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A B S T R A C T

These days, water contamination poses a severe threat to the ecosystem and demands immediate care. This study
examined the need to reduce water pollution using clean, renewable energy (solar light irradiations) for the
degradation of Congo red by Silver-indium and antimony selenide with chemical composition AgInSbSe3. The
sample was fabricated through a hydrothermal technique. The synthesized sample was characterized through X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), Scanning electron microscopy (SEM) and
Ultraviolet-Visible spectroscopy. The X-ray diffraction confirms crystalline structure of the synthesized sample.
The SEM analysis reveals irregular grains and exhibits a very small inter-particle distance. SEM provides the
morphology of the synthesized sample, the grain size of the synthesized sample was 0.58 μm. FTIR results
revealed specific absorption bands in the range of 400–4000 cm�1; optical properties are studied through UV-Vis-
spectroscopy. The synthesized sample has 1.97 eV bandgap which is suitable for degradation of organic pollut-
ants. The photocatalytic activity of the material is checked by degrading the Congo red dye under direct sunlight
irradiation and for the 75 min illumination 77.8% degradation efficiency is attained.
1. Introduction

The presence of numerous organic dyes in industrial effluents con-
tributes to water contamination. The textile industry uses 10–12% of all
organic dyes annually [1, 2]. According to reports, during dye
manufacturing and processing, 20% of these dyes are released into the
water. Due to the presence of dangerous dyes, such industrial effluents
have detrimental impacts on both humans and aquatic species. These
dyes are difficult to remove from wastewater because they are
non-biodegradable, carcinogenic, oxidizing agents and stable to light [3,
4]. Therefore, it is crucial to clean the waste water before releasing it into
the environment. These chemicals are degraded using various conven-
tional waste water treatment techniques like bioadsorption [5], catalytic
reduction [6], coagulation [7], membrane filtration [8], adsorption [9,
10], ion exchange removal [11, 12], photocatalytic degradation [13, 14],
ozonation [15] and biological/aerobic treatment [16]. Over the past few
years, photodegradation of pollutants has become incredibly popular
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[17, 18, 19, 20, 21]. Researchers have been significantly more intrigued
by photocatalytic technology than the others due to its sustainability,
efficient use of solar energy and eco friendly nature. The photocatalytic
reaction involves photocatalysis, where a semiconductor photocatalyst
absorbs light (artificial light or sun light) to break down a variety of
environmental pollutants, such as organic pollutants in the water and the
air. When compared to conventional wastewater treatment techniques,
photodegradation has advantages. For instance, at room temperature,
active photocatalysts can completely degrade organic contaminants in a
few hours. Additionally, organic contaminants can entirely mineralize
into relatively safe products (water and CO2) without the development of
secondary harmful compounds [22, 23]. Surface functionalization of
nanoparticles is used for effective degradation of hazardous contami-
nants through photodegradation [24, 25].

For photocatalysis, a variety of photoactive substances have been
studied, including metal nanoparticles, metal graphene oxides, metal
encapsulated biopolymers, metal sulfides, and other functional materials.
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Numerous studies have been done on the use of metal oxides in hetero-
geneous catalysis for the degradation of organic dyes. Doping to increase
the catalyst's photocatalytic activity was also taken into consideration for
considerable degradation. Increasing interests in chalcogenides-based
semiconducting materials are extensively used nowadays in photode-
tectors, photovoltaic devices and photocatalytic degradation. However, a
path for selenides has emerged through time. In the form of binary sel-
enides with transition metals, selenium, a semiconductor, is frequently
utilized in contemporary instruments including electrodes, photo-
conductors, and electrical or optical devices [25, 26, 27, 28, 29, 30, 31,
32]. A lot of multinary metal selenides have been discussed to study the
photocatalytic effect like, AgInSe2, AgInSe2/TiO2 [33], Sb2Se3/βIn2Se3
[34], CdSe@CA, Ag–CdSe@CA, CdSe/GO@CA, Ag–CdSe/GO@CA [35],
CdSe/CdS, CdSe/CdS/ZnS [36], CdSe [37], Ag5Sn4Se12]�3H2O [38].

Congo red (CR) which is benzidine-based diazo dye with anionic
nature has usage in plastic, textile, printing and paper industries, raises
concerns about water contamination due to its mutagenic and carcino-
genic properties. Due to its stability and intricate structure, it is extremely
resistant to deterioration. So it's necessary to synthesis such materials
which are easily available, abundant in nature, eco-friendly and energy
saving to degrade such harmful organic pollutants like CR dye. Herein we
fabricated the selenide-based composite through hydrothermal tech-
nique. This technique is easy to deal and fast to synthesize the required
nanomaterials. The obtained material was characterized through XRD,
FTIR, SEM and UV-spectroscopy. This composite is active photocatalyst
for organic pollutants because it is non-toxic and absorbs both visible and
UV light well. Our fabricated ternary selenide composite has a band gap
of 1.97eV. The synthesized photocatalysts had shown good efficiency for
degradation of CR dye under direct sunlight. This research expands the
range of uses for metal based chalcogenides, which were previously
limited to semiconducting applications and this research will help to
develop additional photocatalysts from the chalcogenide family.

2. Experimental details

2.1. Chemicals

To investigate this study following chemicals with their maximum
purity has been used. SbCl3 (Merck �99%), hydrazine solution (in H2O
solution ~80%), ethanol (sigma Aldrich 99.6%), Na2SeO3 (Merck
>99%), EDA (UNI CHEM 95.0%), silver nitrate (Sigma Aldrich �99%),
NaOH (�97.0%), KOH (99% Pub Chem), In(NO3)3 (99.9% Sigma
Figure 1. Schematic diagram of the synthesis of
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Aldrich) and deionized water. All the obtained chemicals have maximum
purity and are used without any purification.

2.2. Sample synthesis technique

The synthesized sample AgInSbSe3 was synthesized by using hydro-
thermal technique. In beaker A 3ml HClþ5ml H2O was added and placed
on magnetic rotor for continuous stirring. Then 1g NaOHþ10ml H2Owas
added. After the above mixture was dissolved In(NO3)3 (0.22g) and
AgNO3 (0.179g) was added with continuous stirring for 2 h at 60ᵒC. After
stirring for half an hour, the pH was checked that was 1. To maintain the
pH at 7, 5ml H2O and 3ml hydrazine was added. In beaker B 10ml EDAþ
Na2SeO3 (0.52g) was added with continuous stirring on magnetic stirrer
for 30 min. After this, all solutions were mixed in single beaker and were
put on magnetic stirrer for 20 min. Then the pH was checked, that was
exactly 11. The mixture was poured in autoclave and the autoclave was
placed in oven for 24 h at 200ᵒC. Then the sample was filtered and
washed with de-ionized water for 3–4 times and then with ethanol. To
attain the sample in powder form the sample was placed in oven for 2 h at
180ᵒC. The sample was then grounded with pastel and mortar for 20 min
Figure 1 illustrated schematic diagram of the synthesis of AgInSbSe3
through hydrothermal technique.

2.3. Characterization techniques

X-ray diffraction of powder sample was performed through on Bruker
D Z Phaser (PW1830) with Cu-Ka radiation of λ (k¼) 1.54 Å, at a 2�/min
speed of scan. Morphology of synthesized sample is studied via EDX and
SEM through Hitachi SU 3500. FTIR spectrum at room temperature is
attained from Nicolet 6700 by KBr disk technique in the range of
500–3500 cm�1. The UV spectroscopy is carried out through AE-S90-2D
UV spectrometer.

2.4. Photocatalytic activity

To investigate the photocatalytic proficiency of synthesized
AgInSbSe3, Congo red (CR) dye was used as a target organic pollutant.
Firstly prepare 10 ppm solution of CR in 100 ml of deionized water and
add 0.02 g of catalyst under continuous stirring on magnetic plate and
after it put this under dark for 30 min to achieve adsorption-desorption
equilibrium among molecules of dye and photocatalyst. After 30 min of
dark absorbance was checked through UV-visible spectrophotometer.
AgInSbSe3 through hydrothermal technique.



Figure 2. XRD pattern of AgInSbSe3 ternary chalcogenides. Figure 3. SEM image of synthesized AgInSbSe3 composite.

Figure 4. EDX of synthesized sample contain silver, indium, antimony and
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Then put this solution under direct sunlight to check its absorbance for 75
min under continuous stirring. Take out 3 ml of sample after every 15
min and centrifuged the sample for 7–8min to remove the catalyst from it
and check its absorbance and determined the photocatalytic efficiency of
the catalyst.

3. Results and discussions

3.1. Analysis of XRD spectrum

The graph is plotted between the angle range set between 10-70� and
the intensity as represented in Figure 2. The XRD of the synthesized silver
indium and antimony selenide reveals that the sample is crystalline. In
our synthesized composite basically ternary phase is observed which are
AgInSe2 and AgSbSe2. The peaks are matched with two JCPDs card No
01-075-0118 and 00-012-0379. The peaks show the hkl values that
basically the evidence of the size and structure of the crystal; hence the
values are (112) (103), (004) (211), (213) (220), (220) (301), (312)
(311), (222) and (107) [39, 40, 41, 42].

The size of crystallites was estimated from the following below rela-
tion

D¼ k λ=β cos θ (1)

Here in the above equation D denotes the crystallite magnitude, λ is
wavelength of used X-ray (1.54 Å), β is the full width at half maxima in
radian, and θ is the angle, K is constant [42]. The average calculated
crystallite sizes for AgInSe2 and AgSbSe2 are mentioned in Table 1. The
lattice parameters, volume, X-ray density, dislocation density and micro
strain are calculated with the help of the following Eqs. (2), (3), (4), (5),
(6), and (7) respectively:

For Tetragonal structure

1
d2

¼ h2 þ k2

a2
þ l2

c2
(2)

V ¼ a2c (3)

For Cubic
Table 1. Crystallite size, lattice parameters, volume, dislocation density and micro st

Sr. No. Crystallite size (nm) Lattice parameters (Å) Volume (Å3)

AgInSe2 19.04 a ¼ b ¼ 6.06, c ¼ 12 440.6

AgSbSe2 8.07 a ¼ b ¼ c ¼ 5.77 192.10

3

α¼ dhkl
�
h2 þ k2 þ l2

�1=2
(4)
V ¼ α3 (5)

δ¼ 1
d2

(6)

ε¼ β

4 tan θ
(7)

Calculated values of lattice parameters, volume, X-ray density,
dislocation density and micro strain for AgInSe2 and AgSbSe2 are
mentioned in Table 1.
3.2. SEM and EDX analysis

The SEM micrograph of the prepared sample AgInSbSe3 shows that
grains cover the entire homogeneous surface in micrometer scale as
shown in Figure 3. The SEM image shows irregular grains, which are
rain for AgInSe2 and AgSbSe2.

Dislocation density nm�2 Micro strain X-ray density g/cm3

2.7 � 10�3 0.55 6.77

1.54 � 10�2 2.01 10.06

selenide peaks.



Figure 5. FTIR spectra image of AgInSbSe3.

Figure 6. a. Absorption spectra of synthesized sample. b. Illustration of band
gap using Tauc equation.

Figure 7. Photocatalytic efficiency of AgInSbSe3 under direct sunlight.
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diffused and exhibit a very small inter-particle distance. The grain size
measured that is 0.58 μm. EDX of the prepared sample is shown in
Figure 4 and it illustrated the elemental composition of the material.
3.3. FTIR

FTIR of the synthesized sample is shown in Figure 5. The graph is
plotted between the transmittance and wave number ranging 400-4000
cm�1. In Figure 5 the bands are appeared at 3272.77 cm�1, 2359.32
cm�1, 1677.97 cm�1, 1537.39 cm�1, 1007.52 cm�1, 716.25 cm�1 and
459.09 cm�1. The bands at around 3272.77 cm�1, 2359.32 cm�1 and
1677.97 cm�1 are due to the silver ion binding with hydroxyl or N–H
(amine), C–H (hydrocarbons stretching) and C¼O vibrational stretching
respectively [43]. The band appeared at around 1537.39 cm�1 is
attributed to the N–H bond stretching [44]. While the absorption at
1007.52 cm�1 is assigned to the vibrational mode associated with mixed
vibration due to C–N bonding [45], while the band at 716.25 indicates to
–CSe2out of phase stretching [44].
3.4. Optical properties

To study the optical properties of the synthesized sample absorbance
of the composite is checked by using UV-Vis-spectrophotometer and
Figure 6(a) illustrated the absorbance spectrum of the composite. While,
to estimate the band gap Eq. (8) is used because the energy band gap is an
important factor in catalytic activity of a catalyst and its value is calcu-
lated from the Tauc plot which is shown in Figure 6(b) and it is drawn
Figure 8. %age degradation efficiency of the prepared sample.



Figure 9. Mechanism of photocatalytic in dye degradation under sunlight irradiation.

Figure 10. (a) Co/Ct versus irradiation time (b) Ln (Co/Ct) versus irradiation time.
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between energy eV and (ahv). From Tauc plot the value of direct band
gap ~1.9 eV.

ða h υÞ¼Bðh υ� E gÞn (8)

In this equation, ν is light frequency, һ is Planck constant, α denotes
the absorption coefficient, һν is energy and Eg is energy of band gap. Band
gap is evaluated by intercept of tangent to the X-axis as displayed in
Figure 6(b). The value of band gap is estimated about 1.9 eV that suggest
that the synthesized sample is suitable for the photodegradation of dye
under sunlight irradiation [46, 47].

To estimate the valence and conduction band following Eqs. (9) and
(10) are used;

ECB ¼ χ - Ee - 0.5 Eg (9)
Figure 11. Relative concentration value of dye w. r. t. time (a) Ct/Co versus
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EVB ¼ ECB þ Eg (10)

χ is the electronegativity of the synthesized material, Ee is free electrons
energy, ECB is conduction band and EVB is valence band potential
respectively. The calculated value of conduction band is -0.57 eV, the
value of valence band is 1.39 eV and the value of band gap is 1.97 eV.
3.5. Photocatalytic degradation of AgInSbSe3 with Congo red dye

10 ppm solution CR is prepared to check the photocatalytic activity of
prepared photocatalyst under direct sunlight. After attaining adsorption-
desorption equilibrium condition the sample is placed in sunlight and
take sample after every 15 min to check the absorbance of the material.
time of irradiation time plot (b) lnCt/Co versus time of irradiation plot.



Table 2. Comparison between %age efficiency of selenide based nanomaterials with present work.

Sr. No. Material Eg (eV) Dye Degradation time %age Efficiency References

1 PbSe nanomaterial 2.15 MO 0.5 h 83.13 % [48]

2 CdSe nanostructured 3.88–1.83 CR 2.5 h 50% [49]

MB 4.5 h 88%

3 Ba2AsGaSe5 1.39 RhB 2.5 h 23% [50]

4 bismuth selenide 1.2 RB 2 h 90% [51]

CR 35%

5 Bismuth-cobalt selenide 2.35 CR 1.6 h 85% [52]

6 CdSe/CeO2 2.61 CR 2.5 h 97.3% [53]

7 FeSe 2.0 CR 3 h 85.1% [54]

8 SrBiSbSe3 2.01 CR 1 h 86.9% [55]

9 AgInSbSe3 1.97 CR 1.25 h 77.8% Present study
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The absorbance reduced constantly as reaction time increased as shown
in Figure 7. Figure 7 displays that with the passage of time degradation
efficiency increases and reaches to its maximum value after 75 min and
its value is 77.8% as shown in Figure 8. To find out the %age degradation
efficiency of the material following Eq. (11) is used:

%age degradation ðDÞ¼C0 � Ct

C0
� 100 (11)

Where, ‘D’ is the degradation efficiency, C is the Congo red value and Ct
stands for the complete time interval absorbance. The result shows that
the sample with small value of band gap has appreciable performance
under sunlight irradiation is 77.8%.

3.6. Proposed mechanism of photocatalytic degradation of catalyst with
Congo red dye

Irradiation of visible light excites the electrons, resulting in the cre-
ation of a hole (hþ) in the valence band, which is then transferred to the
conduction band (CB) as shown in schematic Figure 9. Both hþ and
electrons migrate to crystal surfaces, where they react with H2O mole-
cules and molecular oxygen (O2) to form free superoxide radical anion
(�O-

2) and hydroxyl radicals (�OH). For photocatalytic degradation of
organic pollutants these free radicals acts as active sites as well as potent
oxidizing agent.

The following proposed oxidative and reductive reactions may take
place in the photocatalytic degradation process of CR dye as shown in
Eqs. (12), (13), (14), (15), and (16):

AgInSbSe3 þ hυ (E > Eg) → AgInSbSe3 þ hþ (VB) þ e�(CB) (12)
Figure 12. Stability of synthesized photocatalyst after 3 cycles.
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hþ þ H2O → OH� þHþ (13)

hþ þ OH‒→ OH� (14)

2H2O þ O2
‒ þ e‒→ 2OH þ 2OH (15)

OH� þ CR → CO2 þ 2H2O þ NO3
‒ (16)

Finally, these produced hydroxyl radicals degrade the CR dye mole-
cules by converting it into H2O and CO2 as byproducts [47].
3.7. Pseudo first order kinetics

The dye solution under direct sunlight more than 1 h without the
photocatalyst was revealed no detectable change in the absorbance and
color of dye solution. Now we add a measured quantity of catalyst and to
achieve adsorption desorption equilibrium kept this dye solution with
catalyst under dark for 1 h. The absorbance of CR solution was deter-
mined and this is referred as zero time concentration at zero time i.e. Co.
After adsorption desorption equilibrium, put sample in direct sunlight
and measured dye absorbance was at various time interval and the
concentration known as concentration at time t i.e. Ct [21]. Figure 10 (a)
and (b) shows the plot (Co/Ct) and (lnCo/Ct) intended for the variation
during the different concentration against time for the CR degradation
under sunlight irradiation over AgInSbSe3. Figure 10 (a) and (b) the re-
action profile vs time of irradiation. The graph shows an increase with
respect to time. In Figure 11 (a) and (b) Kinetic plot of (Ct/Co) vs irra-
diation time and ln (Ct/Co) vs time t. If we define Kapp as the pseudo-first
order rate constant So the value of rate constant, Kapp, which is the slope
found by the linear fit of the ln (Co/Ct) vs irradiation time graph and its
value is Kapp ¼ 1.80 � 10�2 min�1 of the kinetic plot, gives a qualitative
overall assessment of how efficiently a dye is degrading in the presence of
a sunlight assisted photocatalyst [47]. In Table 2 comparison between %
age efficiency of selenide based nanomaterials with present work has
been discussed.
3.8. Stability of the synthesized photocatalyst

To study the stability of the synthesized material under sunlight, 3
successive catalytic experiments has been carried out for 10 ppm CR
solution. Centrifugation process has been applied to recycle the catalyst
and washed with ethanol and deionized water and dried for 2 h at 180 �C
in drying oven. The degradation efficiency of the material decreased from
77.8% to 75% after 3 successive cycles. As shown in Figure 12. A minor
deactivation was observed in photocatalytic activity.

4. Conclusion

The silver indium antimony selenide with chemical composition
AgInSbSe3 has been prepared via hydrothermal route. The XRD, SEM,
EDX, FTIR and UV-vis spectroscopy were made to examine the structure,
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morphology, chemical and optical characteristics of the synthesized
sample. The average crystalline sizes for AgInSe2 and AgSbSe2 are 19.04
nm and 8.07 nm. SEM image confirms the morphology of the sample that
is irregular grains covers the entire homogeneous surface. The calculated
grain size of the specimen is 0.58 μm. EDX spectroscopy confirms the
presence of antimony, indium, silver and selenium in the sample. FTIR
spectroscopy reveals the chemical characteristics of the sample different
bands appeared on the graph with wave number ranging from 400-4000
cm�1. From the Tauc plot the band gap was estimated and its value is
1.97 eV. Photocatalytic activity of the AgInSbSe3 has been examined by
photocatalytic degradation of CR dye under direct sunlight and showed
good degradation 77.8% for CR dye. Kinetics study revealed that
AgInSbSe3 follow the pseudo first order kinetics and the value of Kapp ¼
1.80 � 10�2 min�1. The synthesized material is also stable and its sta-
bility is checked for 3 cycles and minor decrease in %age degradation has
been observed. Its stability for photocatalytic activity makes this material
a good candidate for degradation of organic pollutants.
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