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ABSTRACT
In this research, CdS-based nanocomposites including Ag2S-CdS, MnS-CdS, and 
ZnS-CdS were synthesized using the low-cost hydrothermal method for pho-
tocatalytic applications. The structural, morphological, porosity, and optical 
properties of these nanocomposites were examined by X-ray diffraction (XRD), 
Dynamic light scattering (DLS), Field Emission Scanning Electron Microscope 
(FE-SEM), Transmission electron microscopy (TEM), Brunauer–Emmett–Teller 
(BET) method, Mott–Schottky, and UV–Visible spectra. Results proved that nano-
composites prepared at the nanoscale are not so pros. Also, DLS results showed 
the agglomeration of the particles. The UV–visible results indicated that the band 
gap of CdS (2.51 eV) changes in the range of 2.15–3.22 eV by adding the transi-
tion metal and a suitable amount of impurity metal decreases the band gap of 
CdS-based nanocomposites. FE-SEM and TEM analyses illustrated that the prod-
uct was synthesized without impurity at the nanoscale. Position of conduction 
(CB) and valence band (VB) edges measured by Mott–Schottky analysis, which 
includes the reduction potential O2/⋅O2

− and oxidation potential of ·OH/OH−. All 
in all, ZnS-CdS was the most efficient examined nanocomposite, indicating the 
best degradation rate of methylene blue (MB) under sunlight due to a small band 
gap, and appropriate positions of CB and VB.

1 Introduction

Environmental pollution, especially water pollu-
tion, is a threat to the creatures’ survival and natural 
environment, and it has become a significant threat 
to ecosystems and human health, resulting in severe 
environmental and socio-economic challenges. So, 

water purification systems have attracted research-
ers’ attention all over the world [1]. Effluents are dis-
charged from various industries, such as textile, paper, 
rubber, battery, pharmaceutical, and food industries. 
Moreover, domestic and agricultural wastewater is dis-
charged into natural water sources, directly or indi-
rectly. These pollutants contain organic molecules, 
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such as dyes, pesticides, drugs, and aromatic com-
pounds, as well as inorganic molecules such as heavy 
metal ions that are not decomposed easily [2–4] and 
have created significant troubles for the natural envi-
ronment due to their toxicity and abundance.

To address these challenges, several methods, such 
as adsorption, reverse osmosis, membrane treatment, 
electrolysis, ion exchange, and photocatalysis, have 
been explored for the treatment of contaminated 
water. However, many of these methods either lack 
optimal operational conditions, are cost-prohibitive, or 
generate harmful secondary products. Among those, 
photocatalysis is an efficient, economical, and environ-
mentally friendly method for water treatment, which 
uses renewable sources and semiconductor materials, 
while it does not suffer from the aforementioned dis-
advantages [5].

Photocatalysis is an oxidation process to degrade 
toxic and organic matter from wastewater without 
producing secondary toxic materials. This process is 
carried out under natural/artificial light irradiation of 
a semiconductor known as the photocatalyst, which 
plays an important role in the degradation of toxic 
substances in water. The band gap of a semiconduc-
tor is the most effective parameter in a photocatalytic 
process [6]. Any increase in the band gap of the semi-
conductor will decrease light absorption and photo-
catalytic activity [7].

Due to the tunability of their band gap, binary and 
trinary nanocomposite photocatalysts are considered 
the best compounds to treat effluents. To improve the 
photocatalytic activity, the electron–hole recombina-
tion must be retarded, and this is possible by using 
nanocomposites. By introducing a metal into the struc-
ture of a semiconductor, the physical and chemical 
properties of the metal/semiconductor binary nano-
composite completely change. These changes are 
required to prepare the metal/semiconductor nano-
composite for industrial and optical uses [8]. To absorb 
a photon, its energy must be equal to or greater than 
the band gap of the photocatalyst. In this case, the pro-
duced charge carriers (electrons and holes) may partic-
ipate in reduction and oxidation reactions to degrade 
the trapped toxins on the photocatalyst surface [9, 10].

Several semiconductor materials, such as TiO2 [11], 
ZnO [12], MgO [13], SnO2 [14], CdS [15], and ZnS [16], 
are potential candidates for photocatalytic applications 
under visible and UV light. Among these materials, 
CdS nanoparticles with a 2.4 eV band gap have been 
widely used [17]. The activity of this nanoparticle is a 

function of different factors, e.g., phase composition, 
specific surface area, crystallite size, energy gap, and 
morphology. CdS has hexagonal and cubic structures. 
Under a specific thermal treatment, the cubic phase 
can irreversibly convert into a hexagonal phase [18]. 
CdS nanoparticles have been investigated in several 
studies, and it is proven that the degradation is much 
higher in the nanoparticles synthesized with the solvo-
thermal method [19]. By substituting the solvent with 
water, the efficiency does not change that much in the 
hydrothermal method. Therefore, the low-cost hydro-
thermal method is an efficient and common technique 
for synthesizing nanoparticles and nanocomposites 
[20]. Based on extensive research conducted on CdS, it 
has been demonstrated that even minor modifications 
in the preparation method and the amount of impuri-
ties incorporated into its structure can lead to signifi-
cant alterations in its optical and structural properties. 
Recent studies have demonstrated that the band gap of 
this material is not only affected by different synthesis 
methods but also varies with changes in temperature 
during a particular synthesis process. Furthermore, 
the incorporation of impurities, such as zinc and Cu, 
and the preparation of ZnCdS nanocomposites with 
varying ratios of cadmium and zinc ions lead to a sig-
nificant change in the band gap. Consequently, these 
modifications impact the photocatalytic activity of the 
materials, with the degradation rate of methylene blue 
being notably influenced by the zinc content [21–24].

Cadmium sulfide is one of the best materials in this 
field due to its suitable potential thermodynamic condi-
tions for photocatalytic redox reactions [25, 26]. Despite 
the significant photocatalytic advantages of CdS, its high 
photo-corrosion rate is considered a major disadvan-
tage. This effect is a direct result of the self-oxidation 
of photogenerated holes [27]. Due to the high rate of 
electron–hole recombination in CdS, photocatalysis 
decreases. One of the ways to decrease the recombina-
tion rate is to combine CdS with other semiconductors 
[28, 29]. CdS nanoparticles have a band potential/energy 
position and good adsorption in the visible region, so 
they are suitable for photocatalysis, and their photodeg-
radation may be better by adding ZnS [30, 31]. ZnS is 
known as an effective material in photocatalysis with 
a wide band gap (about 3.5 eV) because electron–hole 
pairs are generated quickly, and the excited electrons 
have large negative redox potentials [32]. When ZnS 
is added, hydrogen evolution increases depending on 
the amount of ZnS. Many researchers have obtained 
these results. In fact, ZnS eliminates the inactive surface 
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states. The occlusion of these states by Zn2+ ions that 
are in close contact with CdS is possible. Moreover, this 
may be related to the shift of the conduction band (CB) 
to a negative position by adding ZnS in an optimized 
amount. The CB position of ZnS is more negative than 
that of CdS, which enhances the difference between ECB 
and E(H2/H+) [33–35]. Also, Silver sulfide is an n-type 
semiconductor that has a narrow band gap of about 
0.9–1.0 eV, so the investigation of the optical properties 
of this semiconductor is attractive. Due to the high rate 
of electron–hole recombination, the photodegradation of 
this semiconductor is low. In 2019, CdS-Ag2S nanocom-
posites were prepared, and the degradation of methyl-
ene orange was investigated. The degradation rate was 
reported 93.0% in 25 min using visible light irradiation, 
which is five times higher than that of pure CdS [29], 
In this case, diffuse bound generated by Ag + ions and 
cadmium sulfide nanoparticles, and by increasing the 
amount of silver, the gap be smaller and the takes on 
the nature of silver sulfide [36].

Based on the promising degradation efficiency of 
Ag₂S-CdS and MnS-CdS under visible light [37, 38], 
MnS, Ag₂S, and ZnS were selected as impurity mate-
rials in this study. Previous research has primarily 
focused on incorporating a single metal or semicon-
ductor into the CdS structure, with variations limited 
to impurity concentration, followed by photocatalytic 
performance evaluations. However, this study takes a 
different approach by systematically modifying both 
the type and concentration of impurities within the CdS 
structure. The effects of silver sulfide (Ag2S), manganese 
sulfide (MnS), and zinc sulfide (ZnS) on photocatalytic 
activity have been thoroughly examined. Unlike previ-
ous studies that investigated only one type of impurity, 
this work provides a comparative analysis of multiple 
impurity materials and their impact on CdS photoca-
talysis. Additionally, the structural and optical differ-
ences among the various compositions have been care-
fully analyzed. These findings offer valuable insights 
for optimizing the photocatalytic performance of CdS-
based materials.

2 �Experimental procedures

2.1 �Materials

Cadmium nitrate (Cd(NO3)2.4H2O), sodium sulfide 
(Na2S.XH2O), silver nitrate (Ag(NO3)), manga-
nese nitrate (Mn)NO3(2.4H2O) and zinc nitrate 

(Zn(NO3)2.4H2O) were supplied from Merck com-
pany, and in all stages, water was used as the wash-
ing agent and liquid solvent.

2.2 �Characterizations

All samples were prepared by an ultrasound device 
(Japan Nasir-Iran). For XRD analysis, a Philips X 
pert instrument with Cu Kα radiation (λ = 1.5406 
Å) was utilized. For the investigation of absorption 
spectra, a UV-1800 Shimatzu device was used. A 
MIRA3 FEG-SEM was used to study the effects of 
morphology and size. To measure the porosity, pore 
size, and specific area of the samples, BET analysis 
was done by an II BELSORP mini device (Japan). In 
the final part, for the calculation of the VB and CB 
edges of nanocomposites, the Mott-Schottky method 
was used. This method presents a powerful tool for 
studying the surfaces of semiconductor electrodes 
by measuring the flat band. Then, VB and CB edges 
were obtained from the flat band values.

2.3 �Synthesis of nanocomposites

Ag2S-CdS, ZnS-CdS, MnS-CdS, and pure CdS 
nano-semiconductors were prepared by a low-cost 
hydrothermal technique. For the synthesis of the 
Ag2S-CdS(1:1)(S1) nanoparticles, 0.1 M solutions of 
Cd(NO3)2.4H2O and 0.1 M solutions of AgNO3 were 
prepared in 40 ml of deionized water. Next, these 
two solutions were mixed for 30 min in a magnetic 
stirrer. Then, the prepared solution was subjected to 
50 W ultrasound irradiation for 30 min. In the next 
step, 0.1 M Na2S was added to the above suspension 
drop by drop. Subsequently, the solution was put in 
an autoclave at 180 ℃ for 24 h, and then, it was grad-
ually cooled to room temperature. The product was 
washed five times with deionized water in a centri-
fuge and dried in an oven at 48 °C. For the synthesis 
of Ag2S-CdS(1/2:1)(S2), 0.1 M of Cd(NO3)2.4H2O and 
0.05 M of AgNO3 were prepared in 40 ml of deion-
ized water; the stirrer time for all samples was 30 
min, and the above steps were repeated. In the same 
manner, MnS-CdS(1:1)(S3), MnS-CdS(1/2:1)(S4), 
ZnS-CdS(1:1)(S5), and ZnS-CdS(1/2:1)(S6) were pre-
pared. Pure CdS(S0) was synthesized to compare the 
results. Table 1 shows the symbols of the samples, 
and Fig. 1 displays the schematic of the preparation 
method.



	 J Mater Sci: Mater Electron (2025) 36:823823 Page 4 of 18

2.4 �Photocatalytic activity

The photodegradation properties of the prepared 
nanocomposites were measured in wastewater using 
a heterogeneous photocatalysis technique. MB was 
utilized to test the photocatalytic efficiency of the 
nanocomposites. The photocatalytic reaction was 
done under sunlight, and a mercury vapor lamp 
was used as the UV light source (250 W, λ = 250 nm). 
The reactor includes a Pyrex glass beaker, a magnetic 
stirring device, and a lamp that is positioned above 
the beaker. In every experiment, 10 mg of dye was 
dissolved in 1 L of distilled water, and 0.1 g of the 
produced nanomaterial was dispersed in 100 ml of 

this solution by an ultrasonic bath. Then, the pre-
pared solution was placed under a magnetic stirrer 
in the dark for 30 min to ensure proper homogene-
ity of the admixture to reach the adsorption equilib-
rium. After the above steps, the absorption spectra 
of the prepared solution were measured by using a 
UV–Visible Shimadzu 1800 device. The photocata-
lytic process for MB was carried out in two stages. 
In the first stage, the MB solution was exposed to 
sunlight, and the amount of degradation was meas-
ured every half hour. In the second stage, a UV lamp 
(250 W, λ = 250 nm) was used as the light source. 
In this stage, the temperature was set at 25 ℃ by a 
temperature control system. At each step, 4 ml of the 
solution was taken out of the light source and cen-
trifuged. In this way, the prepared nanocomposites 
were removed, and after measuring the absorption 
spectra, they were added to the main solution.

Table 1   Symbols of 
prepared samples

Symbol Sample

S0 CdS
S1 Ag2S-CdS(1:1)
S2 Ag2S-CdS(1/2:1)
S3 MnS-CdS(1:1)
S4 MnS-CdS(1/2:1)
S5 ZnS-CdS(1:1)
S6 ZnS-CdS(1/2:1)

Fig. 1   Schematic of the preparation method
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3 �Results and discussions

3.1 �XRD analysis

The structural properties of all seven samples that 
had been synthesized by the hydrothermal method 
were studied using X-ray diffraction (XRD) over the 
range of 2θ = 20 − 80 ͦ, and the results are shown in 
Fig. 2. Seven famous peaks were seen for CdS(S0) in 
good agreement with the 96–901–1664 reference code 
(COD database code: 9,011,663). S0 was crystallized 
in a hexagonal phase with a P63 mc space group, and 
the lattice parameters (a, b, and c) were obtained to be 
4.13, 4.13, and 6.71 angstroms. The results of peaks and 
the Miler index are given in Table 2. In S1 and S2, the 
Ag2S monoclinic phase of nanoparticles was observed 
(COD database code: 9,011,414) with the Ag2S peaks 
seen in the XRD pattern of S1. Therefore, CdS-Ag2S 
nanocomposites were prepared by the hydrothermal 
method. In S3 and S4, MnS with a cubic phase is intro-
duced into the CdS structure. The MnS peaks can be 
observed (JCPDS 40–1289) in Fig. 2. Moreover, in S5 
and S6 samples, the hexagonal peaks of ZnS can be 
seen (COD database code: 9,013,420). Accordingly, 
CdS-Ag2S, CdS-MnS, and CdS-ZnS nanocomposites 
were synthesized. Table 2 shows all Miler indices and 
space groups of the prepared nanocomposites.

The size of nanoparticles is an important param-
eter in their properties. Therefore, the size of the 
prepared nanocomposites was calculated from 
XRD results. There is a very effective method in this 
field based on the Debye–Scherrer and Williamson-
Hall relations, which was used in this work. The 

Debye–Scherrer equation is expressed as follows 
[39]:

In the Scherrer method, it is assumed that just the 
width of diffraction pattern peaks plays an important 
role in the size of the crystals, so other factors are not 
considered. A crystal lattice defect is one of these fac-
tors that arises from the presence of impurities, lat-
tice displacement, etc. Since these factors cause stress 
and strain on the crystal lattice, they affect the width 
and intensity of Bragg peaks. Using the Williamson-
Hall relation, not only can the size of particles be cal-
culated, but also the amount of stress on the crystal 
structure can be obtained as follows [40]:

In Eqs. 1 and 2, D, λ, ε, β, and θ are the size of 
nanostructures, the width of a peak, strain, X-ray 
wavelength, and diffraction angle, respectively. 
Table 3 illustrates the size of nanostructures using 
two methods (values are approximated and writ-
ten after averaging. The obtained values show the 
difference between the two methods well. The val-
ues obtained from the Williamson-Hall method are 
larger than those obtained from the Debye–Scherrer 
method. Both methods make simplifying assump-
tions, so the calculated amounts are different from 
reality.

(1)D =
0.9�

� cos �

(2)� cos(�) = � × sin(�) +
k�

D

Fig. 2   XRD spectra of samples, a S0, S1, and S2, b S0, S3, and S4, c S0, S5, and S6
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3.2 �Absorbance

To investigate the optical properties of the prepared 
samples, the absorption spectra of these nanomateri-
als were measured, and the results are demonstrated 
in Figure 3. The main peak of S0 is seen at 232.50 nm, 
and for S1, S2, S3, S4, S5, and S6 is obtained at 249.50, 
256.58, 246, 241.5, 248.48, and 244.01 nm, respectively. 
The first peak is the absorption spectrum of the sam-
ples, and the others are related to the bandgap of the 
samples. The optical, electrical, magnetic, and physical 
properties of nano-semiconductors strongly depend 
on the morphology, size, structure, and band gap of 
the samples. Consequently, one of the methods for 
measuring the band gap of nanomaterials is explained 
by using the absorption spectrum. In this method, the 
optical absorption coefficient α is calculated by the fol-
lowing formula [47]:

where hυ is the energy of the photon, B is a constant, 
and n = 0.5 for a direct band gap. By plotting (αhυ)2 
against hυ, the band gap of nanomaterials can be 
obtained. In this way, the band gap of CdS is obtained 
to be 2.51 eV. Research has proven that by adding 
a suitable amount of silver to cadmium sulfide, the 
band gap decreases [29, 48]. Therefore, the band gaps 
of S1 and S2 were calculated to be 2.68 and 2.15 eV. 
Additionally, it is demonstrated that the intensity of 
CdS absorption spectra increases with the addition of 
Zn, and the band gap decreases [49]. The band gap 
of S5 was obtained as 2.40 eV, which is smaller than 
that of S0. Some results indicate that, at small wave-
lengths, absorption increases by decreasing the Mn 
amount in samples, leading to a large band gap; S4 
has a band gap of about 3.22 eV [50]. Table 3 shows 
the values of the band gap for all samples. By adding 
transition metals, the band gap is changed. The elec-
tronic band structure of materials plays an important 
role in the realization of photocatalytic properties of 
semiconductors. When the irradiation of light gives 
an energy higher than the bandgap, the electrons of 
VB are excited to CB. Therefore, the excited electrons 
turn on the hydrogen evolution reaction. The bandgap 
is an intrinsic value that depends on the structure of 
the composition. This factor is a basic characteristic 
of photocatalytic processes [51, 52]. Semiconductors 
with large band gaps need more energy to separate the 
charge carriers and start the photocatalytic process. As 
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a result, the small band gap is considered the first fac-
tor at the beginning of the process. For S5, S2, and S3, 
the decrease in the gap can be seen in Fig. 3.

3.3 �SEM and EDX

The surface morphology and size of the prepared 
nanocomposites were studied by FESEM analysis. 

Table 3   Obtaining particle 
size from XRD, bandgap 
from Abs, grain size, and 
atomic percent from FESEM 
for a11 7 samples

Sample Debye–
Scherer 
D(nm)

Williamson–Hall Bandgap(ev) Grain 
size(nm)

Element per-
cent

D(nm) ε Elt A%

S0 18 41 3.5 × 10–3 2.51 39 S
Cd

52.80
47.20

S1 13 14 10 × 10–3 2.68 40 S
Ag
Cd

42.47
38.90
18.63

S2 16 36 4 × 10–3 2.15 38 S
Ag
Cd

46.79
18.51
34.70

S3 15 17 8.3 × 10–3 2.38 37 S
Mn
Cd

49.87
0.84
49.29

S4 24 50 2.9 × 10–3 3.22 38 S
Mn
Cd

48.34
0.37
51.29

S5 25 90 1.6 × 10–3 2.40 45 S
Zn
Cd

44.54
16.73
38.72

S6 20 33 4.3 × 10–3 2.52 50 S
Zn
Cd

50.11
5.39
44.50

Fig. 3   UV–Visible Spectroscopy, a absorption spectrum and bVariation of (αhν).2 with hν for S0, c S1, d S2, e S3, f S4, g S5 and h S6
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The surface of the samples was photographed using 
a scanning electron microscope (SEM). The results 
for all samples are illustrated in Fig. 4 in the form of 
sphere-like nanometer-sized particles. All samples 
had the same structure with similar grain size. The 
grain size of the samples was obtained to be about 
50 nm, and these spherical particles were non-uni-
formly adhered. Figure 4 shows the size distribution 
of all samples obtained from SEM analysis. The aver-
age size of CdS(S0) was measured to be about 39 nm; 
for other samples, this parameter was 40, 38, 37, 38, 
45, and 50 nm, respectively, Moreover, to investigate 
the stoichiometric properties and purity of the nano-
materials, the elemental characterization of X-ray 
energy diffraction spectroscopy (EDX) was used. The 
obtained results indicate the presence of Ag, Mn, and 
Zn metals in the structures, and by decreasing the 
ratio of these metals to cadmium, their percentage in 
the produced structures was reduced. It is a normal 
and predictable result for the S1 sample because sil-
ver has higher reactivity than cadmium and is depos-
ited faster in the structure. Table 3 demonstrates the 
grain size and elemental percentage of all samples.

3.4 �TEM

TEM is an analytical technique that is useful for the 
investigation of the smallest structures of particles. 
Figure 5 displays the TEM image of the prepared 
nanocomposites. The results represent a homogene-
ous distribution in which the morphology of nano-
composites changes by changing the impurity. The 
Size distribution histogram of samples plotted in Fig-
ure 5, for S0, grain size ranged from 6 to 12 nm. In 
Figure 5b, Ag2S nanoparticles caused to aggregation 
enhancement with a size range of 15–20 nm; also, the 
S5 sample size distribution ranged in wider diameters 
about 7–11 nm. According to TEM images, the nano-
composites are shaped in the spherical form, that have 
in good agreement with the SEM results.

3.5 �DLS

Dynamic light scattering (DLS) analysis was used to 
investigate and compare the size of prepared nanopar-
ticles by studying the hydrodynamic size distribution. 
Figure 6 illustrates the size distribution of prepared 
nanocomposites. As shown in Fig. 6, all samples were 

Fig. 4   SEM image and EDS analysis of CdS-based materials
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synthesized in the same size distribution, and there 
is no significant difference in as Debye-Scherer and 
SEM methods. The dynamic light scattering measure-
ments are indicative of nanoparticle diameter. Actu-
ally, in bad dispersion, DLS deals with the collected 
or agglomerated structures as a single molecule and 
measures their whole size [53, 54]. Thus, nanocom-
posites with a big size distribution are shown in Fig. 6 
and Table 4. In the X-ray diffraction analysis, the X 
waves diffracted from the surface of polycrystals, and 

Fig. 5   TEM image of prepared nanocomposites, a pure CdS, b S2, and c S5

Fig. 6   DLS analysis plot represents the particle size distribution for S0, S1, S2, S3, S4, S5, and S6

Table 4   DLS analysis 
measurement data in size 
distribution of samples

Sample Size(d.nm)

S0 169.9
S1 146.1
S2 169.9
S3 125.6
S4 229.8
S5 146.1
S6 229.8
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the Debye–Scherrer formula could be used to obtain 
the average crystallite size. But, in the DLS, light scat-
tered from a bunch of (clusters) crystallites, so, gives 
the average particle size. It is clear that the average 
crystallite size is smaller than the average particle size 
[55].

3.6 �BET

For studying the specific surface areas and pore 
size distributions of the prepared nanocomposites, 
Brunauer–Emmett–Teller (BET) analysis was carried 
out. In this method, a specific surface area is obtained 
in m2/g. In nanocomposites, by increasing the sur-
face area, the photocatalytic activity increases [56]. 
This happens because by increasing the surface area, 
the amount of adsorption active sites on the surface 

is enhanced, so the redox reactions are increased by 
electron–hole pairs [57]. Additionally, decreasing the 
size of nanoparticles increases the surface area and 
active sites [58]. Therefore, the BET surface area for 
CdS(S0) was obtained to be about 65.6 m2/g, similar 
to the results of references [59, 60]. The calculated 
average pore size and pore volume were measured 
to be about 8.03 nm and 0.226 cm3/g using the Barrett-
Joyner-Halenda (BJH) method. BET analysis results 
of all samples are presented in Table 5 and Fig. 7. The 
shape hysteresis loop shows H1 configurations by 
cylindrical mesopores [61], which is seen in all sam-
ples except the Ag blend samples. Four regions exist in 
the adsorption/desorption curves. The first region is p/
po < 0.2, which is related to the monolayer adsorption 
of N2 molecules on the walls of the mesopores. The 
second region is limited to p/po > 0.25 and p/po < 0.5, 
in which, because of capillary condensation inside the 
mesopores, absorption increases. In the third region, 
adsorption occurs in the horizontal direction because 
of the multilayer adsorption on the outer surface. 
Finally, in p/po > 0.9, the increase in absorption is dem-
onstrated by the large pore diameter [62]. Materials 
with large surface areas are a good choice for pho-
tocatalysis because a large surface area increases the 
adsorption of pollutants, and the degradation time 
decreases. However, this is not always true, and a 
large band gap increases the degradation time [63]. 
Although a large effective surface area increases the 
photocatalytic activity, this activity decreases with the 

Table 5   Obtained Surface area, pore size and pore volume of 
samples from BET analysis

Sample as, BET (m
2
/g) Pore size (nm) Pore volume 

(cm3/g)

S0 65.60 8.03 0.226
S1 2.25 21.79 0.079
S2 13.10 1.66 0.052
S3 54.36 10.65 0.228
S4 47.61 7.00 0.208
S5 49.13 12.22 0.229
S6 54.41 8.03 0.224

Fig. 7   The BJH pore size distribution diagram, N2 adsorption and desorption of samples obtained from BET analysis
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smaller size of the pores, and the material with a larger 
pore size is the winner, as happened for S5 [64]. Based 
on Table 5, the pore size for all samples is in the 2–50 
nm range, which is the mesoporous range (according 
to the classification in reference [65]). The pore size of 
S3 is 1.66 nm (0.2–2 nm), which is in the microporous 
range (according to IUPAC classification)[65].

3.7 �Mott–Schottky

The Mott-Schottky (MS) plot was used to understand 
the band edge positions of the prepared materials con-
cerning reversible hydrogen electrode (RHE) values 
and water-splitting potentials. A positive slope in the 
linear region of the MS plots can be observed for all 
cases (Fig. 8). The positive slope indicates the n-type 
and the negative slope indicates the p-type behavior 
of the semiconductors. MnS is a p-type semiconduc-
tor, so a negative slope is seen in the MS plot of MnS-
CdS. The flat band potential values obtained from the 
MS plots indicate the position of the conduction band 
edge of semiconductors. Precisely, for n-type semicon-
ductors, the conduction band edge can be positioned 
at a slightly lower potential concerning the flat band 
potential. Therefore, the conduction band edge of 
nanomaterials is expected to be at less than 0.1 V of 

the flat band potentials [66, 67]. In Fig. 8, the MS plot 
of the prepared samples is shown, and the flat band 
energy is determined. Therefore, the positions of the 
valence band and conduction band for all samples can 
be calculated. The conduction and valence band edges 
are other important parameters to set the hydrogen 
evolution reactions, and the positions of the edges are 
useful in many cases. It is proven that the position 
of conduction band edges must be equal to or more 
negative than the proton reduction potential (H2/H+) 
in spontaneous reactions. In addition, if the activation 
energy of reaction pathways is considered larger than 
the thermodynamic potential, it should be provided to 
the reaction system. In this condition, the potential gap 
is referred to as overpotential. Consequently, the suit-
able selection of semiconductors is restricted to two 
types. The band gap must be in the visible range with 
enough overpotential [51]. Moreover, semiconductors 
whose valence band is more positive than the oxida-
tion potential (H2O/O2) must have enough potential 
for producing oxygen from the water photocatalytic 
process [68].

Figure 9 shows the diagram of the band positions. 
It seems that the competition for the degradation of 
pollutants is among S0, S2, and S5 because they have 
the lowest bandgap energy. Moreover, the positions 

Fig. 8   Plot of the Mott-
Schottky of prepared samples 
by the hydrothermal method
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of CB and VB have a crucial effect on pollutant deg-
radation. The position of the CB of ZnS-CdS was 
lower than the reduction potential of O2/⋅O2

− and 
the CB of other nanocomposites was higher than 
this potential. Additionally, the VB of ZnS/CdS was 
lower than the oxidation potential of ·OH/OH−, but 
the position of the VB of other samples was higher 
than this potential. Therefore, in ZnS-CdS, holes and 
hydroxyl radicals were produced in the photocata-
lytic process, but in other cases, this was not possi-
ble, i.e., the photocatalytic activity of other cases had 
low efficiency [69].

4 �Photocatalytic process

In this section, the photocatalytic properties of the 
materials that were prepared by the hydrothermal 
method are investigated. There are some important 
parameters, such as the adsorption of pollutants, 
charge transportation, light harvesting, and carrier 
separation, in photocatalytic reactions [7, 70]. MB 
was selected as an organic pollutant to evaluate the 
ability of the prepared nanostructures to degrade 
dye under light sources. Photodegradation of MB 
by time, under Sunlight and UV light source, has 
been plotted in Figs. 10 and 11. The absorption peak 

Fig. 9   Diagram of band 
position and Eg for CdS(S0) 
and other CdS-based semi-
conductors

Fig. 10   Absorption spectra of MB degradation under sunlight irradiation by CdS-based nanocomposites
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intensity of the MB has decreased by increasing the 
light irradiation time. S5 under sunlight for 60 min 
has reduced the intensity of the MB absorption peak 
to about zero, which means that the pollutant has 
been completely removed. Samples S0, S2, and S4 
have reached over 90% degradation in 120 min under 
sunlight irradiation. Also, in Fig. 11, as can be seen, 
the S5 sample has been successful in MB degrada-
tion under UV irradiation, although it has not com-
pletely reduced the absorption peak intensity, it has 
performed better than other samples. Sample S2 is 
ranked second in MB degradation in Fig. 11 again. 
Other samples have almost the low and same low 
performance.

Figure 12 demonstrates the degradation percent-
age of MB under two light sources. Degradation per-
centage is obtained as follows [71]:

where A0 is the initial concentration of the pollut-
ant and At is the concentration of the pollutant that 
remains after degradation. As can be seen, the ratio of 
metal added to the CdS nanostructure has a significant 
effect on the degradation process. Based on the results 
discussed in the previous sections, the above results 
were predictable. The competition to remove the pol-
lutant is between three samples S0, S2, and S5. Sample 
S2 with a small bandgap has succeeded in two cases. 
According to previous studies, the incorporation of 
silver sulfide into CdS structure enhances the degra-
dation efficiency of MB, with the degradation process 
being influenced by the pH of the environment[72]. A 
suitable percentage of Zn improves the photocatalytic 

(4)Degradation Efficiency% = (
1 − A

t

A
0

) × 100

Fig. 11   Absorption spectra of MB degradation under UV irradiation by CdS-based nanocomposites

Fig. 12   Photodegradation 
percent, a MB degradation 
under Sunlight and b MB 
degradation under UV light 
irradiation
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process [73] such that S5 with the 1:1 ratio of Zn and 
Cd, removes a large amount of MB over 1 h under 
sunlight. In the UV source, S5 does not reach 100% 
degradation, but it has the best activity among all the 
prepared samples, while it reaches 99% degradation 
under sunlight. This may be due to the high power of 
sunlight. These results have been predicted by pre-
vious analyses. High specific surface area, large pore 
size, small band gap, and good position of VB and CB 
are effective factors for this phenomenon.

For a more detailed study of the photocatalytic 
activity of the prepared materials, the photocata-
lytic degradation kinetics is expressed by the Lang-
muir–Hinshelwood mechanism as follows [74]:

where C0 and C are the initial and post-degrada-
tion concentrations of the pollutant; Kapp and t are 
the degradation rate and time. By plotting ln(C/C0) 
versus time, the slope of the curve gives the degrada-
tion speed. Figure 13, Kapp is demonstrated for MB 
in all samples under two light sources. It can be seen 

(5)Ln(
C

C
0

) = −K
app

t

that S5 has a high degradation speed for MB under 
sunlight. This was proven in previous sections. Sam-
ple S5 has a narrow band gap, includes the reduction 
potential, and exhibits appropriate positions of CB 
and VB. These properties make S5 more photoactive 
than other samples in the degradation of MB dye. 
Sunlight is more efficient than UV lamps because it 
covers a wide range of wavelengths. Furthermore, 
the band gaps of materials are in the visible region, 
so the degradation of MB by sunlight is successful.

To investigate the capacity of S5 (ZnS-CdS(1:1)), the 
desorption test was carried out, and these nanoparti-
cles were used for the second and third times for the 
degradation of MB in water. Recyclability is an impor-
tant parameter for photocatalyst nanoparticles. Ease of 
recovery and stability of the photocatalyst are important 
factors in the efficiency of degradation [75]. Therefore, 
S5 was initially used to degrade MB in one hour. Next, 
nano-powders were separated from the solution by cen-
trifuging, and then they were dried and recycled. After 
this step, the dried nanocomposite was used a second 
time to degrade the MB solution without adding extra 
nano-powder. This procedure was carried out for the 
third time, and the results are shown in Fig. 14. Sample 

Fig. 13   The Langmuir–Hin-
shelwood mechanism for 
the speed of photocatalyst 
activity. a MB degradation 
under Sunlight and b MB 
degradation under UV lamp 
irradiation

Fig. 14   First, second, and 
third time MB degradation 
under the sunlight by S5. a 
degradation percent and b 
kinetics of reaction
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S5 could degrade the pollutant completely after 90 min 
on the second time and after 120 min on the third time. 
This indicates that desorption does not occur in the pre-
pared semiconductors, so they can be widely used. The 
Langmuir–Hinshelwood mechanism for recycling S5 is 
shown in Fig. 14b. It is observed that by increasing the 
cycle, the efficiency decreases [76]. Structural changes, 
particle size, location of absorption peaks, changes in 
surface area, and other properties of nanomaterials after 
their use in the photocatalytic process are the reasons for 
the changes in their degradation capacity after several 
times of recycling [75]. Therefore, the decrease in deg-
radation of S5 after twice recycling can be attributed to 
the decrease in absorption surface area, increase in band 
gap, increase in particle size, change in structure, etc.

The mechanism of pollutant degradation can be writ-
ten as follows:

Photon energy transfers electrons from the valence 
band to the conduction band, and electron–hole pairs 
are generated.

Carriers have an important role in reduction and 
oxidation reactions, which finally degrade pollutants. 
Holes react with hydroxyl ions:

Photocatalyst + h� → e
−
CB

+ h
+
VB

H
2
O + h

+
→ OH

− + H
+

h
+ + OH

−
→

⋅

OH

Hydroxyl radical, which is responsible for the deg-
radation of pollutants, is produced. Additionally, elec-
trons in the conduction band react with oxygen in the 
environment:

Hydrogen peroxide acts as a barrier for prevent-
ing electron–hole recombination [5]. The mechanism 
of degradation of pollutants and corresponding reac-
tions are shown in Fig. 15.

5 �Conclusions

In this research, binary semiconductors based on cad-
mium sulfide were prepared. Transition metals (Mn, 
Zn, and Ag) were introduced as the second material 
with different rates to investigate the effect of the 
type and ratio of the metal on the properties of the 
prepared nanocomposites. To study the structural, 
morphological, and optical properties of the sam-
ples, XRD, FESEM, TEM, BET, DLS, and UV–Visible 
analyses were conducted. The results showed that the 
samples had been synthesized without impurities on 

e
− + O

2

→
⋅

O
−2

⋅

O
−2 + H

+
→

⋅

OOH

⋅

OOH + e
−

→ OOH
−

OOH
− + H

+
→ H

2
O

2

Fig. 15   Mechanism of 
degradation of pollutants and 
reactions
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the nanoscale, without significant differences in the 
size of the materials. The peaks of silver sulfide (Ag2S), 
manganese sulfide (MnS), and zinc sulfide (ZnS) were 
observed in the XRD pattern. In many cases, Mn, Zn, 
and Ag decrease the band gap of CdS, so they are 
acceptable for photocatalytic activity (S2 and S5). The 
large pore size of S5 makes it effective in the degrada-
tion of MB, even though it has a small specific area. 
The valence band edge and conduction band edge 
energies of S5 are lower than the oxidation and reduc-
tion potentials, respectively. Therefore, S5 performs 
better in the degradation of MB under sunlight and 
UV. Sample S5 can remove the pollutant from water in 
an hour at a high rate, and the absorption and desorp-
tion test showed that it can be introduced as a recycla-
ble photocatalyst.
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