. As SnS, was added, a slight intrinsic phase transition in ZnFe;O,
might have occurred that results in peak splitting and shifts in the XRD
pattern [20].

3.1.2. Microscopic analysis

The morphology and orientation of ZnFe;04/SnS; NCs-60 was de-
termined by TEM analysis and it is represented in Fig. 2a. The image ad-
mits that SnS, was embedded over sheet-like ZnFe,04 in ZnFe,0,4/SnS,
NCs-60. It was found that SnS, was homogenous over the well dispersed
ZnFe,04 (Fig. 2a). Fig. 2a indicates the HR-TEM image of ZnFe;04/SnS,
NCs-60 and it was highly crystalline with the presence of clear lattice
fringes. Fig. 2b shows that the two continuous lattice fringes having a d-
spacing 0.27 nm and 0.36 nm. These interplanar distance attributes to

Fig. 2. (a) HR-TEM image, (a inset) SAED pattern, (b) HR-TEM with lattice fringes, (c) SEM image and (d) Elemental mapping.
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(220) face of ZnFe,04 and (100) face of SnS,. These two distinct inter-
planar distances admits the formation of ZnFe;04/SnS; NCs-60. The
XRD data supported the d-spacing values of calculated NCs. The con-
cept of making heterojunction between pure ZnFe,O, and SnS;, was ob-
served with their well-defined contact and co-existence at their inter-
faces in the HR-TEM image. The selected area electron diffraction
(SAED) pattern (Fig. 2a inset) ascribed the formation of ring which indi-
cates the polycrystalline nature of ZnFe,O4 and SnS; in the fabricated
ZnFe;04/SnS; NCs-60. The particle size distribution of ZnFe;04/SnS,
NCs-60 ranged from 7.75 nm to 12.01 nm in the TEM image.
Morphology along with their nanostructures of the pure ZnFe;O,,
SnS; and ZnFe;04/SnS; NCs-60 were analysed in detail using SEM and
EDAX. Fig. 2¢ depicts the morphology of ZnFe;04/SnS, NCs-60. The
SEM images of ZnFe,O,4 and depicted in Supplementary Material Figs.
Sla and b and it show the appearance of nanosheets and nanospheres
respectively. Fig. 2d illustrates the elemental mapping of ZnFe,04/SnS;

30000

1(a)

Survey
25000 +

400 600 500 1000 1200
Blm:lmg energy (eV)
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NCs-60 and it admits the presence of Zn, Fe, O, Sn and S. EDAX analysis
was carried out to ensure the elements that exist in the fabricated
ZnFe;04/SnS; NCs-60 (Supplementary Material Fig. Slc). After
analysing, the elements were detected and distributed in their atomic %
as follows Zn- 7.32%, Fe- 22.57%, 0-59.44%, Sn-2.45% and S-8.22%.

3.1.3. Valence band state analysis

Chemical and electronic states of ZnFe,0,4/SnS; NCs-60 and its indi-
vidual counter parts ZnFe,O4 and SnS, were determined by XPS analy-
sis. The survey spectrum along with their individual scan spectra were
depicted in Fig. 3. In core-level Zn2p XPS spectra (Fig. 3b), two promi-
nent peaks are noticed at binding energies of 1019.60 and 1043.6 eV
for Zn2ps3/, and Zn2p;,, respectively. The two peaks reported in the
core-level Zn 2p XPS spectra was correlated and supported with the lit-
erature [21]. In the Fe 2p XPS spectra (Fig. 3c), two main peaks were
centered at Fe 2ps,, and Fe 2p;,, with binding energies of 711.7 and
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Fig. 3. XPS spectra of ZnFe,04/SnS, NCs-60. (a) Survey spectra, (b) Zn2p scan, (c) Fe2p scan, (d) Ols scan, (e) Sn3d scan and (f) S2p scan.
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725.2 eV respectively. The shake-up satellite peaks are located to the
right side of the two peaks with a binding energy of 716.35 eV. The Fe
2p XPS spectrum matches well with study by Chen et al. [22]. The core-
level O1s XPS spectrum (Fig. 3d) is found to be broad and asymmetric
with the existence of multi-component O, species. In the O 1s XPS spec-
tra, it can be deconvoluted by incorporating a curve-fitting procedure
with two peaks of binding energies which are approximately 530.1 and
531.1 eV. The former is the inherent oxygen atoms that bound itself to
metals such as Fe and Zn and the latter is the adsorbed oxygen [23]. Ac-
cording to Dupin et al. [24] the least binding energy peak is assigned to
02 ionic state, the middle binding energy peak to O~ ionic state and
the highest binding energy peak is assigned to Ochem State (chemically
absorbed oxygen). The O 1s XPS spectra were fitted at 02~ and O~
states with the supporting data from the literature [24,25]. In Sn 3d
XPS spectra, two peaks at 486.4 and 486.7 eV concurs with the binding
energies of Sn3ds,; and 494.9 and 497.2 eV can be attributed to Sn3d3,»
respectively can be seen in Fig. 3e [26]. Fig. 3f depicts the core level
XPS spectra of S 2p, wherein the peaks at 163.1 and 168.8 eV are attrib-
uted to S 2p3/» and S 2p, /2 respectively. These two symmetrical peaks
admit that these two electronic states of S 2p3/, and S 2p; /, are the char-
acteristics of S2- in SnS, [27]. These results indicate that the
ZnFe;04/SnS,; NCs has the major elements Zn, Fe, O, Sn and S, which
agrees well with the results of XRD and EDAX. The XPS spectra of
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ZnFe,;04 and SnS, were depicted in Supplementary Material Figs. S2a
and b. It is interesting to observe the peaks of Sn 3d in NCs materials are
slightly shifted towards to higher binding energy relative to pure SnS,
NPs. The XPS spectra that shows binding energy shifts is due to screen-
ing effect arising from the strong electronic interaction between two
semiconductors. The heterojunction lead to electron migration from
one to the other NPs to bring their Fermi levels equal. It leads ulti-
mately to electron screening effect, thus contributing to a slight shift in
the binding energies of constituent atoms [28].

3.1.4. Photoluminescence spectra

Migration of photogenerated charge carriers (e~/h*) and the capac-
ity of the fabricated photocatalyst to transfer and entrap the emitted
charge carriers can be evaluated by photoluminescence spectroscopy.
The Photoluminescence spectra of ZnFe,0,/SnS, NCs were excited at
387 nm in room temperature. It was noticed that the intensity of photo-
luminescence emission spectra in the ZnFe;0,4/SnS, NCs tend to be de-
creased in comparison with ZnFe,O4 and SnS, (Fig. 4a). This reduction
in intensity has occurred as a result of quenching mechanism [29]. This
data coincides with the consistent decrease in photoluminescence in-
tensity of the NCs than the similar NPs spectra as reported in previous
literatures [30-33]. Fewer tendencies of recombination of photogener-
ated charge carriers (e~/h*) in ZnFe;0,4/SnS; NCs improvised their

(b)
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Fig. 4. (a) PL spectra (b) Kubelka-Munk plot of ZnFe;04/SnS; NCs-60, SnS; and ZnFe;04 and (c) Raman spectra of ZnFe,04/SnS; NCs.
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light-driven catalytic performance. The creation of defects enhances the
crystalline structure of NCs [34].

A special terephthalic acid (TA) photoluminescence was employed
to study the formation of -OH radicals in photocatalysis experiment.
Here, TA was used as a probe that generate PL spectra after interaction
with ‘OH radicals due to formation of 2-hydroxy terephalic acid. Similar
photocatalytic experimental set-up was conducted keeping TA as a sub-
strate. The PL spectrum was recorded after 180 min of irradiation of
ZnFe,04/SnS, NCs under visible light is represented in Supplementary
Material Fig. S3a. The high intense PL intensity at 432 nm was observed
that implies that the fluorescence resulted from TA and -OH interac-
tions. This confirms that -OH is formed during the photocatalytic
process [35-37].

3.1.5. Photocurrent

To ensure the activity of ZnFe;04/SnS, NCs under visible light, tran-
sient photocurrent response of the NCs was measured. The better sepa-
ration of charge carriers in ZnFe;0,4/SnS, NCs than ZnFe,;O4 and SnS,
NPs was understood by the photocurrent response intensity. The NCs
electrode was subjected to on-off cycles with photons radiation. The
photocurrent of NCs indicates that when the light is in off cycle, the
generated photocurrent reaches back to zero. This indicates the genera-
tion of photocurrent is owing to photoactive nature of ZnFe,0,4/SnS;
NCs. ZnFe;04/SnS; NCs have highest transient photocurrent than
ZnFe,04 and SnS, indicates the better separation of charge carriers.

3.1.6. Optical properties

The UV-vis reflectance spectra of ZnFe;04/SnS,; NCs-60 with their
individual counter parts SnS, and ZnFe,O4 is represented in
Supplementary Material Fig. S3b. Enhanced light absorbing capacity in-
creases the generation of photogenerated charge carriers manifold
thereby improvising the photocatalytic performance of the prepared
NCs. Plots between F(R) hv? and (hv) were performed from the follow-
ing equation:

F(R) hv? = A (hv-Ey) 3

where, F(R), h, v, A and E; represents the Kubelka-Munk function,
Planck's constant, frequency of light, a constant and band gap energy
respectively. Determination of band gap energy is done by extrapolat-
ing the linearity of the plot. The band gap of pure ZnFe;O4 and SnS, was
validated to be 2.06 and 2.42 eV respectively. As a result of decorating
SnS; over ZnFe,0,4, the band gap energy was deviated to 2.21 eV for
ZnFe;04/5nS, NCs-60. Upon correlating the results obtained, it is con-
firmed that the fabrication of NCs aids in the utilization of light energy
in the visible region. Hence, the investigation of photocatalysis was en-
hanced by the prepared NCs in the current study.

3.1.7. Raman spectra

Raman spectroscopic analysis was carried out for ZnFe,0,4/SnS, NCs
with its three different molar percentages - 20, 40 and 60 (Fig. 4c).
Spinel ZnFe,04 belong to the space group Fd3m [38] and their corre-
sponding Raman spectra has five modes such as Ag, Eg, 3Fy, [39]. This
vibrational species has three Raman active modes (Fog(1), F24(2) and
F2(3)). However, the spectral intervals recorded between 600 and
800 cm™! is the region of A;; modes, 410-550 cm™! is the region that
corresponds to Fy,(3) modes and 260-380 cm™! is responsible for the
F2¢(2) modes. The vibrational modes of Eg and F,,(1) were detected at
low levels of frequencies [40]. The second order vibrational modes
were observed at higher frequencies around 1000-1800 cm~!. In Ra-
man spectra of ZnFe;04/SnS; NCs-20, the peaks observed at 602.38,
646.34, 661.94, 693.85, 730.01 and 793.12 cm~! indicates the Aqg
mode. Peaks at 223.72 and 291.8 cm™! indicate Fyg (2) mode. The peaks
at 406.67, 498.85 and 534.30 cm~! symbolizes the Fg (3) mode. The
corresponding peaks of second order vibrational mode were recorded at
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1032.8, 1171.78 and 1315.08 cm~!. In the spectra of ZnFe;0,4/SnS,
NCs-40, the peaks observed at 248.25 cm~! indicates Fyg (2) mode. The
peaks at 434.9 and 470.76 cm~! symbolizes the Fy,(3) mode. E, and Fy,
(1) modes are detected at low frequencies with the raman shift of 85.32,
153.34 and 221.89 cm~!. Peaks that represent second order vibrational
modes and A;; mode were devoid in the Raman spectra of
ZnFe304/SnS; NCs-40. In ZnFe;0,4/SnS,; NCs-60, the peaks recorded at
622.23, 649.89, 678.25 and 789.58 cm~! represents A,z mode. The vi-
brational mode of F.4,(3) was observed at 47.23, 479, 522 and
550.6 cm~!l. The Raman active mode Fy4(2) was recorded at peaks of
275.49, 323.70, 339.30, 354.90, 383.27 and 403.12 cm~!. Peaks de-
tected at lower frequencies such as 88.29, 147.85, 184.01 and
211.67 cm! indicates Eg and F,(1) vibrational modes. The second or-
der vibrational modes were detected at 1028, 1163, 1255, 1346 and
1666 cm~1. During the Raman-active vibrations, the dynamics in terms
of normal modes inside the spinel unit cell are explained with respect to
octahedral unit (AO,) and tetrahedron unit (BOg). The reason behind
the peak in the region A;; mode is recorded as the symmetric breathing
of AO4 unit occurred within the spinel lattice of ZnFe,O4 [41,42]. The
low frequency Raman modes ascribe to the anti-symmetric breathing of
tetrahedral unit (AO,4) and the vibrations in the octahedral sites (BOg)
[43]. The Raman active mode (Eg) is due to the symmetric bending mo-
tion of the anionic oxygen located within the AO4 unit [44]. The least
frequency Fa,(1) mode is attributed to the complete translation of the
AO, within the spinel lattice [45]. The existence of F5,(2) modes is due
to the opposite motion of the oxygen atoms and cations along with the
unidirectional motion of lattice [46]. Raman active Fy4(3) modes con-
tributed to asymmetric bending motion of the oxygen atoms to the
cations located at tetrahedral site [47]. The Raman spectrum of SnS, ex-
hibits an intense peak at 323.70 cm~! which attributes to the vibra-
tional mode of A;; mode. The peak indicates the out of plane stretching
of sulphur atoms in SnS, [48,49]. The vibrational mode E, represents
the in-plane stretching of sulphur atoms in SnS, at 211.67 cm~!. This
particular vibrational mode is extremely weak owing to the effect of
nanostructures. Since, nano-level size reduction is done, the possible
scattering sites for in-plane scattering decreases and it causes weaken-
ing of E; mode [50]. These two vibrational modes are detected only in
the Raman spectra of ZnFe;04/SnS,; NCs-60 as the concentration of
SnS, is higher when compared to ZnFe;0,4/SnS, NCs-20 and 40. Thus,
the Raman active modes of SnS, [51] and ZnFe,04 [41] were confirmed
in the prepared ZnFe;0,4/SnS, NCs-60.

3.1.8. Electrochemical impedance spectra

Upon excitation of photons when irradiated under visible light, the
photogenerated charge carriers are produced and they get migrated.
The transfer of charges in the photocatalyst was confessed by EIS. Gen-
erally, the small arc radius explains the effectiveness of charge transfer
and the lower charge resistance of the sample. The prepared
ZnFe,04/SnS, NCs-60 retains smaller arc radius than their individual
counter parts ZnFe,O4 and SnS; (Supplementary Material Fig. S3c). The
obtained result admits that the prepared NCs hold considerable migra-
tion of e=/h*. The separation of e=/h* pair is well agreed with photolu-
minescence data.

3.1.9. ESR analysis

The reactive species involving in photocatalytic degradation process
were identified further by using ESR (electron spin resonance) experi-
ments (Supplementary Material Fig. S3d). The signal intensity of
ZnFe;04/SnS; NCs-60 for trapping ‘O,~ free radical is stronger than
ZnFe,04 and SnS; NCs. These results suggest us that the amount of O3~
present in the system of ZnFe,0,4/SnS, NCs-60 is more than that of SnS,
after coupling ZnFe,;0,4. This may be attributed to the formation of het-
erojunction that resulted in better charge separation, making e~ more
available to generate -O,~ in NCs.
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3.1.10. BET analysis

The profile of N, sorption isotherm is represented in Supplementary
Material Fig. S3e. In accordance to the profiles of adsorption isotherm,
the experimentally acquired data could empirically describe the multi-
layer adsorption isotherms by Brunauer- Emmett- Teller (BET) [52].
Owing to the saturation of nitrogen gas at the interfacial surface of NCs,
the gas molecules clump together and forms multilayer adsorption. The
porosity and specific surface area are taken into consideration while
analysing adsorption, heterogenous catalysis and the associated reac-
tion occur on the surface of the nanostructures. The significant role
played by these two parameters decides the diffusion of charge carriers
and its associated enhancement in light-driven catalytic activity. Owing
to the porous structure, active sites are created at the interface of NCs to
a larger extent [53]. The specific surface area of ZnFe,04/SnS; NCs-60,
pure ZnFe,0,4 and SnS, were 141.21, 113.79 and 104.26 m?/g respec-
tively. It was comparatively higher for the decorated NCs. Higher sur-
face area in NCs can enhance the degradation of MB dye by creating
more vacant defects. The BJH desorption pore size distribution curves
of ZnFe,04/SnS; NCs-60 was recordd. The peak positions in isotherm
curve admit that the mean pore diameter was 2.97 nm and it exhibits
mesoporous nature. The profile of ZnFe;0,/SnS, NCs-60 admits that it
follows Type IV adsorption isotherm [54], with a hysteresis loop. In ad-
dition to this, capillary condensation occurs in the mesopores. The for-
mer loop describes the multilayer adsorption and latter loop explains
desorption. BJH pore size distribution in ZnFe;0,4/SnS, NCs-60, SnS,
and ZnFe,04 was validated and tabulated in Table 1 which illustrates
the size and volume of the pore,

3.2. Photocatalytic evaluation of ZnFe,0,/5nS,

In order to validate the light-driven catalytic activity of
ZnFe;04/5nS, NCs, the degradation of MB owing to the incorporation
of ZnFe;0,4/SnS, NCs was estimated when irradiated under a visible
light source. The spectra of UV-visible absorption depict a persistent re-
duction in the optical densities of MB dye over 180 min by
ZnFe;04/SnS, NCs-20, 40 and 60 (Fig. 5a). It took around 280 min in
the presence of individual ZnFe,O4 and SnS,. Methylene blue (MB) was
opted to be a test pollutant. A limited quantity of test material can
bringforth a striking difference since the dye is photo-oxidized [55].

Table 1
BET surface areas, pore volume and pore size values of the prepared samples.

Sample Specific Surface area Average pore diameter Pore volume
(m?/g) (nm) (em®/g)
ZnFe;04 113.79 2.48 0.076
SnS, 104.26 2.22 0.048
ZnFe;04/SnS,-  141.21 2.97 0.105
60
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The reduction in A, of MB at 670 nm under visible light was due to the
existence of chromogenic groups [56]. The evanishing of cationic MB
dye was noted down in correspondence with the gradual reduction of
absorbance at 670 nm_The plot between C;/Cy and 1-C/Cy against time
was utilized for the identification of half-life (t;,») of MB dye owing to
the existence of ZnFe;04, SnS,, and ZnFe;04/SnS; NCs- 20, 40 and 60.
The convergence of the lines C,/Cy and 1-C/Cy depicts half-life (t; ) of
MB by the modified NCs which were 70, 50, 45, 110 and 160 min for
ZnFe04/SnS; NCs-20 and 40 (Supplementary Material Figs. S4a and
S4b), ZnFe;04/SnS, NCs-60 (Fig. 5b), ZnFe;,O, and SnS,
(Supplementary Material Figs. S4c and S4d) respectively. The t; 5 of MB
by the composite of ZnFe,04 and SnS, was higher when compared with
their individual ones.

Effectiveness of ZnFe;04/SnS,; NCs by light-driven catalysis was es-
tablished upon correlating the degradation efficiency of ZnFe;O,4, SnS,
and ZnFe;04/SnS, NCs-20, 40 and 60. Upon considering degradation
efficiency and the half-life period of ZnFe,0,4/SnS, NCs, it was noticed
that the combined effect of ZnFe;0,4/SnS, showed higher degradation
than their individual parts ZnFe,O,4 and SnS, separately. The complete
degradation of MB by ZnFe;04/SnS; NCs was confirmed with the
UV-vis absorption spectrum at 670 nm within 240 min. Yet, based on
the obtained half-life period of MB (45 min) by ZnFe;04/SnS; NCs —60
(Fig. 5b), it was chosen to be the best outcome which is 3.25 times
greater than SnS; and 2.6 times greater than ZnFe,0, respectively. This
confirms the formation of heterojunction owing to the suppression of
recombination of photogenerated charge carriers (e~/h*).

Langmuir Hinshelwood (L-H) equation has a relation with the rate
kinetics of dye degradation process by using photocatalyst, owing to the
low concentration of MB [57].

The simplified form of L-H is

dcC
g — 4
7 kC C))

The integral of L-H equation gives:
Ln (C) = —kt + Ln (Cy) 5)

where Cy and k denotes initial absorption of MB at time (t = 0) and
first order reaction constant. The plots between —In (C;/Cy) vs time was
made to analyse the kinetics of degradation of MB over ZnFe;04/SnS,
NCs. The apparent degradation rate constant (k) of MB by
ZnFe;04/SnS,; NCs was identified from Fig. 6(b). The k values for
ZnFe,0,4/SnS, NCs-20, 40 and 60 was 0.008, 0.013 and 0.013 min~! re-
spectively. Apparent degradation rate constant (k) and % of MB degra-
dation ZnFe,04/SnS; NCs- 40 and 60 was identical (Fig. 6¢). The photo-
catalytic activity of the modified ZnFe;04/SnS, NCs-60 was determined
to be 91.78% which was comparatively higher than ZnFe,0,4/SnS; NCs-
20 (77.89%) and ZnFe,04/SnS, NCs-40 (90.98%). It was inferred that
absorption of light by photocatalyst happened, hence, the degradation

1.2 4 (b} s (10D
= 1 == 1-Ct/CI)
0.8
- 0.6
-;{H {
o {LI 4

0

0 20 40 o0 80 100120 140 160 150
Time {(min)

Fig. 5. (a) UV-vis absorption spectra of MB dye under visible light irradiation interaction with ZnFe,0,4/SnS, NCs-60 and (b) the plot between C/Cy and 1-C/C, ver-

sus time for ZnFe,0,4/SnS; NCs-60.
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Fig. 6. (a) The plot between -Ln(C/Cy) and time, (b) The plot between C/C, and time, (c) degradation percentage of MB for ZnFe,04/SnS, NCs-20, ZnFe,04/SnS,

NCs-40, ZnFe,04/SnS; NCs-60, SnS, and ZnFe,0,.

of MB was achieved subsequently. The activity of the prepared photo-
catalyst was tested and compared with commercial TiO, P25 under visi-
ble light. TiO, P25 exhibited poor performance under visible light
(since it is active only under UV light), whereas, ZnFe;04/SnS; NCs-60
showed excellent activity (Fig. 6¢). Further, the degradation of MB was
poor presence of light without photocatalyst (photolysis) and in dark
(with NCs) and it is represented Supplementary Material Fig. 4e. The re-
sults confirm the role of NCs under light irradiation to facilitate MB
degradation.

The degradation kinetics was performed with five different doses
(1-5 mg) of ZnFe,04/SnS; NCs-60. The plot between Ci/Cy and time at
different dosage of ZnFe;0,4/SnS, NCs-60 is represented in Fig. 7a. This
illustrates that degradation efficiency elicits linearity with the dosage of
ZnFe,04/SnS; NCs-60. For an ideal photocatalyst, the initial degrada-
tion rate of NCs is highly dependable to concentration. This elicits the
presence of more active sites in ZnFe,04/SnS; NCs-60. Therefore, the
dye degradation is achieved with more excitation of electrons [58].

Plot between -In C/C and time was used to calculate first order rate
constants in presence of different dosage of ZnFe;04/SnS; NCs-60 (Fig.
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7b). The results for 1-5 mg/L of NCs show high R? values (R?> > 0.97).
This ensures that data of the current experiment agrees well with Lang-
muir isotherm model [59]. This model exhibits equal affinity on
ZnFe,04/SnS; NCs-60 active sites with their ability to produce mononu-
clear coverage of MB molecules. The k value was found to be 0.008,
0.012, 0.009, 0.009 and 0.009 min~! for 1-5 mg of NCs respectively
(Fig. 7b). This shows that the degradation of MB dye by ZnFe,04/SnS;
NCs-60 occurred when irradiated under a visible light source.

3.3. Scavenging study

The phenomenal mechanism behind photocatalysis was explained
by analyzing the performance of reactive species in the degradation
process. This was analysed owing to the effect of scavengers with the
modified ZnFe;04/SnS, NCs-60. The incorporation of scavengers was to
entrap the free radicals generated by the NCs due to visible light irradi-
ation. In this study, AgNOs3, EDTA, tert-butanol and para-benzoquinone
were utilized to entrap e~, h*, OHe radicals and ‘O, radicals respec-
tively. Free radical assay on MB degradation by NCs is shown in Fig. 8a.

3 1 mg/l y =0.007x + 0.073
'|l2 II‘IEI"L R:= {97
2.5 {A3mg/L 4 v = 0.012x - 0,021
3 IR o R? = 0.99
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Fig. 7. (a) The plot between C/C, and time (b) The plot between -Ln (C/Cy) and time for different dosage of ZnFe;04/SnS,; NCs-60.
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Fig. 8. (a) Free radical assay (b) Efficient reusability of ZnFe;04/SnS, NCs-60.

Based on the scavenging result the major contribution in MB degrada-
tion was proved to be by OHe and ¢O,~. The results also suggest the
role of e~ and h* in MB degradation. The role of OHe and eO, is veri-
fied by the TA photoluminescence and EIS respectively.

3.4. Reusability and structural stability

The most important criterion to behave as a photocatalyst is their
stability throughout the degradation process. Similar protocols were
utilized to perform subsequent cycle of experiments for recovered NCs.
The percentage of MB degradation was estimated from the initial cycle
till the 6th run of experiment. The percentage of MB degradation is de-
picted in Fig. 8b. Descriptive comparison done between published re-
search works and the present study regarding photocatalytic activity of
NCs and their efficiency to reuse is represented in Table 2. Chen et al.
[60] studied and analysed the photocatalytic efficiency of InyS3/SnS,
and attained photocatalytic activity of 55% and reusable efficiency of
87.27%. In present study, the reusable efficiency of ZnFe;04/SnS; NCs-
60 was determined to be 99.68% owing to the negligible difference in
degradation during six consecutive cycles. The XRD studies were car-
ried out for ZnFe;04/SnS, NCs-60 after performing six consecutive cy-
cles. The obtained diffractogram indicated the absence of new phase
formation (Supplementary materials Fig. S4). The results indicated the
structural stability of ZnFe;04/SnS; NCs-60. This elucidated that the
modified ZnFe;04/SnS, NCs-60 is highly stable and suitable for reusing.

Table 2

Comparative data on photocatalysis of present work with available literature.
Authors

Particle

Photocatalytic Reusability (%) References
activity (%) [Efficiency (%)]
Kuang et ZnO/ZnFe,04  85.0 81.0 (95.20) [59]
al.,
Chen et al,, In,S3/SnS, 55.0 48.0 (87.27) [60]
Ahmadpour TiO,@ 86.1 71.3 (82.90) [61]
et al., ZnFe,04/Pd
Chen et al., Ni doped 90.0 85.0 (94.44) [62]
Sn0,/SnS,
Dai etal., g- 91.0 82.0 (90.10) [63]
C3N4/ZnS/SnS,
Akshhayya ZnFe,O4/SnS, 92.1 91.7 (99.68) Present
et al., NCs —-60 work

3.5. Mechanism of photocatalysis

The schematic depiction of light-driven catalytic mechanism of
ZnFe;04/SnS; NCs-60 is shown in Fig. 9. The deciding factors behind
the mechanism of light-driven degradation indulge the following, the
action of dye as an adsorbent over the surface of photocatalyst, the
degradation achieved owing to the irradiation of light source alone and
the degradation obtained by means of photocatalyst [61]. When the
modified ZnFe,04/SnS, NCs-60 were exposed to visible light source,
the associated photogenerated charge carriers, e~ and h* were gener-
ated. This was the phenomenon beneath the photocatalysis of
ZnFe;04/SnS; NCs-60. The close interface formed between the NPs as
seen in HRTEM, created a heterojunction and that could facilitate
e /h* pair migration. The generated electron carriers upon reaction
with an oxygen molecule bring forth the production of ‘O, radical - The
generated holes upon reaction with an adsorbed H;O formed hydroxyl
group (-OH) to form OHe [62].

Upon interaction with the photons, the electrons at the surface get
excited in the valence band. If the excitation energy is superior to the
band gap, then corresponding excitation is absorbed in the conduction
band too. The induction of photogenerated charge carriers was evalu-
ated by calculating their corresponding Ecg and Eyp values. The calcu-
lated Ecp and Eyp of ZnFe,0,4 are 0.18 eV and 2.24 eV respectively and
on the other hand it is —0.34 eV and 2.08 eV for SnS; respectively. The
heterojunction with p-n type semiconductors will result in enhanced
charge carriers’ separation. This is attributed to the driving force by in-
terior electric field. The migration of e~/h* pair from one photocat-
alytic system to other will help to reduce recombination rate. Before the
hybridization of individual ZnFe,O4 and SnS, NPs, the separation of
e~/h* pairs is not facilitated owing to the nested band structure (Fig.
9). In n-type SnS, the fermi energy level (Eg) lies near CB and in p-type
ZnFey04, the Ep lies near VB. While the construction of hybridization
between SnS, and ZnFe,04 the close contact results in formation of p-n
heterojunction (Fig. 9) [63-66]. After hybridization, Er of SnS, de-
scends and Ep of ZnFe,O4 rose up until it reaches equilibrium in
ZnFe;04-SnS, nanohybrid. In this state, the inner electric field induces
the region of SnS, to be positive charged and ZnFe,O4 to be negative
charged. This results in the position of CB in SnS; to become more posi-
tive relative to ZnFe;O4. The e~ then moves towards the positive field
and h* flows into the negative field, inducing charge carriers migra-
tion. The better separation was confirmed with respect to the observed
photoluminescence and EIS spectra. Conversion of O, into (-O5™) super-
oxide radicals is possible since CB level of SnS, is more negative than
the reduction potential of O,/:0O5~ (—0.33 eV) [67]. The VB level of
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Fig. 9. Schematic depiction of light-driven catalytic mechanism of ZnFe;04/SnS; NCs-60.

ZnFe,04 is more positive than the reduction potential of H,O/-OH~
(1.99eV) [68] and so they elicit the ability to reduce H,O to OHe. This
was further ensured with the release of free radicals in accordance with
the performance of scavengers, TA photoluminescence, and ESR. The
generation of free radicals thus enhanced the photocatalytic mecha-
nism. The holes in VB level of SnS, has a direct coordination with the
MB and H,O and emits hydroxyl radicals. Prime source of ROS to de-
grade MB was OHe and ‘O5.

4. Conclusions

In conclusion, the investigations harness the potential of SnS,
chalcogenide as a photocatalyst by construction of nano-
heterojunction. Ultrasonic assisted co-precipitation method was used in
the coupling of p-ZnFe,04 and n-SnS,. The interfacial contact results in
p-n type heterojunction formation. ZnFe,04/SnS; NCs-60 was opti-
mized to show outstanding photocatalytic activity with the degradation
efficiency of 91.70% in 45 min under visible light. The mechanism was
elucidated by investigations of optical properties of NCs, electronic
structures, scavenger assay, with combined experimental data and the-
oretical calculations. The p-n type interface prompted migration of
electrons driven by internal electric field. The key ROS took part in
photo-degradation of MB was OHe and eO,~. The NCs exhibited good
reusability and resistance against photo-corrosion. Hence, the study
suggests that ZnFe;04/SnS, NCs-60 can be used as an efficient visible
photocatalyst to eliminate hazardous pollutants from the water.
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