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For graphical abstract 

   A one-pot, template-free, solvothermal method for synthesizing CdS microspheres composed 

of ultrasmall (~ 2 nm) nanocrystals using (C5H4N2)S2 as in situ source of S
2-
 ions without  and 

with the use of MCE-capping agent has been developed. The photocatalytic activity of the 

microspheres for degradation of MO under UV and natural sunlight irradiation has been 

compared. 
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Abstract 

  Template-free CdS microspheres composed of nanocrystals have been successfully synthesized 

by a one-pot solvothermal method using 4,4'-dipyridyldisulfide (DPDS = (C5H4N)2S2)) as a 

temperature controlled in situ source of S2- ions without (S1-S3) and with the use of capping 

agent (S4). The powder X-ray diffraction measurements of all the four (S1-S4) samples revealed 

the cubic structure of the CdS microspheres and SEM analyses showed almost spherical 

morphology of the CdS microspheres with a broad size range of 0.5 to 2 µm. TEM analyses of 

the samples S3 and S4 revealed that the CdS microspheres are composed with assembled CdS 

nanocrystals of ultrasmall (2-5 nm) size. Optical investigation of the samples (S1-S4) showed 

blue-shift in the UV-vis absorption maxima compared to that of bulk CdS due to quantum 

confinement effect. Photocatalytic investigation of the uncapped (S3) and mercaptoethanol 

(MCE)-capped (S4) CdS microspheres for degradation of methylorange (MO) revealed that the 

rate of photocatalytic activity of S3 is much higher than that of S4 under both UV and natural 

sunlight irradiation. The relatively lower activity of S4 has been attributed due to the presence of 

MCE capping agents which acts as a barrier for the interaction of MO molecules with the CdS 

nanocrystals. The proposed mechanism for the formation of CdS microspheres and their 

photocatalytic activity has also been presented. 
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1. Introduction 

   Ultra small semiconducting nanocrystals with the diameter of about 2 nm are attracting 

increasing current attention due to their size dependent unique optical, electrical, catalytic 

properties.1-10 Among the various semiconductor nanomaterials, CdS with a direct band gap of 

2.42 eV as attracted much attention due to its diverse applications in photodetectors11, light 

emitting diodes,12  solar cells,13 photocatalysis14  and so on. It has been well established that the 

properties of nanomaterials depend on their crystallite’s size, morphology and structure.15 

Therefore, controlling the size and morphology of nanomaterials is crucial for modifying their 

properties. In this context, extensive efforts have been made by researchers to control the size, 

shape and morphology of CdS nanomaterials and a variety of morphologies, such as, spheres,16 

rods,17 triangles,18 hexagons,19 etc., have been reported. Literature survey revealed that the 

formation of these morphologies has been mostly driven by self-assembly processes and assisted 

by surfactant molecules/capping agents.20-23 On the contrary, it is quite challenging to develop 

template or capping agent-free routes for the preparation of CdS nanostructures with controlled 

morphologies.   

   Syntheses of CdS nanostructures have been reported by using variety of organosulfur 

compounds, such as, thiourea, thioacetamide, L-Cysteine, etc., as in situ source of S2- ions.20, 24-25   

We have been attempting to prepare CdS nanostructures with controlled morphology by adopting 

controllable synthetic reactions at appropriate temperature without the use of surfactant or 

template molecule. In this context, we recently demonstrated the controlled synthesis and 

photocatalytic activity of CdS microspheres composed of CdS nanocrystals by employing 4,4'-

dipyridyldisulfide (DPDS = (C5H4N)2S2) as a temperature controlled in situ source of S2- ions 

without the use of surfactant/template molecule.26  In continuation of our efforts to synthesize 

template-free, CdS nanostructures, here, we present the syntheses, characterization and 

photocatalytic activity of CdS microspheres composed of ultrasmall (~ 2 nm) CdS nanocrystals 

prepared by using DPDS as temperature controlled in situ source of S2- ions without the use of 

any template/capping agent (S1-S3). As mentioned before, the capping agents play an important 

role on the structure and properties of resulting nanostructures.27-29 In order to understand the 

effect of capping agent on the formation and the photocatalytic activity of CdS microspheres, we 

have also prepared mercaptoethanol (MCE) capped CdS microspheres (S4). Photocataytic 

investigation of both uncapped (S3) and MCE-capped (S4) CdS microspheres for degradation of 
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MO under both UV and natural sunlight irradiation revealed higher photocatalytic activity of S3 

compared to that of S4. The relatively lower photocatalytic activity of S4 has been attributed due 

to the effect of MCE capping agents which acts as a barrier for the interaction of MO molecules 

with the CdS nanocrystals. The syntheses procedure followed here is quite unique, it does not 

require the use of noxious sulfide sources and it can be carried out in air with high yield and 

almost uniform morphology of CdS microspheres.  

2. Experimental  

   All the starting materials were commercially available and used as received without further 

purification. Cd(NO3)2.4H2O and 4,4'-Dipyridyl disulphide (DPDS) were purchased from Sigma 

–Aldrich Chemical co. Methyl orange (MO) was purchased from Alfa Aesar. 

Dimethylformamide (DMF) and Ethanol were purchased from Merck and used as received.  

2.1 Syntheses of CdS microspheres  

The CdS microspheres (S1-S4) were synthesized using solvothermal method. To a DMF (2ml) 

solution of Cd(NO3)2.4H2O (0.061 g,  0.2 mmol), ethanolic solution (1ml) of  DPDS (0.044 g, 

0.2 mmol) was added. The mixture with the solvent ratio 2:1 was stirred for 15 min and then 

taken in a 23 mL PTFE lined acid digestion bomb and heated at 120°C for 12h. After being 

cooled to room temperature the product was filtered and washed with ethanol few times and 

dried under vacuum. Greenish-yellow powder of CdS microspheres, S1 has been isolated (yield: 

85%). The CdS microspheres, S2 and S3 were prepared by following the similar procedure, 

except that the reaction temperature was maintained at 130°C and 140°C, respectively (yield: 

82% (S2), 80% (S3). The MCE-capped CdS microspheres, S4 was prepared similar to that of S3, 

(at 140oC) except that, the synthesis was carried out in the presence of 5 equivalents (1 

mmol,70.13 µL) of mercaptoethanol (yield:84%).  

2.2 Characterization   

     The powder X-ray diffraction (XRD) patterns were recorded on a PANalytical’s X’PERT 

PRO diffractometer. Scanning electron microscopy (SEM) images were recorded using JEOL 

JSM-6610LV SEM with Energy Dispersive Spectroscopy (EDS) facility. Field-emission SEM 

(FESEM) images were recorded on a Carl zeiss ultra 55 FE SEM.  Transmission electron 

microscopy (TEM), high-resolution TEM (HRTEM) and selected area electron diffraction 

(SAED) measurements were recorded using JEOL JEM-2100F Field Emission TEM. UV–vis 

spectra were recorded on a Perkin Elmer Model Lambda 900 spectrophotometer. 
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Thermogravimetric analyses (TGA) of the samples were carried out on Mettler Toledo TGA850 

instrument. Fourier-transform infrared (FT-IR) measurements were recorded on Bruker 

TENSOR-27 spectrometer. 

2.3 Photocatalytic tests 

   The photocatalytic activity of the CdS microspheres for the photocatalytic degradation of an 

aqueous solution of MO was carried out as follows: the as-prepared sample of CdS microsphere 

(S3/S4) (15 mg) was suspended in a solution of MO (5.0 X 10-5 M in 50 mL H2O) in a beaker at 

ambient temperature. A 400 W high pressure mercury lamp was used as the UV-vis light source. 

The lamp was equipped with double walled quartz for constant water circulation which acts as a 

water filter to remove the heating effects. The setup was kept in the laboratory constructed 

irradiation box which has opening from top side. The distance between the UV light source and 

the beaker was maintained at 13 cm. Before irradiation, the suspension was stirred well in the 

dark for 30 minutes to establish an adsorption–desorption equilibrium between the CdS 

microspheres and MO then the photocatalytic reaction was initiated. The reaction was started 

after the intensity of the mercury lamp became stable.  At regular time intervals, aliquots of the 

sample were withdrawn and the catalyst was separated through centrifugation and analyzed for 

MO dye concentration. The same experiment was repeated for the sample S3/S4 under sunlight 

on a clear day. The experiment was performed during the time interval of 10:30 am to 12 noon. 

The setup was kept in a place where the mixture was exposed to direct sunlight. The percentage 

degradation of MO dye was determined using the following relation.30   

%		�������	
�� 
�� � ��

��
			�		100 

Where, Ci and Cf are the initial and final concentrations of MO, respectively.  

3. Results and Discussion 

3.1 Characterization   

    The CdS microspheres, S1-S4 composed of CdS nanocrystals were synthesized by 

solvothermal route. The XRD patterns of the as-prepared samples of CdS microspheres, S1-S4 

are shown in Fig. 1. The diffraction peaks are observed at 2θ = 26.48°, 43.98° and 51.92°  which 

are assigned due to (111), (220), and (311) planes of cubic or ZB structure of CdS (JCPDS 

reference code:10-454). The broadness of the diffraction peaks indicate the finite size of these 

crystallites. No additional diffraction peaks corresponding to either Cd(NO3)2 or any other 
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impurities were detected suggesting the purity of the materials. The calculated value of the mean 

crystallite size (D) using the Debye-Scherrer equation, D = 0.94λ/B cosθ (where, D = crystallite 

size, λ = wavelength of X-ray (1.540598 Å), B = value of full width at half maximum (FWHM) 

and θ is the Bragg’s angle) are 2.22, 2.40, 2.47 and 2.00 nm for S1, S2, S3 and S4 respectively.  

    The composition of the as-prepared samples (S1-S4) was determined by energy dispersive X-

ray spectroscopy (EDX). As shown in Fig. 1b only peaks due to Cd2+ and S2- were observed for 

uncapped sample S3. While the MCE-capped sample, S4 shows additional peaks due to oxygen 

and carbon atoms of MCE capping agent (Fig. 1b). The quantitative analyses confirmed the atom 

ratio of Cd2+/S2- to be 1:1. Also, the elemental mapping confirmed the homogeneous distribution 

of Cd2+ and S2- elements in the CdS microsphere of 1 and 2 (Fig.2). Furthermore, FT-IR spectra 

of the samples S1-S3 show only stretching bands due to solvent molecules (DMF and H2O) and 

that of S4 shows additional stretching bands at 2928, 2540, 1104, 1017, 695 cm-1 corresponding 

to C-H, S-H, C-O, C-C, and C-S stretching frequencies of  MCE capping agent, respectively 

(Figs. S1 and S2, ESI).Therefore, the above mentioned analyses confirmed the formation of CdS 

microspheres without (S3) and with MCE-capping agent (S4).  

    The morphology of the as-prepared samples S1-S4 was examined by SEM and TEM analyses. 

As shown in Fig.3 the SEM images of all the four samples show the presence of almost uniform 

solid spheres with diameters in the broad range of 0.5 to 2.5 µm (Fig. 3). The broad size 

distribution of CdS microspheres is due to self-agglomeration of nanocrystals.  Therefore, the 

SEM images show the size of agglomerates of CdS nanocrystals and not the crystallite size. 

However, FESEM image of the CdS microspheres, S3 and S4 unveiled the presence of 

nanocrystals (Fig.4). Furthermore, the precise value of the crystallite’s size was determined using 

TEM analyses. Fig. 5 shows low-magnification bright-field TEM image of a single CdS 

microsphere, of S3 whose size is about 200 nm. Furthermore, the TEM image of a selected 

region on the surface of the microsphere shows the presence of CdS nanocrystals whose 

crystallite size lie in the range of 2-6 nm (insets of Fig. 5a), which is in near agreement with the 

crystallite’s size value calculated from XRD (ca. 2.2 nm). The diffraction planes obtained from 

the SAED pattern match well with the XRD patterns and the HRTEM image shows structurally 

uniform lattice fringes of CdS nanocrystals, suggesting crystalline nature of the CdS material 

(Figs. 5b and c). The calculated fringe spacing of 0.34 nm corresponds to the (111) lattice plane 

of the cubic CdS. Fig. 6 shows low-magnification bright-field TEM image of MCE-capped CdS 
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microspheres, S4, with a size distribution of about 1.5-2 µm. The TEM image of a selected 

region on the surface of the microsphere shows the presence of ultra-small CdS nanocrystals 

whose crystallite’s size lie in the range of 2-5 nm (inset (a) of Fig. 6), which is in near agreement 

with the value of crystallite size calculated from XRD (ca. 2.0 nm). The diffraction planes 

obtained from the SAED pattern match with the XRD patterns and the HRTEM image shows 

structurally uniform lattice fringes of CdS nanocrystals, suggesting crystalline nature of the CdS 

material (inset (b) and (c) of Fig. 6). The calculated fringe spacing of 0.35 nm corresponds to the 

(111) lattice plane of the cubic CdS. Hence, the above mentioned data clearly supports the 

formation of CdS microspheres composed of CdS nanocrystals. 

3.2 Formation Mechanism of CdS Microspheres 

   The formation of CdS microspheres can be explained as shown in scheme 1. In situ generation 

of S2- ions by the S-S bond cleavage of DPDS linker at temperatures above 120°C, followed by 

reaction with Cd2+ ions to form CdS nanocrystals. The self-aggregation of these nanocrystals to 

form CdS microspheres as depicted in Scheme 1. Here, DPDS molecule acts as a clean source of 

S2- ions which are released in a controlled fashion by in situ S-S bond cleavage. Therefore, the 

formation of CdS microspheres, S1-S4 can be explained by considering self-aggregation of 

individual CdS nanocrystals due to surface energy minimization as shown in Scheme 1.31   

3.3 Optical properties  

   The room temperature UV-vis absorption spectra of CdS microspheres S1-S4 dispersed in 

DMF is shown in Fig. 7. The spectra show sharp band edge absorptions in the visible-light 

region with a well defined absorption feature with absorption maximum at 444, 450, 435 and 347 

nm, for S1, S2, S3, and  S4, respectively. The blue shift in the absorption edge of the samples, in 

comparison with that of bulk CdS (515 nm) can be attributed due to quantum confinement 

effect.32 Similar observation of blue-shift in the absorption edge has been reported for CdS 

microspheres, suggesting that the UV-vis absorption mainly depends on the size of the primary 

particles and the hierarchical CdS microspheres exhibit the activity of their nanoscale building 

blocks.33 The values of direct band gap energy (Eg) for the CdS microspheres was estimated from 

a plot of (αhν)² versus photon energy (hν) using the relationship: αhν = A(hv-Eg)
n  where, hν = 

photon energy, A = constant, α = absorption coefficient, α = 4πk/λ; k is the absorption index, λ is 

the wavelength,  n = ½ for the allowed direct band gap.34 The direct band gap values estimated 
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by extrapolating the absorption edge by a linear fitting method were 3.55, 2.93, 3.23 and 2.83 eV 

for sample S1, S2, S3 and S4, respectively (See Figs. S3-S6, ESI). 

3.4 Photocatalytic activity 

     In order to determine the potential applications of as-prepared CdS microspheres we 

investigated their photocatalytic activity for degradation of MO in aqueous solution under UV 

and natural sunlight irradiation. To eliminate the possibility of decoloration triggered by 

UV/sunlight, blank experiments were performed in the absence of the catalyst which showed 

negligible degradation of MO indicating the necessity of catalyst for the degradation process. 

Figs. 8a and b show the changes in the optical absorption spectra of MO at different time 

intervals under UV light irradiation catalyzed by CdS microspheres, S3. As the irradiation time 

increases the concentration of the MO decreases, at the end of 160 min the % degradation of MO 

was found to be 90.55% and 75.66% catalyzed by un-capped (S3) and MCE-capped (S4) CdS 

microspheres, respectively, (Figs. 8c and d) suggests higher photocatalytic performance of S3 

over S4. 

Similar reactivity trend has been observed for the photocatalytic degradation of MO carried out 

under natural sunlight irradiation. As shown in the Figs. 9(a) and (b), at the end of 30 min the % 

degradation of MO catalyzed by S3 and S4 are 86% and 40%, respectively, indicating faster 

catalytic degradation under natural sunlight compared to those of UV light irradiation.     

   The kinetics of photocatalytic degradation of organic pollutants using semiconducting 

materials can be best described by pseudo first order reaction, ln(Co/Ct) = kappt  (Where, Co is the 

concentration of the dye after adsorption in darkness for 30 min, and Ct is the concentration of 

the dye at given interval of time t). The plot of ln (Co/C) vs t (Figs. 8(d) and 9(d)) represents a 

straight line and the slope of which upon linear regression equals first order rate constant kapp.
35 

The calculated values of kapp for photodegredation of MO catalyzed by S3 and S4 under UV and 

natural sunlight irradiation are listed in the table 1. From the kapp values it is obvious that the 

catalytic activity of S3 is much higher than that of S4 under both UV light and natural sunlight 

irradiation. This difference in the photocatalytic activity can be ascribed due to the presence of 

capping agents in case of sample S4 which interfere with the interaction of MO molecules with 

the CdS nanocrystals resulting in lower activity compared to uncapped CdS microspheres, S3.   
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Table 1. The calculated values of rate constant (kapp) for photodegradation reaction of MO under 

UV and sunlight. 

 

3. 5 Proposed mechanism for the degradation of the MO 

     The general mechanism of photocatalysis involves photoabsorption of a semiconducting 

material (SCM) leading to excitation of the electrons from the valence band (VB) to the 

conduction band (CB), to generate electron-hole (eCB
-/hVB

+) pair (eq 1).36  

 

Then the photogenerated electron-hole pair migrates to the surface of the catalyst (CdS) and react 

with the adsorbed species on the surface (eqs 2-5). The transfer of the photogenerated electrons 

to the other species is crucial as it inhibits the recombination of the electrons and the holes hence 

increasing the activity of the photocatalyst.   

 

    As mentioned above the rate of photocatalytic degradation of MO is higher under natural 

sunlight irradiation compared to that of UV light irradiation (Table 1). This higher catalytic rate 

S No Catalyst and light source Overall rate of the 

reaction (m-1) 

1 S3, sunlight  7.1 x 10-2 

2 S3, UV light 1.4 x 10-2 

3 S4. sunlight  0.759 x 10-2 

4 S4, UV light 0.725 x 10-2 
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can be attributed considering the operation of a dye sensitized photocatalytic process. In this case 

the MO dye molecules are excited by the visible light and they act as photosensitizers.37-38     

Thus the reactive species (O2
•─, •OH) produced as shown in the eqs 2-5 can then react with MO 

to form the degradation products via several possible pathways as has been proposed before (eqs 

9-10) see ESI).39-41  

 

      

     The observed difference in the photocatalytic activity of uncapped, S3 and MCE-capped, S4 

microspheres can be explained as follows. The CdS nanocrystals in both S3 and S4 are quite 

active and can produce the electron–hole pairs under UV/sun light irradiation but their contact 

with air is obstructed by the presence of MCE-capping agents in case of S4. The MCE capping 

agents acts as a physical barrier and restricts the free access of MO molecules to catalytically 

active CdS nanocrystals in S4. Whereas, in the case of uncapped sample, S3 the MO molecules 

can easily access to the surface of CdS nanocrystals and can interact with the charge carriers 

(electrons and holes) which is a crucial step in the degradation process. Therefore, in case of S4 

relatively less number of MO molecules are in contact with the surface of the CdS nanocrystals 

and resulting in lower catalytic efficiency.    

     It is worth mentioning that, the absorption edge of MO shows blue shift to shorter wavelength 

as shown in Fig 8b. This phenomenon indicates that MO molecules have been oxidized, and 

converted into smaller molecules with lower degree of π–π conjugation during the course of 

photocatalysis. The λmax of the absorption spectra of these molecules produced during the 

degradation of MO is shorter than that of original MO molecules. Further oxidation gives rise to 

opening of aromatic rings leading consequently to degradation of MO to CO2 and H2O (Scheme 

S1, ESI).                                   

4. Conclusions 

   A one pot solvothermal  method for synthesizing template-free CdS microspheres composed of 

ultrasmall (~ 2 nm) CdS nanocrystals without (S1-S3) and with the use of MCE-capping agent 

(S4) has been developed. 4,4'-dipyridyldisulfide (DPDS) has been found to be a very useful 

temperature controlled in situ source of S2- ions for the formation of CdS nanocrystals. A 
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possible mechanism has also been proposed wherein self-aggregation of individual CdS 

nanocrystals led to the formation of microspheres. Photocatalytic investigation of both uncapped 

(S3) and MCE-capped (S4) CdS microspheres revealed very good photocatalytic activity for 

degradation of MO under UV and natural sunlight irradiation. It is interesting to note that the 

photocatalytic activity of uncapped CdS microspheres is much higher than that of MCE-capped 

CdS microspheres. Thus the influence of capping agent on the photocatalytic performance of 

CdS microspheres under UV and natural sunlight irradiation has been studied. The difference in 

the photocatalytic performance has been attributed due to the presence of capping agents in S4 

which acts as a barrier for the interaction of MO molecules with the CdS nanocrystals. The 

excellent photocatalytic activity of S3 under natural sunlight implies its potential application in 

the degradation of the dyes especially in water purification technology.    
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Figures with Caption 

      

Fig. 1 (a) XRD patterns of the as-prepared CdS microspheres prepared at temperature of 120° 

(S1), 130° (S2), 140° (uncapped, S3) and 140°C (MCE-capped, S4). (b) EDS spectra of the as-

prepared samples of S3 (a) and S4 (b). 
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Fig. 2 EDX elemental mapping images for microsphere 1 (a-c) and 2 (d-g); the elemental 

mapping shows the homogeneous distribution of Cd and S elements in the CdS microsphere 1 

and 2. 
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Fig. 3 SEM images of the as-prepared CdS microspheres prepared at (a) 120°C (S1), (b) 130oC  

(S2, inset shows magnified image of a microsphere showing the presence of CdS nanocrystals), 

(c) 140oC (S3) and (d) 140°C with MCE-capping agent (S4). 

 

Fig. 4 FESEM images of a CdS microsphere, S3 (a) and S4 (b and c) showing the presence of 

nanocrystals. 
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Fig. 5 (a) TEM image of the sample S3 showing the single CdS microsphere (insets: magnified 

images showing the presence of CdS nanocrystals), (b) and (c) shows the SAED pattern and the 

lattice fringe of CdS respectively.  
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Fig. 6 (a) TEM image of MCE-capped CdS microspheres, S4 showing the CdS microspheres, 

inset (a) magnified image of a microsphere showing the presence of CdS nanocrystals, insets (b) 

and (c) show the SAED pattern and lattice fringe of CdS respectively. 
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(C5H4N)2S2 S2- +  (C5H4N)2S

Cd2+ + S2- CdS(nanocrystals)

CdS (nanocrystals) CdS (microsphere)
 

 

Scheme1. The proposed mechanism for the formation of CdS microspheres  

 

Fig. 7 (a) UV-vis absorption spectra of the CdS microspheres S1-S4.  
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Fig.8 Time-dependent UV–vis absorption spectra for degradation of MO (5.0 X 10-5 M  in 50 

mL H2O) using CdS (15 mg)   microspheres (15 mg S3) (a) and S4 (b) under UV light, (c) 

percentage conversion of MO with time (d) plot of ln(Co/C)with time.  
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Fig. 9 Time-dependent UV-vis absorption spectral changes for aqueous MO solution catalyzed 

by CdS microspheres, S3 (a) and S4 (b) under natural sunlight; (c) percentage conversion of MO 

with time. (d) plot of ln(Co/C) with time.  
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For graphical abstract 

   A one-pot, template-free, solvothermal method for synthesizing CdS microspheres composed 

of ultrasmall (~ 2 nm) nanocrystals using (C5H4N2)S2 as in situ source of S2- ions without  and 

with the use of MCE-capping agent has been developed. The photocatalytic activity of the 

microspheres for degradation of MO under UV and natural sunlight irradiation has been 

compared. 
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