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Abstract

Mn-CdS nanoflowers were successfully deposited using hydrothermal technique at 150 °C for 2 h. The effect of changing the
dopant concentration on the structural, morphological and optical properties of the produced samples was investigated. The XRD
diffraction technique showed the formation of hexagonal and cubic phases, whereas the FE-SEM analysis confirmed the success
of the formation of flower-like nanostructures. The UV—Visible spectra revealed that the energy band-gap values decreased with
increasing manganese concentrations. The optical band-gap ranges were 2.4, 2.35, 2.25, 2.14 and 1.76 eV thin films with
concentrations of (0%, 1%, 2%, 3% and 4%) for undoped and Mn-doped cadmium sulfide. The results of UV—-Vis spectroscopy
agree with the conclusions of the PL study. The surface morphology was studied using scanning electron microscopy and atomic
force microscopy. According to the results, the crystalline size decreased as doping concentrations increased. The Mn-doped
cadmium sulfide films exhibited unprecedented photocatalytic activity for the decomposition of methyl blue (MB) and methyl
violet (MV) dyes, due to high surface area, low energy gap and efficient charge separation properties for the prepared films.

Graphical Abstract
Synthesis and Characterization of Mn:CdS Nanoflower Thin Films Prepared by Hydrothermal Method for Photocatalytic
Activity.
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1 Introduction

The recent emergence of nanostructure materials has
attracted the attention of researchers in a variety of envir-
onmental niche areas due to their intriguing properties, size
and surface effects, high specific surface area, lower density,
increased permeability, unique optical properties and diverse
possible applications. The physical and chemical character-
istics of materials may be changed by altering their mor-
phology [1]. Chalcogenides have gained considerable
interest due to their usefulness in a wide range of optoe-
lectronic devices [2]. Cadmium sulfide (CdS) is a major II-
VI semiconductor with a direct optical band gap (2.4 eV at
ambient temperature), high refractive index (2.5), high
absorption coefficient (10°~10° cm™1), high mobility (0.1-10
ecm® V! §7!), small exaction Bohr radius and compact
dimensions (2.5 nm) [3]. CdS has two crystalline forms: a
hexagonal phase (wurtzite) and a cubic phase (zinc mixing).
CdS films in both of these phases can be developed [4]. CdS
thin film can be deposited by various methods, such as
chemical bath deposition [5], sol-gel synthesis [6], thermal
evaporation [7], electrodeposition [8], sputtering [9], spray
pyrolysis [10], hydrothermal [11] and microwave heating
[12]. Each technique has produced films with a wide range
of characteristics that can be tailored to specific applications.
However, CdS thin films have been developed using a
variety of techniques. Some of these methods are complex,
but hydrothermal processing has many advantages. These
include high component purity, homogeneity, crystal sym-
metry, scale distributions, narrow particles, cost-effective-
ness, high yield and the potential to achieve a controlled
morphology [12]. There are numerous potential uses for
nanostructured CdS. Since cadmium sulfide has a visible
region bandgap, it can effectively use solar energy for
photocatalytic. CdS are widely used in solar optoelectronics,
lasers, photoconductors, light-emitting diodes, transistors,
and biological applications. Semiconductor photocatalytic
activity very closely associates with its microstructures,
which, under special growth conditions, is substantially
dominated by crystal growth mechanisms. The morphology,
size, and composition of crystals are key factors that affect
light absorption and the efficacy of the photocatalytic system
[13]. Various studies have developed CdS photocatalysts for
photoactivation with various morphologies [4]. Various
methods, such as metal-ion doping, metal injection, and
compositing with other components, were used to achieve a
realistic approach to increase photocatalytic activity. Metal-
ion doping, for example, can increase photocatalytic per-
formance by changing the bandgap [14]. The adding
impurities to CdS are critical to its effectiveness in advanced
applications. Recently, the addition of trace quantities of
dopants to CdS hosts has gained a lot of interest to improve
structural, optical, and electrical transport features [15].
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The addition of metallic ions such as Fe?t, Co’", Mn®™,
Mg2+, and Niz+, to the CdS thin film, has vigorously
impacted the optical and magnetic properties [16]. Where,
Mn’* has a smaller standard ion radius (0.046 nm) than
Cd** (0.097 nm), despite this, its Pauling electronegativity
(1.55) is comparable to cd*t (1.61), as a result of this, CdS
can be doped with Mn** [17]. The manufacture of CdS films
doped with magnetic ions such as Mn has lately attracted
renewed attention [18]. Delikanli et al. [19] studied the
magnetic characteristics of Mn-doped CdS Nanorods, a
significant ferromagnetic hysteresis loop was also dis-
covered. Bhattacharyya et al. [20] doped CdS with different
atomic percents of Mn (0, 0.9, 1.2, 1.8, and 2.4), and studied
the structural and magnetic properties for it. In this study, we
have investigated structural, optical, and morphological
changes to examine how Mn doping impacts CdS thin films.
CdS with variable Mn doping concentrations was deposited
on a glass substrate using a hydrothermal method. The
photocatalytic properties of Mn: doped CdS were then stu-
died. We addressed a suggested photocatalytic mechanism
that might explain the catalytic activity of Mn-improved
CdS. There are some research reports on doping CdS with
transition metals [17-20] the physical properties have been
studied by most of the researchers and the studies on phy-
sical and photocatalytic properties of Mn: CdS prepared by
the hydrothermal method are very limited and need more
understanding. Therefore, in this work, the structural, mor-
phological, optical, and photocatalytic properties of pure and
Mn-doped CdS thin films have been studied. A photo-
catalytic activity has been determined to Mn:CdS nanos-
tructure by testing methyl blue and methyl violet (MV) dyes
under xenon radiation.

2 The experimental

2.1 Hydrothermal process preparation of CdS and
Mn-CdS thin films

Cadmium sulfide (CdS) films were deposited using hydro-
thermal technique on glass substrates, after which the glass
substrates were submerged for 8 h in hydrochloric acid and
then subjected to ultrasound cleaning with acetone and
deionized water. First, 20 ml of 0.05 M (3CdS0O,.8H,0) was
added, Manganese (II) sulfate (MnSO,4) was blended slowly
with add NH; Ammonia constant agitation in order to change
the pH value of the resolution to 12, by using a magnetic
stirrer. Then, with a continuous stirring for 15 min, 20 ml of
0.1 M thiourea was applied. Finally, the resulting solution was
poured in a Teflon container, which includes a glass substrate
that was sealed inside the autoclave (stainless steel) for
hydrothermal processing. The autoclave was sealed and held
for 2 h at 150 °C. After that, the autoclave was cooled at room
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temperature. At the end of the preparation time, the autoclave
was cooled to room temperature naturally. After that, the glass
substrate was taken out and deionized water was used to clean
it in an ultrasonic bath. The previous technique was repeated
with various concentrations such as 1, 2, 3, and 4%.

2.2 Characterizations

The crystal composition of the generated CdS and Mn-
doped CdS was determined by X-ray diffraction analysis
(XRD-6000, Shimadzu, Japan) with Cu K radiation
(=1.54056) for two in the 20°-80° range. A Shimadzu UV-
1800 spectrophotometer was used to perform UV-Visible
spectroscopy in the wavelength range of 200-1100 nm.
Photoluminescence was performed by FLUORESCENCE
(Varian) Hitachi Type S-4160 SN: EL05043810. The sur-
face topography was assessed with AFM images (CSPM-
5000). The Field-Emission Scanning Electron Microscope
(FE-SEM) was used to examine the surface, using Zeiss
Sigma 300- HV.

2.3 Photocatalytic experiment of Mn: CdS thin films

In this study, doped and undoped CdS thin films were used
as photocatalysts to study the degradation of methyl blue
(MB) and methyl valuate (MV) dye under a 40 mW xenon
light. The photocatalytic experiments were carried out under
the same conditions. To perform photocatalytic experi-
ments, 0.01 mg of methyl blue or methyl valuate dye was
dissolved in 1000 mL deionized water and stirred for 5 min.
There was about a 15-centimeter distance, between the
source and the aqueous solution. The samples were exposed
to illumination with Xe lamp (Xenon lamp spectrum has the
continuous spectrum through the visible and UV regions
much like the solar spectrum) in the dye solution for up to
260 min for each sample. The reaction was maintained at
room temperature. For 20-min intervals, the absorbance of
(MB) and (MV) solutions was monitored. Photocatalytic
degradation of methyl blue (MB) and methyl violet (MV)
was monitored, using a UV—-Vis spectrophotometer with a
twin beam in a wavelength range of 300-1000nm
(UV-1800 Shimadzu). The degradation process perfor-
mance was measured as a function of time using absorption
at maximum absorption = 660 nm for MB and 585 nm for
MYV. The photocatalytic elimination, a pseudo-first-order
reaction, was quantified using the formula [21].
C

lnFU = —Kt (1)
where C, represents the initial concentration of MB and MV
(mg/l), C represents the concentration at each time interval
in mg/l, (K) represents the rate constant, and ¢ represents the
irradiation time in minutes.

Removal (%) of methyl blue (MB) and methyl violet
(MV) can be determined via the relation [21]:

Degradation(%) = <C°C_ C) x 100 (2)

o

3 Results and discussion
3.1 Structural properties

Figure 1 shows the XRD patterns of pure sample thin film,
pure sample powder removed from the substrate and doped
CdS thin films with different concentrations (1%, 2%, 3%
and 4%) deposited on the base of the glass. The XRD pattern
shows the mixed cubic and hexagonal phases of the depos-
ited films. The detected peaks were at 26.4°, 29.7°, 31.6°,
37.6°,43.9° 51.4°, 54.5°, 61.4° and 65.5°, corresponding to
the lattice planes H (002)/C (111(, H (102), C (220), H (112),
H (004)/C (222), H (104) and (203) of pure sample thin film
and powder. The peak intensity of powder was higher than
that from pure sample thin film. These results well agree with
the standard (JCPDS No. 42-1411). In comparison to the
other peaks, in pure and doped CdS film patterns, the highest
intensity at (002) planes occurred, as illustrated in Fig. 1. It
may be concluded that the preferred orientation is the poly-
crystalline character of the films that were preserved
following Mn-ion implantation, according to XRD mea-
surements. Furthermore, the peak intensity reduced along
with increasing Mn-ion fluence, despite the fact that the (002)
peak location scarcely changes. This might arise as a result of
metal-ion doping and/or implantation-related damage.

The crystalline size of CdS (Gs) was computed according
to the formula of the Shearer-Debye equation below [22].

Al

— 3
s Afcosd 3)

where A is the wavelength of x-ray radiation incident
(1.54056 10\), k is the shape factor in form (0.94) and 6 is the
position of the peak. The results show that the crystalline
size decreases with the increase of Mn impurity. The
addition of manganese impurity was also observed, this was
leading to an increase in FWHM, which is the explanation
for the decrease in crystalline size. The size of the Mn: CdS
nanocrystalline decreased from 10.7 to 7.43 nm along with
increasing the doping concentration, as shown in Table 1.
The hexagonal phase structure’s lattice constants a and ¢
were estimated based on the position of the XRD peaks by
the equation below [23].

1 4R +hk+ik*] B
23

3 + (4)

a c?
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where, it was found that the lattice parameters got changed
after doping. The substitution of Mn ions for Cd ions
due to Mn has a smaller atomic size than Cd, might be the
cause for this lattice parameter shift [24]. Table 1 shows
the modification of the Mn constants for the CdS
nanostructure at different doping concentrations, where h,
k, and 1 are Miller indicators.

The Williamson—Hall plot shows lattice strain as well as
effective crystallite size. The strain in the lattice is computed by
the slope of the best linear fit of the plate between Pcosd and
4sin0, whereas the crystallite size is defined by the y-intercept,
as illustrated in Fig. 2, by using the following equations [25]:

ﬁllkl:ﬂGS+ﬂ€ (5)

kA ) (©)

=4etand + | ——
P etant+ (Gs cos @

Rearrangement of the above equation yields [26]:

kA
pcosO =4esinf + — (7)
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Fig. 1 XRD patterns of CdS and Mn-CdS doped

A negative slope in the plot indicates the presence of
compressive strain for all samples, except for the Mn1%
film that showed the positive slope, this indicates the pre-
sence possibility of tensile strain. The negative slope in the
graphs indicates that the CdS films got subjected to com-
pressive microstrain. The compressive strain is defined as
the shrinking of a material structure based on the deter-
mination of lattice constants. The dislocation density is
defined as the length of dislocation lines per unit volume of
the crystal, Williamson and Smallman were used to mea-
suring it [27].

0= (8)

S

Table 2 shows that increasing Mn concentration which
causes an increase in dislocation densities. The greatest
value of microstrain can be found at (3% Mn) because of
the film’s limited Nano size, this is conceivable.

3.2 Morphological properties of CdS
3.2.1 Atomic force microscopy (AFM)

One of the most important variables influencing optical
and electrical qualities is morphology. Figure 3 illus-
trates 3D and cumulative distribution AFM images of
pure and doped CdS thin films deposited by the hydro-
thermal process with Mn concentrations of 1%, 2%, 3%
and 4% of the film. Figure 3a—c micrographs demon-
strate that the thin CdS films have an extremely compact
surface. The film is comprised of spherical-shaped par-
ticles that were stacked together and distributed uni-
formly in size. For this assay, the average grain size was
87.76, 65.06, 69.99, 67.7 and 83.27 nm for pure, 1%,
2%, 3% and 4% doping, respectively. The root means
square is 5.3, 5.77, 8.59, 11.5, and 13.5 nm for pure, 1, 2,

Table 1 Crystallite size, position

of diffraction peaks (20), CdS samples Crystal structure

D (nm) 20(deg.) (FWHM) Lattice constants (A)

measured

FWHM, and lattice constants of Radiance
CdS thin films synthesized at a=b c cla
150 °C for undoped and Mn-
CdS doped Pure Hexagonal 10.746  26.547 04228  4.17878 6.716 1.607
Cds
Mn-CdS1% Hexagonal 9.591  26.709 0.473 4.142 6.669 1.61
Cds
Mn-CdS2%  Hexagonal 12.192  26.721 0.372 4.193 6.666 1.6
Cds
Mn-CdS3%  Hexagonal 7438  26.792 0.61 4.1338  6.649 1.608
Cds
Mn-CdS4%  Hexagonal 11.671 26.703 0.388 4 6.67 1.667
Standard JCPDS card no. 41- 4.14092 6.7198 1.6228

1049
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Fig. 2 Williamson-Hall (W-H) plot of doped CdS thin films with various Mn. a For pure sample. b 1% Mn. ¢ 2% Mn. d 3% Mn. e 4% Mn

sample.

Table 2 Crystallite size, lattice

. . Sample Gs (nm) Gs (nm) Dislocation density (8 x 10’3) (Lines/nmz) Microstrain

microstrain values, and

dislocation density of CdS thin Scherrer method  W-H method ®

films undoped and Mn-doped
Pure CdS 10.746 18.55 8.65 —0.0022
Mn-CdS (1%) 9.591 24.78 10.87 0.0032
Mn-CdS 2%) 12.192 15.61 6.72 —0.0039
Mn-CdS (3%) 7.438 8.54 18.07 —0.0058
Mn-CdS (4%) 11.671 17.309 7.34 —0.0009

3, and 4% doping, respectively. And the roughness
average is about 4.58, 1.8, 7.44, 9.86, and 11.7 nm for
pure, 1, 2, 3, and 4% doping, respectively. The film for
3% and 4% is made up of round-shaped cylindriform
(tubes) grouped together in regular size distribution, as
seen in Fig. 3c, d, between these holes, there is also some
empty space.

3.2.2 Field-emission scanning electron microscopy

Figs. 4 and 5, show images of undoped and 1% Mn-doped
cadmium sulfide. Obviously, the first two samples have
nano-like flakes. The vertically-aligned nano flakes uni-
formly grew on a large scale on the substrate, with the
majority of them intersecting to form a network structure.

@ Springer
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Fig. 4 Pure CdS FESEM images (a, b) low magnification (¢, d) high magnification top view (e, f) cross-sectional view

The two samples demonstrate a wide specific region com-
posed of nanoplates, because of the porous structure. PEC
investigations and photocatalytic activity benefit greatly
from such morphology [28]. The images in Fig. 4 and with
high magnification appear the surface of nano plates cover
with a lots of tiny nano plates. A field-emission scanning
electron microscope (FE-SEM) was used to investigate the
thickness, structure, and morphology of pure and doped
CdS thin films which was made by using the hydrothermal
technique. The cross-sectional images of FE-SEM in Figs. 4
and 5 illustrate the film that has been placed in an uneven
pattern. The CdS films, on the other hand, showed good
adherence. Furthermore, it was found that the CdS pure and
doped 1% Mn films have a thickness of 6.089 and
7.219 pm, respectively.

CdS doped with 2%, was obviously made up of a ple-
thora of hierarchical flower-like nanostructure aggregates.
The blooms are similar in form but vary in size. As illu-
strated in Fig. 6, a single flower has a spheroidal hier-
archical nanostructure with an average length of 6.599 um.
Furthermore, each flower is composed of a vast number of

Nano sheets that interact with one another to form hier-
archical flower-like structures. Each flower’s surface is
porous, and each Nano sheet has an uneven border. There
are several barriers and porous surfaces, they are extremely
rough with thickness equal 8.203-175.0nm for 2% Mn-
CdS doped sample. The cross-section shows a layer of
flower-like structures which is uniformly covered on the
CdS thin film substrate. The CdS flowers have an average
cross-section diameter and length of 601.6nm and
6.599 um, respectively.

The nanosheets have become bigger and longer (for CdS
doped with 3%), as illustrated in Fig. 7, this results in a full
flower-like structure. All of the nanosheets are connected to
one another via a fundamental quasisphere core, giving the
flower its spherical form. With high magnification, the
flower-like CdS is grouped and mixed to produce network-
shaped nanosheets films, assembling into flower-like
structures as a whole, they are extremely rough with a
thickness which equals 45.84-210.6 nm for sample. The
CdS flowers have an average cross-section diameter and
length of 492.2 nm and 5.870 pm, respectively.

@ Springer
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Fig. 5 CdS with 1% Mn-doped FESEM images (a, b) low magnification (¢, d) high magnification top view (e, f) cross-sectional view

In Fig. 8 by focusing on one of the spherical shape
particles (circled with yellow color), it can be seen that
those spherical shapes are a build-up of nanoparticles which
are aggregated, they had been formed like a flower, and the
thickness of the nanosheets is about 59.15-227 nm (for CdS
doped with 4%). The change in surface morphology with an
increased doping concentration of Mn ions was attributed to
the differences in the ionic radius of the Mn ion and Cd ion,
the standard ion radius of Mn*" (0.046 nm) is lower than
that of Cd*" (0.097 nm) [17].

The cadmium sulfide for undoped and 1% Mn-doped
was coverage all the substrate area, because the two samples
have nano flakes structure, where the extended flakes
intersected to form a network structure without any blank.
Whereas, the cadmium sulfide for samples doped with 2%
and 3% do not cover all the substrate area, because the two
samples have hierarchical flower-like nanostructure, where
hierarchical flower was unopened, non-intersected, and with
blank between flowers. While, the cadmium sulfide for
sample doped with 4% cover all the substrate area, because

@ Springer

the sample has spherical shape particles which are aggre-
gated without any blanks.

FE_SEM image of CdS thin films surfaces is shown in
Figs. 4-8. Note that, unlike AFM, where the AFM can
measure in all three dimensions (x, y, and z) with a single
scan. Since the AFM has a vertical resolution of <0.5 A, as
well as calculate an RMS roughness of 0.7 A. On a sample
with this structure, the FE_SEM has difficulty resolving
these features due to the subtle variations in height. For the
FE_SEM, a large area view of the variations in surface
structure can be acquired all at once, where as a 100 um x
100 um area is typically the largest area viewed by an
AFM [29].

3.2.3 Energy dispersive X-ray spectroscopy (EDX)

EDX was used to perform a qualitative composition study.
Figure 9a shows the EDX spectra of pure CdS before
doping with Mn. All of the samples included CdS films,
which are made up of cadmium (Cd) and sulfur (S). The
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Fig. 6 CdS with 2% Mn-doped FESEM images (a, b) low magnification (¢, d) high magnification top view (e, f) cross-sectional view

EDX spectra of all samples revealed very small con-
centrations of Si, O and N elements; such concentrations
can be attributed to the substrate that supported the sample.
The atoms, their weights and atomic percentages for the
sample are depicted in the inset table of Fig. 9a. The EDX
spectra of Mn-doped CdS, as seen in Fig. 9b—e, confirms the
existence of Mn elements in Mn: CdS thin films, as pre-
dicted. This result suggests that the thin film contains Mn
elements as, the inset table. In Fig. 9b—e, depicts all ele-
ments and their weight percentages for all Mn-CdS doped.

4 Optical properties
4.1 UV-VIS spectra

Figure 9 illustrates the transmittance of CdS and Mn-CdS
films versus wavelength. Figure 10 shows transmittance as a
function of wavelength in the range of 480—1100 nm for the
undoped CdS thin films and Mn-doped CdS thin films
produced by hydrothermal technique at 500 °C for 2 h. The

optical transmittance values increase as the Mn doping
concentration increases. This phenomenon may be due to an
increase in set free electrons as the Mn concentration rises.
The improvement in transmittance might be attributable to a
reduction in optical scattering as a result of the densification
of film crystallites.

The coefficient of absorption (a) was calculated by the
formula [30, 31]:

A
a=2303—

y ©)

where d and A, respectively represent the film thickness and
absorption.

These films’ bandgaps have been determined by the
equation [32, 33];
ahv = constan t(hv — E,)'"” (10)
where o represents the absorption coefficient, hv repre-

sents photon energy, and Eg represents the energy gap.
Figure 11 illustrates the plot of (cthv) 2 versus (hv) of CdS
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Fig. 7 CdS with 3% Mn-doped FESEM images (a, b) low magnification (¢, d) high magnification top view (e, f) cross-sectional view

thin films and Mn-CdS. It was found that the band-gap
values reduced from 2.4 to 1.76 eV along with increasing
the doping concentration. A decrease in the energy band
gap can be associated with several factors, viz. defect/
disorder induced band tailing, creation of impurity states,
and grain size. The defect-induced band tailing due to the
creation of localized energy states near the band edges.
Earlier studies on ion-implanted CdS films have demon-
strated similar occurrence of band-gap modification [34].
They observed a strong absorption below the band edge
for the Mn-doped samples, which was attributed to the
transitions involving band tails. Also Chandramohan et al.
observed a strong absorption of CdS below the band
edge for the Fe-implanted samples, which was attributed
to the transitions involving band tails [35]. The width
of these band tail states can be well described by the
Urbach-tail parameter. In general, Urbach tails are
considered to be a telltale signature of the presence of
different types of impurities, structural disorder, point
defects, and grain boundaries in a material. The estimated
value of EU for the pure CdS film is about 200 meV,
which is in good agreement with the value reported in

@ Springer

Ref. [34]. We observe a systematic increase in EU with
increasing Mn concentration showen inset of Fig. 11,
which could be due to static structural disorder, creating
more and more localized states within the band tails of the
electronic states.

4.2 Photoluminescence (PL) analysis

Photoluminescence is a process in which an electron
excited by a monochromatic photon beam, is subjected to
a certain energy radioactive recombination which is
either in the valence band (edge of the scale lumines-
cence) or traps surface states (usually the offset red
luminescence) within the forbidden gap [36]. Figure 12
depicts the photoluminescence of pure and Mn-doped
CdS thin film synthesized by the hydrothermal process. It
is measured in an excitation wavelength of 331 nm at
room temperature. The emission peak of 520 nm (2.3 eV)
for the pure CdS shows spectroscopy shifting. This is the
same as the transmittance spectrum optical band differ-
ence. This finding is consistent with the above data in
UV-VIS, as shown in Fig. 9. This emission occurred due
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Fig. 8 CdS with 4% Mn-doped FESEM images (a, b) low magnification (¢, d) high magnification top view (e, f) cross-sectional view

to the recombination of a free conduction electron with
holes in the valence level and different reasons stated by
[6]. While Mn-doped CdS concentrations (1%, 2%, 3%,
and 4%) have emission ranges at 558 nm (2.23eV),
565 nm (2.199), 567 nm (2.194eV), and 567 nm (2.19),
respectively, these are virtually similar to the transitional
values for the energy gap values. The broadening of
shape is due to the homogenous distribution of cadmium
and sulfur atoms and the thermal energy associated
with it.

5 Photocatalytic activity

Chalcogenide is considered the most effective photo-
catalyst option for visible light applications. The pho-
toreactivity of semiconductors is strongly sensitive to
their morphology, crystal structure, phase composition
and shape [37]. The temporal dependence of optical
absorbance of 0.01 M MB and MV solution was deter-
mined when kept in the dark and exposed to direct

sunlight. The results conclusively demonstrate that
whether exposed to direct sunlight or left in the dark,
there was no significant difference in the absorbance of
MB and MV solutions. The MB and MV degradation of
as-synthesized photocatalysts was evaluated under the
Xe lamp. The reaction begins, as electron-hole pairs
appear on the CdS surface due to the absorption of
light with an energy equals to or greater than the
energy bandgap. The electrons formed on cadmium
sulfide thin films react with methyl blue (MB) and
methyl violet (MV). The suggested reaction mechanism
is depicted below:

CdS+hv — CdS+e~ +h™ht + HO — H + OH

(11)
ht +OH™ — OH" (12)
Or+e— 0, (13)
2H,0 + O; + e~ — 20H +20H (14)
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Fig. 9 EDX spectra of (a) pure, (b) 1%Mn-doped, (¢) 2%Mn-doped CdS thin films, (d) 3% Mn-doped CdS and (e) 4% Mn-doped CdS

The OH" CdS radicals and holes are thought to be
powerful oxidizing agents capable of degrading MB [38].

OH + MB — ° radation.products(CO, + H,O) (15)
ht + MB — ° radation.products(CO, + H,O) (16)

As, the energy gap of CdS films decreased with
increasing Mn doping, this causes more photons to cross
the energy gap, resulting in more (e—, h+) pairs being

@ Springer

formed and more OH being generated. This leads us to the
conclusion that MB decay accelerated [39]. For MV
photocatalytic degradation, the reusability of pure CdS
and Mn-doped CdS catalysts was investigated. In Fig. 13,
one may observe that the UV-Vis absorbance spectra as a
function of the photocatalytic reaction time were eval-
uated by MB and MV dye aqueous solutions and degraded
by CdS thin film. It can be observed that, with increasing
irradiation duration, the intensity of the absorption peak at
663 nm for MB and 558 nm for MV gradually reduced.
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There is an improvement in the photocatalytic degradation
of the MB and MV dyes; this can be related to many
reasons: a higher specific surface area, surface morphol-
ogy, crystal structure, surface roughness, and the films’
improved photoresponse [40]. Moreover, since there is a
linear connection between the dye concentration and the
irradiation period (Fig. 14), the degradation reaction fol-
lows pseudo-first-order kinetics. the measured Kapp
values for MB and MV for the degrading process by CdS
thin film are 0.00926, and 0.01404 for 260 min, respec-
tively, this shows that the photodegradation rate of the
methyl violet (MV) dye is higher than the one of MB.

Equation 1 was also used to compute the degrading effi-
ciency %, which was displayed in Fig. 15. The MV dye
shows to be efficiently degraded (i.e., 98% in 5h) as
compared to the other dye. Table 3 shows the degradation
(percentage) of the k values for MB and MV.

Doping CdS with Mn notably affects the photocatalytic
activity. Results reported in Fig. 15 revealed different
trends depending on the doping concentration. The largest
catalytic effect is observed in the presence of 4% Mn, for
which the degradation of MV and MB attained 98 and 84,
respectively. It is well known that different structures
would have a different influence on the photocatalytic
performance of CdS catalysts. The optical, photoelectrical
and photochemical properties of the semiconductor can be
influenced indirectly when the size, structure and mor-
phology of the photocatalytic semiconductors are changed
[41, 42]. In our research the pure and 1% Mn doping
samples has 2-dimensional CdS nano flake have degra-
dation values 63, 88 and 64, 91 for MB and MV,
respectively. The photocatalytic activity of CdS nanoca-
talyst for photodegrading the MB and MV dye could be
affected by the shape of the CdS nanostructure, and the
results suggested that CdS nano flake had high photo-
catalytic efficiency. This result was mainly due to the fact
that the CdS nanos flake had a lower recombination rate of
electron-hole pairs and larger surface area, contributing to
the adsorption of more methylene blue and methylene
violet dye molecules, and thus better photocatalytic per-
formance during the photocatalytic process [43]. While
for other samples with higher doping CdS photocatalysts
has 3-dimensional structure porous CdS nanosheet-
assembled flowers. We observe has higher photodegrad-
ing than other two samples, due to the special structural
features, such as a high surface/volume ratio and low
density [44].

6 Reusability of the photocatalyst

In consideration of practical applications, the photocatalyst
should be chemically and optically stable after several
repeated cycles. To investigate the reuse of 0%, 1%, 2%,
3% and 4% Mn-doped CdS in the photocatalytic degra-
dation of MV and MB, the experiment was repeated three
times. The degradation of the MV and MB dye was
measured after 260 min of exposure to xenon lamp irra-
diation. After each decomposition reaction, the thin films
were washed with water, dried and used again under the
same conditions. As shown in Fig. 16, the better results
were observed, where a slight decrease in photodegrada-
tion efficiency was observed. This may be explained by the
formation of some intermediate species that remained
adsorbed at the surface of catalyst thin films [45].
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Fig. 12 Photoluminescence spectra of pure CdS and doped CdS of Mn. a For pure sample. b 1% Mn. ¢ 2% Mn. d 3% Mn. e 4% Mn sample.
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Table 3 Degradation and rate constant (k) (%) of the methyl orange
(MB), and methyl violet (MV) (100 mg/l) solution

Samples K min Degradation in K min~' for MV Degradation in
! for MB 260 min 260 min

Pure CdS 0.01949 63 0.0221 88

Mn 1% 0.01872 64 0.01968 91

Mn 2% 0.01766 65 0.01497 91.5

Mn 3% 0.01256 78 0.00994 94

Mn 4% 0.00926 84 0.01404 98

7 Conclusion

Pure and Mn-doped CdS thin films were deposited
on clean glass substrates for 2h at 150°C using

hydrothermal technique. The morphology was revealed
by FESEM (density, thickness and diameter) of the
nanoflowers, which was adjusted by varying the doping
construction. In addition, XRD analyses of as-deposited
samples show polycrystalline hexagonal and cubic
structures with a distinct degree H (002) or C peak (111).
The investigated photocatalyst activity of all films was
exposed to a xenon lamp for 260 min. Mn ion plays a
major role in influencing the efficiency of photocatalysts.
The optimum concentration of Mn ion is 4%; the effi-
ciency of the photocatalyst at this concentration reaches
84% of MB and 98% of MV when irradiated with a xenon
lamp for 260 min.
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