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Abstract

The present work highlights the influence of gamma-radiation on Cu,InSnS, (CITS) thin films deposited by spray pyrolysis technique. Irradiation treatment was
carried out by different doses (20-40-60-80 and 100 kGy) of y-radiation using Co® as source. The physical investigations of samples were demonstrated using
energy dispersive X-ray spectrometry (EDX), X-ray diffraction (XRD), Maud software, scanning electron microscopy (SEM), Spectrophotometer and Drop Shape
Analysis System. Firstly, XRD patterns reveal a decrement in peak intensities followed by the division of peaks related to (204) and (312) lattice plans after
gamma-radiation. All films were crystalized into stannite structure and the crystallites were orientated towards (112) plan. Secondly, EDX spectroscopy reflects
an appreciably decrease in Cu, In, Sn and S contents. SEM micrographs clearly show a total morphological modification from nanospherical to pyramidal shapes
at 60 kGy, hierarchical rods and lamellar shapes at 100 kGy. Therefore, a special emphasis has been focused on surface wettability of irradiated films, which
point out the hydrophilic surface after irradiation. As known, hydrophilic character has a notable beneficial role on photocatalytic activity that may be due to the
active surface area and the adsorption of dye. Based on the relationship between hydrophilicity and photocatalysis, we have confirmed experimentally the better
capacity of irradiated CITS thin film with 60 kGy to decompose Rhodamine B (RhB) dye under Xenon irradiation. Long-term runs confirm the stability of irradiated
CITS with 60 kGy for photocatalytic process after an overall duration for 5h:30 (4 cycles of 120 min each). This result demonstrates that irradiated CITS with 60
kGy may considered as an efficient stable photocatalyst for the remediation of water polluted.
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the material with longer distance [9]. Gamma-radiation was used for
various applications such as dosimeter, calibrations and sterilization of
food products [10-12]. Numerous studies have been focused to investigate
the influence of the interaction between y-radiation and materials like InP,
CoPc, CulnSe, and Se, Tex [13-16]. Structural properties of SnO, InSe

Introduction

Continued advancements in quaternary chalcogenides require the
development of their properties not only for photovoltaic, but also for

photocatalytic, self-cleaning surfaces, antifogging and so on [1-3]. Various
quaternary chalcogenides have been studied for this purpose, such as
Cu,FednS,, Cu,ZnSnS,, Cu,CoSnS,, and Cu,NiSnS,, etc [4-7]. Recently,
these derivatives chalcogenides are similar alternative absorbers with
direct band gap in the range of (1-1.5) eV, absorption coefficient higher
than 10*cm™ and good electrical resistivity around 5.82 10 Q.cm [8].
Thus, they would be bright candidates for utilization in optoelectronic
applications. Recently, we have prepared new chalcogenide Cu,InSnS,
with optimal energy band gap about 1.4 eV, suitable electrical resistivity
of 5.95 10 Q.cm with hydrophobic surface.

Exposing materials to high gamma-radiation can enhance their
semiconductor performances owing to its strong capacity to pass through

and Cu,ZnSnS, materials have been enhanced after y-radiation [17-19].
Moreover, CoPc and InP semiconductors undergoes a degradation in
their crystallinities [13,14]. It was mentioned that electrical resistivity was
decreased for In203 [10], Al doped ZnO [9] and SnO [17] materials after
exposing to high y-rays. A few progresses have been made for the effect
of gamma-radiation on physical properties of quaternary chalcogenide.
Particularly, Cu,ZnSnS, thin film was irradiated by10, 20, 30, 40, 50 and
100 kGy in our previous research [19].

The wetting behavior was inspected as a very important property from
both practical and fundamental point of view. Surface wettability is
deduced from water contact angle 6 (WCA), which determined by the
angle between solid/air and liquid/air interfaces. Based in literature,
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hydrophilic character obtained when the liquid wet the solid surface with
8<90°. When the liquid does not wet the solid surface with 8>90° it has
hydrophobic character and super-hydrophobic character when 6>150°
[20]. On the other hand, hydrophobicity and super-hydrophobicity possess
extensive applications scale like self-cleaning, anti-corrosion and friction
reduction [21,22].

Currently, photocatalysis process was applied for contaminant treatment
to remove organic pollutants that considered dangerous for human health
and harmful to environment [23]. Quaternary chalcogenides with narrow
band gap are considered as suitable candidates due to their high ability
to absorb light in Vis-NIR regions. In this paper, we have exanimated the
influence of y-rays on Cu,InSnS, (CITS) thin films by 20-40-60-80 and 100
kGy. In particular, this work highlights the investigation of surface wettability
of CITS thin films before and after y-irradiation. Additionally, photocatalysis
treatment was carried out by testing the degradation of Rhodamine B (RhB)
dye after four recyclable process.

Material and Methods

Synthesis of Cu,InSnS, (CITS) thin layers and gamma-
irradiation

Cu,InSnS, thin films were grown using ‘Spray pyrolysis’ technique. Chemical
constitutions with desired amount of copper (Il) chloride dehydrate (CuCl,,
2H,0), indium chloride dehydrates (InCl,, 3H,0), tin (Il) chloride dehydrates
(SnCl,, 2H,0) and Thiourea (CH,N,S) were dissolved in 900 ml of methanol
separately with 0.01/0.004/0.004 and 0.04 M respectively by continuous
stirring for 10 min. All chemical products that used to synthesis CITS were
bought from Fluka and Sigma Aldrich. After well mixing chemical products,
Cu,InSnS, solution was pulverized gradually as fine droplets with flow
rate=25 ml/min using compressed air as carrier gas. This solution was
sprayed onto glass substrates which heated under Ts=240°C. An industrial
gamma irradiator composed by cobalt source (Co60) was used to irradiate
CITS thin layers at various y-doses 20-40-60-80 and 100 kGy in ambient air
and room temperature.

Photocatalytic activity of irradiated Cu,InSnS, (CITS) thin
layers

Photocatalytic process of irradiated CITS was studied by the degradation
of aqueous Rhodamine B (RhB) solutions under Xenon irradiation.
Accordingly, RhB powders were dissolved in 1L of bi-distilled water to make
the concentration of 3.10-5 mol/L and stirred for five hours. Therefore, the
samples were added in 30 mL of RhB solutions in dark. In fact, when RhB
molecules are adsorbed in film surface, they will react rapidly with electron-
holes pairs. When the adsorption-desorption equilibrium was reached, all
RhB solutions which contain the films were placed under irradiation light for
photocatalytic process. Then, the RhB degradation treatment was carried
out under Xenon irradiation by a cylindrical light with a power of 55 W.
The distance from the incident source light-solution was 12 cm. In the end,
the photocatalystic degradation of RhB dye was carried out during 30, 60,
90 and 120-min. UV-Vis spectrophotometer type Perkin Elmer Lambda
950 was used to determine the absorbance values of dye solutions. After
the first photocatalysis process (1 cycle), irradiated CITS photocatalyst
were recovered, washed, dried in a furnace at 80°C and reused in a new
RhB solutions under the same conditions. The recyclability of irradiated
Cu,InSnS, photocatalyst was also studied for other three cycles (2, 3"
and 4th cycles)

Wettability measurements

The surface wettability of irradiated Cu,InSnS, thin films were performed
from Water Contact angle 6 (WCA) measurements using Drop Shape
Analysis System type DSA100 (Kruss GmbH, Hamburg) as show in Figure
1. WCA was measured on the horizontal of material surface and carried
out from scanning of profile images of water drops. The sample was placed
under the point of a blunt-end needle. The needle was straightly connected
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to a micro-syringe pump that controlled by a computer. The measurements
were studied using deionized water drop (~5 pl) on film surface. Water
contact angle value was calculated from an average of the left and right
drop angles. For more precision, the measurement of water drops was
retreated on three different sites. Then the final WCA value was calculated
from the average of acquired values. Mechanical vibration and Airflow were
averted during the evaluation,

t 60 kGy (‘

vy

T

2 Theta [degrees] 2 o0 . . - 4
400 450 500 550 600

3 (nm)

Intemnity’? [Couwm' 7]
Apsorbance {a.u)

CA 424
CAF] 441

60 kGy

Figure 1. Micro-Drop analysis DSA 100 M
Characterizations

For clarity, element composition was determined using energy dispersive
X-ray spectroscopy (EDX). Surface morphology was obtained by scanning
electron microscopy (SEM) images using a Zeiss EVO MA10 microscope.
XPERT-PRO diffractometer system over 10°-70° by using Cu-Ka radiation
(\=1.5418 A; 45 kV), was carried out to investigate structural behavior.
Experimental XRD spectra were fitted by MAUD software (Materials
Analysis Using Diffraction) which is based on Rietveld analysis and
modeled by analytical functions. Optical properties were assessed by
spectrophotometer type Perkin Elmer Lambda 950 in the wavelength range
of (250-2500) nm

Results and Discussion

Chemical composition

EDX was used to determine the element compositions of Cu,InSnS, thin
films and whose results were described in Figure 2. It is clearly seen that all
element compositions were decreased after exposure to y-rays. Irradiated
CITS by 60 kGy was Cu-rich content. This trend can reflect to form secondary
phase in current with Cu,InSnS, phase. 100 kGy of gamma-dose keeps
the stoichiometric ratio of Cu:ln:Sn:S near to 2:1:1:4. It is acknowledged
that CITS structure was formed by sulfur, copper, indium and tin, where
sulfur has the lowest binding energy and atomic radius compared to other
elements. In addition, y-energy (E=hv=P2/2 m) with 100 kGy may result
ionization of sulfur and move it from surface into crystal lattice. Therefore,
it may generate an excess of sulfur content [19].

Figure 2. Spectrum of the chemical composition of irradiated Cu,InSnS,
with 100 kGy. The insert describes the change of chemical composition (Cu,
In, Sn and S) for non-irradiated and irradiated Cu,InSnS, thin films
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Structural characterization

Figure 3 presents the XRD patterns of non-irradiated (0 kGy) and irradiated
CITS thin films by 20-40-60-80 and 100 kGy. XRD diffractogramme of non-
irradiated CITS thin layer showed that the peaks located at 26=28.71°,
47.59° and 56.54° were indexed to (112), (204) and (312) lattice plans. These
main diffraction peaks are well matched to the standard (JCPDF card No.
74-1025) which correspond to stannite structure with 14 12 m space group.
As observed from Figure 3, the peak intensity of preferred orientation (112)
lattice plan was decreased, suggesting a structural disorder of crystalline
quality created after irradiation. It's known that gamma-radiation produces
structural defects such as: color centers (oxygen vacancies) or impurities,
which have been deeply affect the crystallographic aspects like the
appearance of secondary phases, a shift in diffraction angles and changes
in peak intensities [19]. Similar results are shown by other authors [14-24].
Figure 3 and Table 1 reveals a slight shift of preferred orientation (112) lattice
plan to lower angles. This finding is believed to the consequence of unit
cell volume expansion (as demonstrated below), changes in stoichometric
composition as observed in Figure 2 and microstructure parameters (as
proved below). From XRD analysis, it is obvious that the peaks related
to (204) and (312) lattice plans were divided on two peaks after gamma-
radiation. This trend can be explained as: Exposure to high y-radiation may
causes also moving atoms from their sites in order to occupy other sites,
which lead to change the crystalline quality [24].
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Figure 3. XRD patterns of non-irradiated and irradiated Cu,InSnS, thin films
by different gamma-doses=20-40-60-80 and 100 kGy

Table 1. Theoretical and experimental crystal parameters of non-irradiated
and irradiated Cu,InSnS, thin films: Crystallite size (D), lattice parameters
(a and c), the strain (€) and micro strain r.m.s

X-ray diffraction result MAUD software
v(i;?;s Dinm) | a(A) | c(A) | , 1‘;_4 D(nm) | a(A) | c(A) | rm.s*10¢

0 24 | 543 | 1067 | 141 | 22 | 549 | 1082 13

20 9 | 520 | 1193 | 376 | 7 |523|1185| 19
40 12 | 546 | 10.89 | 282 | 11 | 546 | 10.79 | 82

60 28 | 561 | 1041 | 121 | 27 | 551 | 1102 10

80 21 | 563 | 1029 | 161 | 21 | 562 |1015| 46
100 18 | 540 | 1126 | 19.0 | 17 | 543 | 11.08| w

Crystallite size (D), dislocation density (ddis), the number of crystallites (Nc)
and the strain (¢) are determined by the following formula [25]:

K 1 e
“pcose Odis = pzNe =5z and e =

Bcos(8)
< feost®) M

4

Where: A is the wavelength of incident X-ray, k=0.9, B is the full width
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at half maximum, 6 is the Bragg angle and e is the film thickness. After
y-radiation, the crystallite size of CITS thin layer was decreased from 46 nm
to a minimum value of 9 nm for 20 kGy. This behavior may be due to the
strong capacity of y-rays to penetrate through the targeted film, which can
displace atoms and breakdown the molecules that can reduce the crystallite
size into smaller one. The analogous trend was previously reported in our
researcher for iron doped indium oxide [24]. The observed increment of
crystallite size at 60 kGy may be related to the gamma radiation nature
that ionizes the matter and gives velocity through atoms. Therefore, it will
generate multiple ions and electrons to atomic collisions [19]. Generally,
odis and Nc were increased after applying y-rays reaching respectively
12.34 10" cm? and 100.4 10'2 cm?for 20 kGy, which caused from the
structural disorder created after y-radiation. However, they present lowest
values at 60 kGy. XRD data was applied to evaluate lattice parameters ‘a’
and ‘¢’ unit cell volume (V), X-ray density (d ) and porosity (P) using the
following expressions [26]:

a=d (h? + k2 +%lz Vza? X ¢, 0222 and P=1 - %8 (2)|
[5 VxXNy4 dy

Where; d, (h, k, 1), M, Z, NA and dB are respectively: The inter-planar
spacing, miller indices, molecular weight=489 gmol-1, atoms number per
unit cell, Avogadro number=6.0022*10% mol-1 and bulk density. Structural
parameters were summarized in Tables 1 and 2. y-radiation provokes a
considerable change in lattice parameters ‘a’ and ‘c’, leading to enlarge
the unit cell volume (V). Such distance change between copper, indium,
tin and sulfur can lead to an expansion of unit cell volume (V). Raimond B.
G et al [27] have reported that materials will undoubtedly heat up because
of exposing by y-radiation. Thus, it would lead to cumulative increase of
crystal temperature. As result of these investigations, X-ray density was
decreased and promotes a gradual increment in the film porosity. This trend
is desired for the increase of the void space percentage in the film, which is
important to uplift the photocatalytic performances.

Rietveld analysis

MAUD software was performed in order to analyse experimental XRD
spectra and evaluate lattice parameters, crystallite size, and microstrain.
Figure 4 depicts the Rietveld refinements of non-irradiated and irradiated
CITS thin films. Herein, all peaks of CITS materials appear in accordance
with those involved in the CIF file. No other feature peaks were found
for impurities, proving a complete ordering of atoms in stannite crystal
structure. During the fitting process, scale factor, atomic positions,
occupancy factors and background coefficients were slightly varied with
respecting the experimental XRD spectra. After y-radiation, it is clearly seen
that the peak related to (204) lattice plan depicted at 2647.59° was divided
after gamma-irradiation on two peaks located at 2646.39° and 47.63°. This
behavior was observed in annealed CFTS material by F. Ozel et al [28].
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Figure 4. Rietveld refinement of non-irradiated and irradiated Cu2InSnS4
thin films by various gamma-doses=20-40-60-80 and 100 kGy

Table 2. Dislocation density (6 dis), number of crystallites (Nc), unit cell
volume (V), X- ray density (dx) and porosity (P) values of non-irradiated and
irradiated Cu2InSnS4 thin films.

that catch the reflected radiation and improve the absorptivity of samples
[30]. Markedly, we note the presence of irregular flattened shapes at 80
kGy. Inspection of these images reveals at 100 kGy, the grains are clearly
altered and divided into hierarchical rods and lamellar shapes with different
dimensions. This result is intended for solar cell applications, which can
help in preventing recombination also to improve photocattalytic activity
[31]. Figure 6 contains the cross-section images of non-irradiated and
y-irradiated CITS thin film by 60 kGy. It can easily observe that irradiated
CITS by 60 kGy exhibits a rugged surface. The film thickness of irradiated
CITS by 60 kGy was higher (1.409 pum) than non-irradiated one (0.832 pm),
which might be correlated to the increase of crystallite size.

Goodness of FIT(GOF) =1.16
Expected error = 8.92
Bragg factor (RB) = 8.19

| 80 kGy

Intensity'? [Count'?]

o | [ e
0 173 5.8 314 4.13 27
20 12-34 100-4 323 4.02 29
40 6.94 42.3 325 3.99 32
60 1.27 3.3 327 3.97 36
80 2.26 8.0 326 3.98 34
100 3.08 12.6 328 3.96 35

Additionally, the peak shown at 2656.54 which corresponds to (312) plan
was decoupled in two peaks at 2655.62° and 56.75° for 40 and 100 kGy.
y-rays with 40, 80 and 100 kGy, lead to appear the small characteristic
peaks at 2038.44°, 42.24°, 59.53°, 63.86° and 64.84° which assigned to
the (202), (114), (224),(321) and (314) lattice plans of stannite structure.
These peaks are impeccably matched well with those reported by H. Guan
et al [29]. Moreover, all diffraction peaks were shifted as depending on
the gamma-doses suggesting a variation of lattice parameters (a) and (c)
under the effect of gamma-radiation. We note an increment in the lattice
parameters (a) and (c) for gamma radiation up to 40 kGy, which can be
attributed to the expansion of the crystal lattice, in fact the unit cell volume
V increases after y-radiations (Table 2). In addition, the microstrain (r.m.s)
was increased after irradiation except for 60 kGy-dose, suggesting a large
distance between the lattices planes of crystal caused by the stress created
from y-rays (for y-doses different to 60 kGy). Estimated crystallites size from
MAUD software was found nearly to those calculated by Debye-Scherrer
formula. As can be understood from Rietveld refinements, exposing to
gamma-radiation with 60 kGy enhances the morphology of CITS thin film.
Meanwhile, 20-40-80 and 100 kGy deteriorate the crystalline quality of CITS
nevertheless no sign of amorphous character.

Morphological analysis

Figure 5 illustrates the SEM micrographs of non-irradiated and y-irradiated
CITS thin films. It is clearly observed that the surface morphology of
CITS material is strongly affected by y-rays. The micrographs showed a
transformation in film morphology from smooth surface to rugged one with
the decrease in film thickness. A reveal significant differences in the grain
sizes and their shapes for each absorbed dose. Irradiated CITS with 20
and 40 kGy present degraded grains and even broken with irregular sizes.
Meanwhile, it can be noticed that the film induced by 60 kGy showed regular
features and homogeneous sizes with pyramid morphology. This crystalline
shape can change the surface roughness and it gives rise to multireflections
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Figure 5. SEM images of non-irradiated and irradiated Cu2InSnS4 thin
films by different gamma-doses=20-40-60-80 and 100 kGy

Figure 6. Cross-section images of non-irradiated and irradiated Cu2InSnS4
thin films by 60 kGy

Optical property

Tauc-relation was employed to estimate the energy band gap (E ) values as
presented in the following relation [32]:

(ahv)=A (hv — Eg)" 3)
Where, A is a parameter depending on transition probability, n=Y for

direct band gap, hv (eV) is defined as the incident photon energy and Eg
(eV) is the energy band gap. Figure 7 displays the optical band gap of
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CITS before and after y-radiation. We notice from the plots that Eg was
influenced by high y-radiation. The same behavior was observed for CoPc
[14] and AgSbSe, materials [33]. Hence, this decrease after y-radiation
may be caused by the defects, which can produce localized state within the
band gap that in turn decreases Eg [34]. A.M. Ibrahim et al [16] sayed that
the interaction mechanism of y-radiation with material exhibits an energy
transfer to the target atom, it induces a transfer of holes from the valence
band to the conduction band with excess number of free electrons and
holes that can move in film and enhance its electrical conductivity. Here,
Eg was decreased from 1.4 at 0 kGy to 0.95 eV at 20 kGy therefore it was
increased up to 1.3 eV at 60 kGy.

60 kGy

1.309 gm ™

Figure 7. Tauc-plot of non-irradiated and irradiated Cu2InSnS4 thin films by
gamma-doses=20-40-60-80 and 100 kGy

Wettability measurement

Controlling the wettability of materials-surface has great practical importance
in various areas such as water splitting, photocatalysis, biosensors and
flotation [35]. It allows to investigate the difference of energy between the
molecules, which exist on the surface and material bulks. The contact angle
(8Y) of dropped liquid was defined as the consequence of thermodynamic
equilibrium of free energy within the solid-liquid-vapor phase. 8Y was
described in 1805 by Thomas Young under the action of three interfacial
tensions using equation 4 [36]:

cos B, = LS (4)
LV

Where vy, and y,, are respectively correspond to the interfacial tensions
with solid/vapor, liquid/vapor and solid/liquid. Figure 8 displays the water
contact form on CITS thin films before and after irradiation. It is clearly
seen that gamma-radiation leads to decrease 8Y from 89° for 0 kGy to a
minimum value about 43° for 60 kGy. Irradiated CITS thin films revealed a
hydrophilic character with 8_Y<90°. In our case, the highest contact angle
was obtained for non-irradiated sample, because of its homogeneous and
uniform surface compared to irradiated samples. The conversion from
hydrophobic to hydrophilic nature related to the modification of surface free
energy and surface morphology. The weak adhesive force accompanied
with Van der Waals forces between the water and material surfaces can
also explain it [37]. The curve evolution clearly indicates that droplet water
form has modified from spherical to Elliptical form. It's worthy to mention
that films with lower contact angle (hydrophilic character) showed large
surface area between solid and liquid [38]. Thus, hydrophilic surface type
supports the physisorption processes that is mandatory for photocatalytic
activity [39].

From 8Y we can explain the wetting of liquids on solid surface with
roughness and degree of heterogeneity. Roughness factor R was evaluated
by Wenzel's equation, which defined as the area ratio of rough film surface
on smooth surface corresponding to it [40]:

_ cosBy
R= cos By (5)

Table 3 shows the values of roughness factor of non-irradiated and
irradiated CITS thin layers. Inset results suggesting that R does not reflect a
coherent tendency with water contact angle. The highest surface roughness
value (0 0.73) corresponds to the CITS film irradiated with 60 kGy accruing
the lowest contact angle and highest porosity (~36%). This behavior may
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be attributed to the regular features and pyramid morphology of grains as
observed for CITS irradiated with 60 kGy (Figure 5). These results allow to
a very short time reaching surface wetting equilibrium that considered as an
advantage in photocatalysis treatment [38].
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Figure 8. A water droplet on the surface of of non-irradiated and irradiated
Cu,InSnS, thin films by gamma-doses=20-40--60-80 and 100 kGy using
Micro-Drop analysis

Table 3. Roughness factor (R), surface free energy (y_SL), work adhesion
(Wad), diameter (d) surface area (A) and height (h) values of water drop for
non-irradiated and irradiated Cu,InSnS, thin films.

7(:3‘;5 R “’SL1(§_’3"‘) Waq(y_f"‘) d(mm) | A(mm?) | h(mm)
0 |002| 29 74 116 | 199 | 054
20 |o014| 31 82 243 | 787 | 1.08
40 |024| 33 90 257 | 810 | 1.00
60 | 073 42 125 | 305 | 835 | 087
80 | 053] 39 110 | 283 | 817 | 0.92
100 | 054 | 40 111 292 | 869 | 095

The surface free energy was calculated by employing the state model
equation [41]:

cosfy = —1+ ZJ?e’BU’L’ ¥s)® (6)
s

Where,y,,= v; and y,=. A hypothesis was commonly applied which
negligees the liquid-vapor adsorption, where B 1.247 10-4 (mJ-,.m,). As
the results listed in Table 3, it's shown that the hydrophilic type dominates
by a lower surface free energy for all irradiated films.

On the other hand, Young-Dupré equation describes the effect of wettability
on the work adhesion, which mainly used to study the thermodynamic
stability of material-liquid interface [40]:

Was=Vyp + Yoy — Voo = Vi +¥s — Vs= ¥y, (L+cos 0y) (7)
Where, y,= 72.1 mN/m for water

At 60 kGy, irradiated CITS-water interface presents the highest work
adhesion (125*10- N/m) corresponding to the lowest contact angle (~43°).
Hydrophilic surface type increases the adhesion between surface-film and
water. It seems that irradiated CITS with 60 kGy is favorable to improve the
active groups for hydrogen bond evolution with water, therefore it enhances
the wettability (8<90°) [40]. By comparing the experimental results, it is
obvious that y-ray at 60 kGy leads to increase the surface free energy
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achieving high adhesive interaction (high Wad) to reach the hydrophilicity
character (8<90°). Therefore, these results are beneficial for using this
candidate in photocatalysis and self-cleaning applications [42].

Photocatalytic degradation of RhB solution under xenon light

Based on the relationship between photocatalysis and hydrophilicity, a
series of photocatalysis experiments for RhB degradation by irradiated
CITS at 60 kGy were made and illustrated in Figure 9. The highest peak
intensity depicted at 550 nm is attributed to RhB monomer component. A
quick decolourization of RhB occurred in the presence of irradiated CITS
with 60 kGy as soon as the first 30 min finished explained by the decrease
of peak intensity at 550 nm. Because the photocatalytic activity is commonly
believed to occur on solid-surface area, which can present low adsorption
value, irradiated CITS with 60 kGy contributes automatically to higher
degradation of RhB dye. The above experimental results suggested that
irradiated CITS with 60 kGy has a significant photocatalytic activity for RhB
under Xenon light irradiation during 120 min.
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Figure 9. The temporal change of RhB photodegradation during the first

cycle with irradiated Cu,InSnS, thin films by 60 kGy gamma-doses under
Xenon light irradiation

100 kGy

Stability and recycling tests of photocatalytic degradation

For the economic reasons, it was important to study the recycling
repeatability and stability of irradiated CITS by 60 kGy photocatalyst.
Figure 10 shows the temporal photodegradation of RhB dye under Xenon
illumination during the second, third and fourth cycles. After each cycle
that lasted 120 min, irradiated CITS photocatalyst was recovered, washed
with bi-distillated water and ethanol, dried in a furnace at 80°C and reused
in new RhB solutions under the same conditions. Taking into account the
powder loss of photocatalyst during each cycle, the filtration process of
RhB solutions was carried out. As can be seen, RhB dye was continuously
degraded during the four cycles, meaning that irradiated CITS with 60 kGy
is an efficient catalyst with good stability for the remediation of polluted
water.
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Figure 10. (a) The temporal change of RhB photodegradation and (b)
kinetic spectra of RhB degradation during the 1-2-3 and 4 cycles

Kinetics of photocatalytic degradation

For qualitatively investigate the photocatalysis activity, the kinetic constants
(k) were determined from Langmuir-Hinshelwood model [43],-In (Ct/CO)
was plotted against the time (t). Apparently, the degradation of dye follows
the first order kinetics k, as provided in the following equations:
=2=kC, Inlt = — kC ®)
dt C

o

Where, C,and C, are respectively the absorbance of the initial dye (t=0) and
the absorbance of the dye at any time (t=t). Figure 10b displayed the kinetic
spectra of RhB degradations under Xenon irradiation during four cycles.
Based on experimental data, kinetic constants k (RhB) of 1, 2, 3¢ and 4
cycles are calculated to be 0.018; 0.010; 0.007 and 0.006 min”,

Photocatalytic degradation efficiency

To examine the capacity of irradiated CITS with 60 kGy for the decolourization
of RhB dye, photodegradation rate was calculated using equation 9 [44]:

Photo degradation rate="2= x 100 (9)
Co

Figure 11 describies the schematic diagram of photodegradation rate
using irradiated CITS under Xenon illumination during four cycles. In our
case, photodegradation rate presents 88% after the first cycle, showing
a good adsorption capacity of RhB dye. Eventually, the experimental
results clearly suggest that RhB dye was decomposed over the second
cycle with 70% efficiency. Owing to the stability of irradiated CITS by 60
kGy, photodegradation rate reached 58% after cycle-3. Therefore, RhB
dye was continously decolorized with 51% within the fourth cycles, but
overall, irradiated CITS at 60 kGy still considered as an efficient and stable
photocatalyst for water purification.

Conclusion

In summary, this paper covers results concerning the effect of I-rays with
different doses (20-40-60-80 and 100 kGy) on chalcogenide Cu2InSnS4
(CITS) thin films. XRD analysis demonstrates that CITS material keeps
its stannite structure after irradiation followed by little deteriorationn
in crystallinity. The samples have different surface morphologies with
general decrease of grain size, which may be due to the strong capacity of
I-radiation to penetrate through the targeted to reduce crystallite size into
smaller ones. Noticeable optical changes have been observed in CITS thin
layers during the irradiation process. After [-ray, Eg was decreased to a
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minimum value of about 0.95 eV. In addition, wettability experiments showed
that (-radiation transforms the surface nature from hydrophobic (6>90°) to
hydrophilic (8<90°) and pave the way for possible use of irradiated CITS
with 60 kGy in various sensitivity applications such as self-cleaning and
photocatalysis applications. Our findings confirm that irradiated CITS at
60 kGy has received relatively little attention in photocatalysis application.
The highest photodegradation rate of RhB under Xenon illumination after
120 min was equal to 88%. Furthermore, the fourth repeated cycles of RhB
degradation can make irradiated CITS kind film as promising alternative in
up-scaled photocatalytic treatment for advanced water re-use.

Acknowledgement

The Authors are highly indebted to the Deanship of the Scientific Research (DSR),
Umm Al-Qura University for the financial support through the project number 19-SCl-
1-01-0044 entitled: Synthesis, development and systematic study of the performances
of a novel Photovoltaic Thermoelectric nanocomposite-based hybrid solar cells.

References

1. Leygraf, C, 10 Wallinder, J Tidblad and T Graedel. “Atmospheric corrosion.”
Wiley, New Jersey (2016).

2. Lien, LTH and PT San. "The effect of environmental factors on carbon steel
atmospheric corrosion; the prediction of corrosion, [in] outdoor atmospheric

corrosion.” ASTM STP (2002): 1421

3. Ben Ali, M, FB Bouaifel, B Sieber, and H Elhouichet, et al. “Preparation and
characterization of Ni-doped Zn0O-Sn02 nanocomposites: Application in
photocatalysis.” Superlattices and Microstructures 91(20186): 225-237

4. Sripan, C, D Alagarasan, S Varadharajaperumal, and R Ganesan, et al.
‘Influence of solvent on solution processed Cu2ZnSnS4 nanocrystals and
annealing induced changes in the optical, structural properties of CZTS film.”

Current App Phy (2020)

5. Nefzi, C, M Souli, Y Cuminal and N Kamoun-Turki. “Effect of substrate
temperature on physical properties of Cu2FeSnS4 thin films for photocatalysis
applications.” Mat Sci & Enginee B 254 (2020): 114509

6.  Nefzi, C, M Souli, JL Costa-Kramer, abd JM Garcia, et al. “Growth of the next
generation promising Cu2Fel-xCoxSnS4 thin films and efficient p-CCTS/n-
In2S3/n-Sn02F heterojunction for optoelectronic applications.” Mat Res
Bulletin 133(2020): 111028

7. Beraich, M, M Taibi, A Guenbour, and A Zarrouk, et al. “Synthesis of tetragonal
Cu2NiSnS4 thin film via low-cost electrodeposition method: effect of Ni2+
molarity.” J Electro Mat 49(2020): 728-735

8.  Nefzi, C, M Souli, M Luisa Dotor Castilla, and JM Garcl, et al. “CFTS-3/In2S3/
SnO2:F heterojunction structure as eco-friendly photocatalytic candidate for
removing organic pollutants.” Arab J Chem 13(2020): 6366-6378

9.  Baydogan, N, Ozdemir and H Cimenoglu. “The improvement in the electrical
properties of nanospherical ZnO:Al thin film exposed to irradiation using a Co-
60 radioisotope.” Radiation Phy and Chem 89 (2013): 20-27

10. Sudha, A, TK Maity, SL Sharma. “Effects of gamma irradiations on structural
and electrical properties of indium oxide thin films prepared by thermal
evaporation.” Mat Letters 164(2016): 372-375

11. Hochanadel, CJ and JA Ghormley. “A calorimetric calibration of gamma-ray
actinometers.” J chem phy 21(1953): 880-885

12. Berna, A. “Metal oxide sensors for electronic noses and their application to food
analysis.” Sensor 10(2010): 3882-3910

13. El-Nahass, MM, AAM Farag and F Abd-El-Salam. “Effect of gamma irradiation
on the optical properties of nano-crystalline InP thin films.” Applied Surface
Science 255(2009): 9439-9443

14, El-Nahass, MM, AAM Farag and AA Atta. “Influence of heat treatment and
gamma-rays irradiation on the structural and optical characterizations of
nano-crystalline cobalt phthalocyanine thin films.” Synthetic Metals 159(2009):
589-594

15. Ramaiah, KS, VS Raja, AK Bhatnagar, and FS Juang, et al. “Effect of annealing
and K-irradiation on the properties of CulnSe2 thin films.” Materials Letters
45(2000): 251-261

Page 6 of 7

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

21.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Ibrahim, AM and LI Soliman. “Effect of X-irradiation on optical and electrical
properties of Sel-xTex.” Radiation Physics and Chemistry 53(1998): 469-475

Abhirami, KM, R Sathyamoorthy and K Asokan. “Structural, optical and
electrical properties of gamma irradiated SnO thin films.” Radi Phy and Chem
91(2013): 35-39

El-Nahass, MM, AAA Darwish, EFM El-Zaidia and AE Bekheet. “Gamma
irradiation effect on the structural and optical properties of nanostructured
InSe thin films.” J Non-Crystalline Solids 382(2013): 74-78

Souli, M, C Nefzi, Z Seboui, and A Mejri, et al. “Improved structural properties,
morphological and optical behaviors of sprayed Cu2ZnSnS4 thin films induced
by high gamma radiations for solar cells.” Mat Sci in Semicond Process
83(2018): 50-57

Law, KY. “Definitions for hydrophilicity, hydrophobicity, and superhydrophobicity:
getting the baics right.” J Phys Chem. Lett 5(2014): 686-8

Wan, Y, Z Wang, Z Xu, and C Liu, et al. “Fabrication and wear protection
performance of superhydrophobic surface on zinc.” App Surf Sci 257(2011):
7486-9

Wang, P, D Zhang, R Qiu and B Houa. “Super-hydrophobic film prepared on
zinc as corrosion barrier.” Corrosion Sci 53(2011): 2080-6

Ben Ali, M, FB Bouaifel, B Sieber, and H Elhouichet, et al. “Preparation and
characterization of Ni-doped ZnO-Sn02 nanocomposites: Application in
photocatalysis.” Superlattices and Microstructures 91(2016): 225-237

Nefzi, C, M Souli, N Beji, and A Mejri, et al. “Improvement of structural, optical
and electrical properties of iron doped indium oxide thin films by high gamma
radiations for photocatalysis applications.” Mat Sci in Semicond Process
90(2019): 32-40

Nefzi, C, M Souli, B Jeyadevan and NK Turki. “Effect of sprayed volume
on physical properties of Cu2FeSnS4 thin films and an efficient p-type
Cu2FeSnS4/n-type F-doped Sn02 heterojunction.” J Phy and Chem of Solids
144(2020): 109497

Somvanshi, SB, SR Patade, DD Andhare, and SA Jadha, et al. “Hyperthermic
evaluation of oleic acid coated nano-spinel magnesium ferrite: Enhancement
via hydrophobic to hydrophilic surface transformation.” J Alloys and Comp
835(2020): 1565422

Ravelli, BG, P Theveneau, S McSweeney and M Caffrey. “Unit-cell volume
change as a metric of radiation damage in crystals of macromolecules.”
Synchrotron Rad 9(2002): 355-360

Ozel, F, M Kus, AYar, and E Arkan, et al. “Fabrication of quaternary Cu2FeSnS4
(CFTS) nanocrystalline fibers through electrospinning technique.” J Mater Sci
50(2015): 777-783

Guan, H, H Shen, B Jiao and X Wang. “Structural and optical properties of
Cu2FeSnS4 thin film synthesized via a simple chemical method.” Mat Sci in
Semicond Process 25(2014): 159-162

Touati, B, A Gassoumi, C Guasch and NK Turki. “Cd2+doped PbS thin films for
photovoltaic applications: Novel low-cost perspective.” Mat Sci in Semicond
Process 67(2017): 20-27

Camara, SM, L Wang and X Zhang. “Easy hydrothermal preparation of
Cu2ZnSnS4 (CZTS) nanoparticles for solar cell application.” Nanotech.
24(2013): 495401.

Nefzi, C, N Beji, M Souli, and A Mejri, et al. “Effect of gamma-irradiation
on optical, structural and electrical properties of In203: F thin films for
photocatalysis application.” Optics and Laser Technology 112(2019): 85-92

Abdul-Kader, AM and YA EI-Gendy. “Influence of c-irradiation on the optical
properties of AgShSe2 thin films.” Nuclear Instrum and Method in Phy Res B
305(2013): 22-28

Ji, S, ShiT, Qiu X, and Zhang J, et al. “Aroute to phase controllable Cu2ZnSn(S1-
xSex)4 nanocrystals with tunable energy bands. Sci Rep 3(2013): 2733.

Esfahani, H and N Khoshnoodan. “Influence of number of deposited layers on
the microstructure, hydrophobicity and electro-optical properties of electrospun
Al-doped ZnO thin films.” Chinese J Phy (2020)

Ben Ameur, S, B Duponchel, G Leroy, and H Maghraoui-Meherzi, et al. “Impact
of substrate nature and film thickness on physical properties of antimony
trisulphide (Sh2S3) thin films for multifunctional device applications.”
Superlattices and Microstructures 142(2020): 106473

Geim, A, S Dubonos, | Grigorieva, and K Novoselov, et al. “Microfabricated
adhesive mimicking gecko foot-hair.” Nature materials 2(2003): 461-463.


https://www.wiley.com/en-us/Atmospheric+Corrosion%2C+2nd+Edition-p-9781118762271
https://www.wiley.com/en-us/Atmospheric+Corrosion%2C+2nd+Edition-p-9781118762271
https://doi.org/10.1520/STP10886S
https://doi.org/10.1520/STP10886S
https://doi.org/10.1520/STP10886S
C:\Users\omics\Desktop\22-09-2021\jme-21-38940\10.1016\j.spmi.2016.01.014
C:\Users\omics\Desktop\22-09-2021\jme-21-38940\10.1016\j.spmi.2016.01.014
C:\Users\omics\Desktop\22-09-2021\jme-21-38940\10.1016\j.spmi.2016.01.014
https://doi.org/10.1016/j.cap.2020.05.003
https://doi.org/10.1016/j.cap.2020.05.003
https://doi.org/10.1016/j.cap.2020.05.003
https://doi.org/10.1016/j.cap.2020.05.003
https://doi.org/10.1016/j.mseb.2020.114509
https://doi.org/10.1016/j.mseb.2020.114509
https://doi.org/10.1016/j.mseb.2020.114509
https://doi.org/10.1016/j.materresbull.2020.111028
https://doi.org/10.1016/j.materresbull.2020.111028
https://doi.org/10.1016/j.materresbull.2020.111028
https://doi.org/10.1016/j.materresbull.2020.111028
https://doi.org/10.1007/s11664-019-07707-4
https://doi.org/10.1007/s11664-019-07707-4
https://doi.org/10.1007/s11664-019-07707-4
https://doi.org/10.1016/j.arabjc.2020.05.038
https://doi.org/10.1016/j.arabjc.2020.05.038
https://doi.org/10.1016/j.arabjc.2020.05.038
https://doi.org/10.1016/j.radphyschem.2013.02.042
https://doi.org/10.1016/j.radphyschem.2013.02.042
https://doi.org/10.1016/j.radphyschem.2013.02.042
https://doi.org/10.1016/j.matlet.2015.11.003
https://doi.org/10.1016/j.matlet.2015.11.003
https://doi.org/10.1016/j.matlet.2015.11.003
https://doi.org/10.1063/1.1699051
https://doi.org/10.1063/1.1699051
doi:10.3390/s100403882
doi:10.3390/s100403882
https://doi.org/10.1016/j.apsusc.2009.07.051
https://doi.org/10.1016/j.apsusc.2009.07.051
https://doi.org/10.1016/j.apsusc.2009.07.051
http://dx.doi.org/10.1016%2Fj.synthmet.2008.11.029
http://dx.doi.org/10.1016%2Fj.synthmet.2008.11.029
http://dx.doi.org/10.1016%2Fj.synthmet.2008.11.029
http://dx.doi.org/10.1016%2Fj.synthmet.2008.11.029
https://doi.org/10.1016/S0167-577X(00)00114-2
https://doi.org/10.1016/S0167-577X(00)00114-2
https://doi.org/10.1016/S0167-577X(00)00114-2
C:\Users\omics\Desktop\22-09-2021\jme-21-38940\10.1016\S0969-806X(98)00016-4
C:\Users\omics\Desktop\22-09-2021\jme-21-38940\10.1016\S0969-806X(98)00016-4
https://doi.org/10.1016/j.radphyschem.2013.05.030
https://doi.org/10.1016/j.radphyschem.2013.05.030
https://doi.org/10.1016/j.radphyschem.2013.05.030
https://doi.org/10.1016/j.jnoncrysol.2013.10.012
https://doi.org/10.1016/j.jnoncrysol.2013.10.012
https://doi.org/10.1016/j.jnoncrysol.2013.10.012
https://doi.org/10.1016/j.mssp.2018.04.009
https://doi.org/10.1016/j.mssp.2018.04.009
https://doi.org/10.1016/j.mssp.2018.04.009
https://doi.org/10.1016/j.mssp.2018.04.009
https://doi.org/10.1021/jz402762h
https://doi.org/10.1021/jz402762h
https://doi.org/10.1016/j.spmi.2016.01.014
https://doi.org/10.1016/j.spmi.2016.01.014
https://doi.org/10.1016/j.spmi.2016.01.014
https://doi.org/10.1016/j.mssp.2018.09.022
https://doi.org/10.1016/j.mssp.2018.09.022
https://doi.org/10.1016/j.mssp.2018.09.022
https://doi.org/10.1016/j.mssp.2018.09.022
doi:10.1038/ srep02733.25
doi:10.1038/ srep02733.25
https://doi.org/10.1016/j.cjph.2020.11.022
https://doi.org/10.1016/j.cjph.2020.11.022
https://doi.org/10.1016/j.cjph.2020.11.022

Chayma N, et al.

J Material Sci Eng, Volume 10:7, 2021

38.

39.

40.

41.

Enesca, A, L Isac and A Duta. “Hybrid structure comprised of Sn02, ZnO and
Cu2S thin film semiconductors with controlled optoelectric and photocatalytic
properties.” Thin Solid Films (2013)

Zhang, YC, ZN Du, KW Li, and M Zhang, et al. “High-performance visible-
light-driven SnS2/Sn0O2 nanocomposite photocatalyst prepared via in situ
hydrothermal oxidation of SnS2 nanoparticles.” ACS Appl. Mater. Interfaces
3(2011): 1528-1537

Mrabet, C, N Mahdhi, A Boukhachem, and M Amlouk, et al. “Effects of surface
oxygen vacancies content on wettability of zinc oxide nanorods doped with
lanthanum.” J Alloys and Comp (2016)

Dridi, R, C Mrabet, A Labidi, and N Mahdbhi, et al. “Electrical conductivity of
Zn2Sn04 thin films along with wettability and EtOH-sensing.” J Alloys and

Page 7 of 7

42.

43.

44,

Comp (2017)

Foadi, F, H Kalhori and M Reza Mohammadizadeh. “Modification of stainless
steel by Cu20 coating for hydrophobic applications: a morphological study.”

Surface Topography: Metrology and Properties (2020)

Zeng, Q, Y Liu, L Shen, and H Lin, et al. “Facile preparation of recyclable
magnetic Ni@filter paper composite materials for efficient photocatalytic

degradation of methyl orange.” J Colloid and Interface Sci 582 (2021): 291-300

Poongodi, G, P Anandan, R Mohan Kumar and R Jayavel. “Studies on visible
light photocatalytic and antibacterial activities of nanostructured cobalt doped
Zn0 thin films prepared by sol-gel spin coating method.” Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy 148(2015): 237-243

How to cite this article: Chayma, N, Bechir Y, Nizar G, and Jorge M. et al. “Effect
of Gamma Radiation on New Promising Quaternary Cu,Insns, Semiconductor:
Transformation via Hydrophobic To Hydrophilic Surface for Controlled
Photocatalytic Performance.” J Material Sci Eng 10 (2021); 1-7



https://doi.org/10.1016/j.cjph.2020.11.022
https://doi.org/10.1016/j.cjph.2020.11.022
https://doi.org/10.1016/j.cjph.2020.11.022
doi: 10.1016/j.jallcom.2016.06.286
doi: 10.1016/j.jallcom.2016.06.286
doi: 10.1016/j.jallcom.2016.06.286
doi: 10.1016/j.jallcom.2017.03.055
doi: 10.1016/j.jallcom.2017.03.055
doi: 10.1016/j.jallcom.2017.03.055
https://doi.org/10.1088/2051-672X/ab8ba8
https://doi.org/10.1088/2051-672X/ab8ba8
https://doi.org/10.1088/2051-672X/ab8ba8

