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A B S T R A C T   

Water pollution by toxic dyes is an environmental problem that threatens human health. A green technology to 
solve this problem is the use of highly efficient photocatalysts under visible/solar light to degrade these organic 
molecules. However, develop affordable photocatalytic particles with high luminescence performance, enhanced 
stability, and low degradation is still a challenge. Here, it is reported the hydrothermal synthesis of an advanced 
and cost-effective nanocomposite based on a ceramic, cadmium sulphide, covered by silver nanoparticles (CdS/ 
Ag), with outstanding photocatalytic efficiency for toxic dyes degradation under ultraviolet and direct solar light. 
The CdS/Ag nanocomposite completely degrade the Reactive Red 120 (RR 120), Acid Black 1 (AB 1) and Direct 
Blue 15 (DB 15) dyes in both light irradiations. Without scavenger, about 93% of degradation was observed at 75 
min, remaining a high stability (more than 90%) after fourth degradation cycles.   

1. Introduction 

Semiconductor ceramic nanoparticles have attracted keen interest in 
the photocatalytic degradation of organic molecules due to their unique 
properties. Nanosized semiconductor ceramic particles possess different 
physicochemical (electronic, magnetic, biological, electro and optical) 
properties than the bulk materials [1]. The heterogeneous semi
conductor nanoparticle is used to degrade the toxic organic molecules by 
the advanced oxidation process (AOP) [2–4]. AOP is an efficient and 
cost-effective method to remove organic molecules without any sec
ondary hazardous, and this method addresses the limitations of the 
traditional method. The photocatalytic activity of heterogeneous ma
terial enhances photo-reactivity and photo-stability. Photocatalysis is an 
advanced oxidation technology for the removal and pre-treatment of 
various toxic organic molecules in wastewater. In the photocatalytic 
reaction in aqueous medium under sunlight and UV light, the generation 
of hydroxyl radicals and superoxide anions are responsible for the 

degradation of organic molecules [5,6]. 
CdS is one of the important II–VI ceramic semiconductors with 

excellent luminescence, wide bandgap, and photochemistry properties. 
The high photo-sensitive nature of CdS advantageous for the photo
catalytic reaction to remove the organic pollutants and it is a well- 
known photocatalyst [7,8]. CdS has the ability to degrade toxic 
organic compounds due to the wide high absorption range in the elec
tromagnetic spectrum. Deka et al. [9], studied the optical, magnetic, and 
electrical properties of CdS doping the metal ions to enhance the pho
tocatalytic activity. The photocatalytic activity of the CdS is further 
enhanced by integrating the co-catalyst [10]. The Ag is a good candidate 
to enhance the luminescence performance, stability, degradation per
formance, and functionalization [11]. Moreover, the high photo reac
tivity of CdS increases the hydrogen generation, while the use similar 
co-catalyst with wide bandgap (Ag) for the photocatalytic removal of 
organic molecules increases the charge separation and safeguard the 
more active catalysts [12]. The strong oxidation power of the CdS 
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greatly enhance the photocatalytic wastewater treatment. Liu et al. [13] 
reported the synthesis of heterostructure CdS/Ag and its characteriza
tion by a complex hydrothermal method, covering the use of poly
vinylpyrrolidone (PVP), sodium sulphide (Na2S), thiourea and silver 
nitrate (AgNO3). Thus, the heterostructure obtained is based on Ag 
nanowire cores covering by CdS shells. 

The present work aims to develop the ceramic cadmium sulphide 
nanoparticles covered by silver, and its utilization in the degradation of 
different toxic organic substances under UV-A and solar lights [14–17]. 
Solar light harvesting related semiconducting materials is a really a 
challenging task for current research environment [18–20]. Impurity 
incapacitating is an effective and the most frequently method used to 
extend the optical absorption edge of wide band gap semiconductors 
since the developed material is giving to be utilized in UV as well as solar 
light. 

2. Experimental procedure 

2.1. Materials and methods 

Cadmium acetate dihydrate, thioacetamide, ascorbic acid and silver 
nitrate, the commercial azo dye Acid Black 1 (AB 1) (CAS No:1064-48- 
8), and Direct Blue 15 (DB 15) (CAS No: 2429-74-5), were obtained from 
Sigma-Aldrich. Also, the commercial azo dye Reactive Red 120 (RR 120) 
was purchased from Balaji Color Company and Auxiliaries (Chennai). 
The instrumentation details are given in supporting information (see 
Supporting information). 

2.2. Preparation of CdS and CdS/Ag nanocomposite 

The hydrothermal method was employed to prepare CdS/Ag nano
composites (Fig. S1, see Supporting information). Initially, 5.330 g 
(0.02 M) of cadmium acetate dihydrate was dissolved in 25 mL 1:1 
ethanol/water solution at 50 οC. To this, 10 mL of water containing 46 
mg of silver nitrate was added and followed by addition of 10 mL water 
containing 50 mg of ascorbic acid (reducing agent). Then, it was soni
cated for 10 min, and followed by stirring. To the above mixture, 25 mL 
of the solution (1:1, EtOH/H2O) containing 0.02 M (1.502 g) of thio
acetamide was added, and then stirring continued for 3h. After that, the 
resultant mixture was transferred to autoclave and maintained tem
perature at 140 οC for 15–20 h. Then, it was filtered, washed with 1:1 
EtOH/H2O mixture and dried in a hot air oven at 90 οC for 5h, and 
followed by calcinated at 450 οC for 3h in a muffle furnace. This catalyst 
contains 1 wt% of Ag with respect to CdS. 0.5 and 1.5 wt% of Ag loaded 
CdS samples were prepared with respective amount of silver nitrate. The 
bare CdS was prepared following the same procedure but without 
addition of silver nitrate and ascorbic acid. 

2.3. Photocatalytic methodology 

The photocatalytic degradation of different azo dyes (Reactive Red 
120, Direct Blue 15 and Acid Black 1) was performed using Heber multi- 
lamp photoreactor model: HML-COPACT-LP-MP88 (each 8W mercury 
UV lamp, 365 nm, 4 lamp was used for degradation) [21]. The prepared 
solution was transferred into a glass tube (2.5 cm -inner diameter and 37 
cm – length). The experiment was also conducted under sunlight irra
diation. The adsorption-desorption equilibrium was established in the 
dark condition by suspending the 50 mg of catalysts (CdS and CdS/Ag) 
in a 100 mL solution that contains 50 ppm (RR 120) of dye molecules. 
During the experiment, at equal intervals, solutions were collected and 
centrifuged. The filtered solution was analyzed on a UV–vis spectrom
eter to measure absorption. 

3. Results and discussion 

Primary analysis was carried out by RR 120 degradation under UV-A 

light with different percentage of Ag loaded CdS materials. About 78, 93 
and 88% of degradation observed with 0.5, 1 and 1.5 wt% of Ag loaded 
CdS, respectively at 120 min irradiation (Fig. S2). Hence, 1 wt% of Ag/ 
CdS was found to be optimum amount of Ag on CdS, and this catalyst has 
been characterized along with bare CdS for comparison and used for 
further studies. 

3.1. Effect of Ag on the structural property of CdS /Ag nanocomposite 

The prepared CdS and CdS/Ag nanocomposites were examined using 
XRD to confirm the phases and the structures formed. The XRD patterns 
of CdS and CdS/Ag nanocomposite were depicted in Fig. 1. The obtained 
pattern reveals the formation of a major phase corresponding to the CdS 
with hexagonal close-packed structure and P63mc Space Group Sym
metry (standard pattern with ref. code no. 00-041-1049 in the PDF4+
database from the ICDD). Other minor peaks can be detected in both 
XRD patterns. In this case, these peaks seem to correspond to cadmium 
sulphate hydrate, CdSO4⋅H2O (ref. code no. 00-020-1411 in the PDF4+
database from the ICDD). Anyway, attending to the intensity of peaks, 
this phase must be in lower amount. In addition, Ag peaks corresponding 
to the (111) and (220) crystallographic planes were indexed for the CdS/ 
Ag sample, which is due to the loading of Ag. The Ag shows the face 
centred cubic structure and Fm-3m Space Group Symmetry (standard 
pattern with ref. no 00-004-0783 in the PDF4+ database from the 
ICDD). Liu et al. [13], also obtained a similar XRD pattern for the 
CdS/Ag nanocomposites synthesized by ultrasonic-assisted polyols and 
hydrothermal methods. However, as it will be later exposed, the 
microstructure of both CdS/Ag synthesized by Liu et al. and in this work 
are opposite. The loading of Ag in the CdS influences crystallite size and 
photocatalytic performance. The crystallite size of the CdS and CdS/Ag 
nanocomposites was calculated using Scherrer’s equation. The average 
crystallite size of the CdS and CdS/Ag nanoparticles was 34.4 and 28.3 
nm, respectively, i.e, around a 18% of crystallite size reduction. This fact 
can be attributable to the coprecipitation of both phases from the cad
mium acetate dihydrate and silver nitrate used as precursor to the 
CdS/Ag nanoparticles. The deposition of the nano silver (Ag) particles 
covered the already precipitated CdS nanoparticles can inhibit further 
growth of them. 

Fig. 1. XRD patterns of CdS and CdS/Ag composite. The indexed phases 
include the corresponding reference code for the standard pattern of the PDF4+
database from the ICDD. 
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3.2. Effect of Ag on the vibrational property of CdS/Ag nanocomposite 

FT-IR spectroscopy were used to investigate the vibrational property 
of the prepared nanoparticles, Fig. 2a shows the FT-IR spectra of the CdS 
and CdS/Ag nanocomposite. The spectra exhibit strong vibration bands 
at 1552, 1177, 1078, 995 893, 666 and 598 cm− 1. The peak at 1552 
cm− 1 represents the bending vibration of –OH bond of water molecule, 
showing the influence of S, a potential H-bond acceptor that move the 
peak to a lower wavenumber from a typically ~1600 cm− 1 [22]. Finally, 
peaks at 666 and 598 cm− 1 corresponds to the stretching vibrational 
bonds of Cd–S [23]. The atomic vibration of the prepared CdS and 
CdS/Ag nanocomposite was investigated by Raman spectroscopy 
(Fig. 2b) The spectra clearly show variation in the width of the peaks due 
to the loading of Ag in the CdS. Again, this aspect is attributable to the 
decreasing of the crystallinity of CdS because of the Ag loading. The 
peak present at 302, 603 and 902 cm− 1 belong to the CdS. The optical 
phonon mode of the prepared samples was obtained at 302 cm− 1. The 
peak at 603 cm− 1 was attributed to the first overtone mode of CdS. The 
second overtone mode of CdS present at 902 cm− 1. Swathi and 
co-authors [24] also observed the first and second-order scattering of the 
longitudinal optical phonon modes. 

3.3. Effect of Ag on the optical property of CdS/Ag nanocomposites 

The photoluminescence of the CdS and CdS/Ag nanocomposites was 
examined and shown in Fig. 3a. The spectra show the higher light 
emission at 629 nm, and weak emission at 576 nm for both CdS and CdS/ 
Ag nanocomposites. After the loading of Ag, the emission intensity of the 
CdS is slightly decreases. This confirmed the successful loading of Ag in 
the CdS. The emission peak at 629 nm is due to the 1sh-1se excitonic 
transitions. The broadening of emission peak after Ag loading is owing 
to the trapping of charge recombination. Also, the size of the particle 
influences the shifting of PL emission peak [25]. Reddy et al. [26], re
ported that the emission peak around 629 nm due to the 1sh-1se exci
tonic transitions and the variation in PL intensity corresponds to the 
trapping of charge. This decrease and broadening of the peak enhance 
the photocatalytic activity of the CdS/Ag nanocomposites. 

The optical property of the prepared nanoparticles was studied using 
DRS-UV Vis. The absorption of the CdS and CdS/Ag nanocomposites is 
shown in Fig. 3b. After incorporation of Ag with CdS, the absorption of 
UV and entire visible region increased [27]. The bandgap energy of the 
CdS and CdS/Ag is calculated using K-M equation [21]. The bandgap 
energy spectra of the samples are shown in Fig. 3c&d. The bandgap 
energy of the CdS slightly increased from 2.30 to 2.41 eV after the 
loading of Ag in the CdS. The bandgap of the Ag incorporated material 

shows the slightly increased in the bandgap and constructs the transi
tional levels in the energy gap. Rabizadeh et al. [28], confirmed after 
silver substitution the formation of the transitional levels in the energy 
gap. The enhancement in the electron-hole separation results in 
increased photocatalytic performance. 

3.4. Effect of Ag on the morphological property of CdS nanocomposite 

SEM and TEM is employed to investigate the morphology of the CdS 
and CdS/Ag nanocomposite (Figs. 4 and 5, respectively). It reveals that 
the formation of spherical-shaped nanoparticles in both the CdS and 
CdS/Ag, and clearly opposite to the morphology found by Liu et al. [13], 
where it was reported Ag nanowire cores covering by CdS shells. The 
HR-TEM images of CdS (Fig. 5a), and CdS/Ag (Fig. 5e and g) composites 
confirmed the formation of spherical-shaped nanoparticles and exhibit 
that the size of the CdS and CdS/Ag is around 89 and 84 nm, respec
tively. The corresponding finger print region is given in Fig. 5c and 
d (CdS), and Fig. 5f and h (CdS/Ag). The d-spacing of the CdS and 
CdS/Ag is investigated using HR-TEM [29–31]. The obtained d-spacing 
value of 0.336 nm corresponds to the prominent (002) plane of CdS 
which is confirmed from the HR-TEM (Fig. 5d, f and h). The SAED 
pattern of the CdS (Fig. 5b) shows the formation of crystalline nano
particles. Also, the measured crystallographic distance matches with the 
XRD (standard pattern no. 00-041-1049 in the PDF4+ database from the 
ICDD abovementioned) and Raman values. The decrease in the size of 
the nanoparticles significantly influences the photocatalytic perfor
mance of the CdS/Ag. Finally, some Ag nanoparticles could be found in 
the CdS surface, as can be observed in Fig. 5h (marked by a red circle), 
where the (111) crystallographic plane was indexed. Due to the nano 
character of the Ag particles and the low amount (1 wt%), their obser
vations are really difficult to obtain. 

3.5. Effect of Ag on the photocatalytic degradation of CdS/Ag 
nanocomposites 

The photocatalytic activity of the CdS and CdS/Ag nanoparticles 
were investigated towards RR 120, DB 15 and AB 1 under UV and solar 
light illumination. Figs. S3, S4 and S5 show the degradation of RR 120, 
DB 15 and AB 1 using CdS and CdS/Ag. These dyes are resistant to self- 
photolysis [32–34]. Without irradiation, only 21% (RR 120), 18.8 (DB 5) 
and 22% (AB 1) decrease in dye concentration was observed, and may be 
due to the adsorption of the dyes on the surface of the catalyst. The 
photocatalytic activity of the CdS increased for RR 120, DB 15 and AB 1 
under UV and solar light illumination after incorporation of Ag into the 
CdS. The substitution of Ag greatly increases the photocatalytic dye 

Fig. 2. FT-IR (a) and Raman (b) spectra of CdS and CdS/Ag nanocomposite.  
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removal efficiency of CdS. The photocatalytic degradation percentage of 
CdS shows 70, 64 and 73%, whereas CdS/Ag removed more than 95% 
dye of molecules in solar light. The CdS/Ag catalysts show higher pho
tocatalytic activity in the presence of sunlight and UV light irradiation. 
The substitution of Ag greatly influences the carrier charge separation 
and increases the photocatalytic activity (Fig. 6a) [35]. The reaction of 
kinetic properties of photodegradation in different azo dye using CdS 
and CdS/Ag nanocomposite was assessed by pseudo-first-order kinetics 

equation (1) [36,37]. 

ln(C0 /Ct)= kt (1)  

Where Co – initial concentration of dye solution, Ct - concentration of 
dye at time t, t – degradation time and k - apparent rate constant. The 
plot of ln(C0 /Ct) vs. treatment time t is given in Fig. 6b. Besides, CdS/Ag 
improved the degradation rate of the photocatalyst and composite with 

Fig. 3. PL (a), DRS (b), K. M plots (c& d) of CdS and CdS/Ag nanocomposite.  

Fig. 4. FE-SEM images of (a) CdS and (b) CdS/Ag nanocomposite.  
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Ag. Table 1 shows the kinetic results of CdS and CdS /Ag towards 
Reactive Red 120, Direct Blue 15 and Acid Black 1. The rate constants of 
CdS/Ag are higher than CdS. Furthermore, the reusability of CdS/Ag 
remains at a high level even at fourth cycle (discussion comes later), 
which indicates that the CdS/Ag is highly stable. 

The mechanism of the degradation of RR 120, DB 15 and AB 1 by 
CdS/Ag under solar and UV light is shown in Fig. 7a. The two- 
component system (CdS and Ag) is effectively involved in the degrada
tion process. The valence band (VB) and conduction band (CB) edge 
potentials of CdS were estimated via Mulliken electronegativity theory 
[38], and found to be +1.937 and − 0.363 eV, respectively. The CdS 
under UV/sunlight irradiation, the electrons are excited to the 

conduction band (CB) and leave a hole in the valence band (VB). Since 
CdS is a semiconductor and acts as photoactive center. The 
photo-excited electrons were trapped by Ag particles and react with 
dissolved oxygen produced superoxide radical anions (O2

●–) [39]. At the 
same time, the holes in the valence band react with water to form hy
droxyl radicals (●OH). Due the presence of noble metals of Ag, a greater 
number of electrons were trapped from CB of CdS results reduce the 
electron-hole recombination significantly and enhance the photo
catalytic activity of the material. 

3.5.1. Effects of scavengers on degradation (RR 120) efficiency 
The most active species involved in the photodegradation process 

Fig. 5. HRTEM and SAED images for the CdS (a–d) and CdS/Ag (e–h) nanocomposite.  
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(solar) with CdS/Ag nanocomposite were investigated by the trapping 
experiment and the results is shown in Fig. 7b. The addition of 1 mmol of 
tertiary butyl alcohol (TBA, •OH scavenger), silver nitrate (AgNO3, e– 

scavenger), benzoquinone (BQ, O2
•– scavenger) and potassium iodide 

(KI, h+ scavenger) play a significant reduction in the photodegradation 
efficiently of the catalyst. Without scavenger, about 93% of degradation 
observed at 75 min. At the same time, addition of TBA, AgNO3, BQ and 
KI gave 34, 24, 19 and 17 percentages of degradations, respectively. 
Among the scavengers, the addition of KI was significantly reducing the 
catalytic activity and revealed that h+ are the main active species in this 
degradation. The active species contributes the following order h+ >

O2
•– > e− > •OH. 

3.5.2. Effect of initial dye pH on degradation and mineralization of dyes 
The industrial effluents are usually coming with a wide range of pH. 

It is imperative to treat the effluent without alter the pH, which could be 
a cost-effective and energy-efficient process for water remediation. In 
this point of view, the influence of pH on photocatalytic activity of RR 
120 towards CdS/Ag were studied under UV and solar light which is 
shown in Fig. 8a and values are tabulated in Table 2. The photocatalytic 
degradation of organic dye molecules strongly depends on the pH of the 
solution and for selected test dye molecules, the pH is 5. Table 2 con
firms that the CdS/Ag shows higher removal of dye in the pH 5. Below 
and above the pH 5, degradation ability is less both UV and solar light. 
Almost the same trend was observed in all the catalysts. When compared 
with CdS modified samples show effective degradation in all the pH. The 

Fig. 6. Photodegradability of RR 120 (a) UV light (i) CdS, (ii) CdS/Ag and Solar light (iii) CdS, (iv) CdS/Ag at pH 5; (b) Corresponding Kinetic plots for the 
photodegradation of RR 120. 

Table 1 
Kinetic values in the photodegradation of different catalysts.  

Catalyst 
Name 

Reactive Red 120 Direct Blue 15 Acid Black 1 

k (min− 1) R2 k (min− 1) R2 k (min− 1) R2 

UV-A light 

CdS 0.0062 0.9955 0.0236 0.98483 0.0248 0.9859 
CdS/Ag 0.0171 0.9996 0.0500 0.99021 0.0431 0.9987 
Solar light 
CdS 0.0252 0.9983 0.0406 0.9940 0.0433 0.9966 
CdS/Ag 0.0284 0.9995 0.0566 0.9974 0.0721 0.9912  
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prepared CdS/Ag is efficient towards RR120 degradation in UV and 
solar light irradiation. 

To verify the complete mineralization process, Chemical Oxygen 
Demand (COD) was determined based on the reported procedure [40]. 
The percentage of COD reductions of these three dyes (RR 120, DB 15 
and AB 1) at different time of irradiation under optimized pH condition 
in UV A light are presented in Table S1. About 80% (RR 120), 82% (DB 
15) and 86% (AB 1) of COD reductions were observed for these dyes 
under optimized conditions. This study confirm that the dyes underwent 
almost complete degradation and mineralized. 

3.5.3. Reusability of CdS/Ag nanocomposite towards RR120 
The reusability of the CdS/Ag nanoparticles was studied towards 

RR120. The experimental parameter was fixed (pH = 5, irradiation time- 
120 min, catalyst = 50 mg/100 mL and the dye = 50 ppm) and shown in 
Fig. 8b. In the fixed reaction contagion, the prepared CdS/Ag shows at 
least a 90% stability after 4th cycle. This result confirms prepared ma
terial is efficient in removing the organic dye molecule. The stability of 
the prepared CdS/Ag is higher, which is due to the substitution of Ag. 

Also, a decrease in the size, and photoluminescence famous for the 
photocatalytic degradation and stability of the silver substituted CdS 
composite. 

3.6. Comparison of efficiency of CdS/Ag with modified CdS based 
photocatalysts 

The efficiency of synthesized CdS/Ag composite was compared 
[41–45] with modified CdS based photocatalyst which were utilized for 
pollutant degradation under various conditions (Table 3). Although, the 
present investigation has been varied with catalyst dosage, degradation 
time, initial pH of the pollutant, concentration of the pollutant, light 
source, the comparison can give some idea about the efficiency of the 
synthesized materials with other reported CdS based materials. From 
Table 3, the composite catalyst reported here was effective in degrada
tion of three toxic dyes (RR 120, DB 15 and AB1) under UV as well as in 
direct sunlight irradiation. In all the processes, >90% of degradation 
was achieved. 

Fig. 7. (a) Mechanism of photocatalytic dye degradation of dyes with CdS/Ag and (b) Effects of scavengers on degradation (RR 120) efficiency by CdS/Ag.  

Fig. 8. (a) Effect of pH on RR 120 decolourization by CdS and CdS/Ag UV and Solar light, [RR 120] = 50 ppm; catalyst suspended = 50 mg/100 mL. (b) Catalysts 
reusability on photocatalytic decolourization of RR 120 dye under UV light irradiation, [RR 120] = 50 ppm; CdS/Ag and suspended catalyst = 50 mg/100 mL; 
irradiation time = 120 min at pH 5. 
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4. Conclusions 

Spherical shaped morphologies CdS/Ag nanoparticles were obtained 
by co-precipitation method, confirmed by SEM and TEM studies. XRD 
and Raman analysis reveals the formation of CdS with Ag at the particle 
surface. The significant shift in the PL emission and UV absorption is due 
to the Ag loading. The decrease in the bandgap and size of the nano
particles traps the charge recombination and enhances the degradation 
efficiency against the different organic dye molecules. The photo
catalysts efficient in the photodegradation of RR 120, DB 15 and AB 1 
dye under UV and sun light and CdS/Ag system was higher compared to 
bare CdS. The CdS/Ag catalyst is stable after 4th cycle and shows 93% of 
degradation without any scavengers. This confirms the prepared CdS/Ag 
catalyst will be useful for the degradation of organic pollutants. 
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