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Abstract
Clay mineral/CdS nanocomposites were successfully prepared via hydrothermal technique in the presence of different clay 
minerals for photocatalytic degradation of Congo red. The relevant structures and properties were systematically character-
ized and studied, including phase composition, crystal size, color, optical property and morphology of the obtained nano-
composites. The generated hexagonal CdS nanoparticles with a diameter of 30–60 nm were well anchored on the surface of 
clay minerals. Interestingly, the types of clay minerals affected the UV–Vis absorbance and band-gap energy of clay mineral/
CdS nanocomposites, and the clay mineral/CdS nanocomposites derived from one-dimensional halloysite, sepiolite, and 
palygorskite exhibited higher photocatalytic activity for Congo red degradation than that of two-dimensional lamellar kaolin 
and montmorillonite. In addition, incorporating of clay minerals not only effectively decreased the size of CdS nanoparticles 
without the obvious aggregation, but also guard against electrochemical corrosion of CdS during photocatalytic degradation.

1  Introduction

The immoderate discharge of large amount of industrial 
colored wastewater containing various dyes seriously caused 
environmental pollution and threatened our public health and 
living conditions [1, 2]. Although many laws and stringent 
regulations have been established to control and restrict the 
illegal discharge behavior, it is very necessary to remove or 
degrade dyes to reach allowable levels [3]. To date, various 

methods have been successfully developed to remove or 
degrade dyes in wastewater, such as membrane separation 
[4], photocatalytic degradation [5], adsorption [6], chemical 
oxidation, etc. [7]. Among them, photocatalytic degradation 
has been proven to be a reliable and promising water treat-
ment technology to degrade organic dye pollutants [8].

Owing to low-cost, narrow band gap (2.42 eV), stable 
and high photocatalytic activity, CdS as a promising photo-
catalyst has attracted wide interest in the past two decades 
in the energy and environment fields [9, 10]. However, the 
aggregation of CdS nanoparticles and recombination of 
photoexcited charge carriers of CdS resulted in decreasing 
in photocatalytic activity during photocatalytic process. To 
address these issues, it was found that incorporation of car-
riers could effectively resolve aggregation, and improve the 
photocatalytic activity and stability of CdS nanoparticles 
[11], and the common carriers included carbon nanotubes 
[12], graphitic [13], metals (Ag or Au) [14], porous materi-
als [15], etc. However, these supporters are expensive, and 
the involved preparation process of them is complicated. 
By contrast, natural clay minerals are recognized as promis-
ing carriers for loading of CdS nanoparticles, e.g., natural 
laponite [16], montmorillonite (Mt) [17, 18], kaolin (K) [19, 
20], halloysite nanotubes (HNTs) [21] and palygorskite (Pal) 
[22, 23]. Although there are many reports related to clay 
mineral/CdS nanocomposites, few attentions have been paid 
to the effect of different clay minerals on photocatalytic 
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activity of clay mineral/CdS nanocomposites to our knowl-
edge. Moreover, photocatalytic dye degradation are mainly 
focused on the cationic dyes (Rhodamine B [24], methyl-
ene blue [23]), and it hardly investigates their photocatalytic 
degradation behavior toward anionic dyes.

According to early reports, the types of clay minerals 
influenced the optical properties of clay mineral/CdS nano-
composites [25], which further resulted in the difference in 
their band-gap energy. Our previous work also revealed the 
relationship between the color and photocatalytic property 
of Pal/CdS nanocomposites [26]. In this work, different clay 
minerals were employed to fabricate clay mineral/CdS nano-
composites for photocatalytic degradation of anionic dye 
of Congo red (CR) including Mt, K, HNTs, Sepiolite (Sep) 
and Pal. Crystalline structure, color and morphology of the 
as-prepared clay mineral/CdS nanocomposites were charac-
terized and analyzed in detail, and their photocatalytic deg-
radation properties to CR were also comparatively studied.

2 � Experimental section

2.1 � Materials and reagents

Pal, HNTs, K, Sep and Mt were obtained from Jiuchuan 
Clay Technology Co. Ltd (Jiangsu, China), Zhengzhou 
Las Vegas Sun Ceramics Co., Ltd (Henan, China), Long 
Yan Kaolin Clay Co., Ltd (Fujian, China), Yixian Dazhi 
Thermal Insulation Materials Co., Ltd (Hebei, China), and 
Inner Mongolia Ningcheng Chemical Co., Ltd (China), 
respectively. Before being used, these clay minerals were 
treated using 2 wt% sulfuric acid at room temperature for 
4 h. Thiourea (NH2CSNH2) and cadmium chloride hydrate 
(CdCl2·2.5H2O) were purchased from Tianjin Kemiou 
Chemical Reagent Co., Ltd and Shanghai Sanyou Reagent 
Factory, respectively. CR was provided from Tianjin Kemiou 
Chemical Reagent Co., Ltd (Tianjin, China). Above reagents 
were all of analytical grade without the further purifica-
tion, and the distilled water was used in preparation of all 
solutions.

2.2 � Preparation of clay mineral/CdS nanocomposite

Clay mineral/CdS nanocomposites were facilely prepared 
via an effective and safe hydrothermal decomposition of 
[Cd(NH2CSNH2)2]Cl2 in the presence of clay minerals [26]. 
Briefly, clay minerals (1.50 g) were added into 50.0 mL 
water by vigorous magnetic stirring for 30 min to obtain 
suspension, and then CdCl2·2.5H2O and NH2CSNH2 with a 
molar ratio of 1:1 were dissolved into 15 mL water to form 
the white complex precursor. After that, the precursor was 
dropped into suspension under stirring. The final obtained 
solutions were then transferred into a Teflon-lined stainless 
steel autoclave with a capacity of 100 mL followed by a 
hydrothermal treatment at 180 °C for 6 h. After this pro-
cess, the precipitates were separated by centrifugation, and 
subsequently washed with water and ethanol several times 
before being dried at 60 °C for 24 h. For comparison, pure 
CdS without clay minerals was also prepared by the same 
procedures. The serial numbers of the as-prepared samples 
were presented in Table 1, and schematic illustration of the 
preparation process of clay mineral/CdS nanocomposites 
was presented in Fig. 1. Due to the small size and high posi-
tive charge of the organic Cd[NH2CSNH2]2Cl2 complex, 
electrostatic interaction is the predominant driving force for 
loading of CdS nanoparticles in this system.

2.3 � Measurement of photocatalytic activity

The photocatalytic activity of clay mineral/CdS nanocom-
posites was evaluated by photo degradation of CR at room 
temperature. The reaction was carried out in GHX-2 photo-
catalytic reactor under 300 W xenon lamp (providing visible 
light ≥ 400 nm). 30 mg nanocomposites were suspended in 
50 mL CR solution (30 mg/L), the reaction systems was 
kept in the dark with magnetic stirring for 30 min to reach 
absorption equilibrium. Next, the xenon lamp was placed 
10 cm above photocatalytic reactor to simulate visible light. 
Sample aliquots of about 4 mL were collected with a dis-
posable syringe at every 10 min intervals and immediately 
filtered using 0.22 µm of filter head to completely remove 

Table 1   Hexagonal lattice parameters (a, b, c, V and β), rietveld refinement results, zeta potential and BET surface areas of the samples

Samples Cystallite size (nm) Cell parameters Cell volume (Å3) Zeta potential (eV) BET surface 
areas (m2/g)

a = b (Å) c (Å)

HNTs/CdS 46.5307 4.12130 6.70100 98.8799 − 22.47 45.2549
K/CdS 51.7989 4.14140 6.71005 99.6783 − 20.60 10.8548
Sep/CdS 34.8239 4.14753 6.72065 100.1315 − 24.77 16.9579
Mt/CdS 44.4689 4.13900 6.71610 99.6526 − 37.17 65.5556
Pal/CdS [26] 57.4854 4.13999 6.71459 99.6779 − 31.17 97.0834
CdS [26] 80.3623 4.12551 6.70100 98.7815 − 17.00 7.6719
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the nanocomposites particles. The concentration of CR at 
different time was measured by UV–Vis spectrophotometer 
at the wavelength of maximum absorbance (498 nm) for CR.

2.4 � Characterizations

The compositions of clay minerals before and after acid-
treatment were measured by X-ray fluorescence (XRF, 
JSM-5600LV, Japanese Electronic Optical Co., LTD, Japan) 
(Table S1). The Powder X-ray diffraction (XRD) patterns 
were recorded with X′Pert PRO diffractometer working at 
40 kV and 30 mA and the 2θ scanning angle was in range 
of 3–80° at a step interval of about 0.167°. The Fourier-
transform infrared (FTIR) spectra of samples were obtained 
on a Nicolet NEXUS FTIR in 4000–400 cm− 1 region. The 
microstructure and size of the obtained nanocomposites 
were measured using a field emission transmission elec-
tron microscopy (TEM, JEM-1200 EX/S, JEOL, Tokyo, 
Japan), respectively. The Raman spectrum was performed 
for powder nanocomposites using a Horiva (Lab Ram 
HR-800) spectrometer. The color properties of all nanocom-
posites were in terms of the Commission Internationale de 
l’Eclairage (CIE) 1976 L*a*b* colorimetric method using 
a Color-Eye automatic differential colorimeter (X-Rite, Ci 
7800). In the CIE L* a* b* system, L* values signify color 
lightness between 0 (black) and 100 (white), a* value is 
green (negative)/red (positive) axis, and b* is the blue (nega-
tive)/yellow (positive). C* (chroma) represents saturation of 
color, which was calculated according to which is defined 
as C* = [(a*)2 + (b*)2]1/2, and ho stands for the hue angle 
ranging from 0° to 360° according to ho = arctan (b*/a*). 
Besides, reflectance and UV–Vis spectra were also recorded 
with X-Rite, Ci 7800. The Brunauer–Emmett–Teller (BET) 
specific surface area was measured at 77 K using the sur-
face area and porosity analyzer (Micromeritics, U.S.A). 

Photoluminescence spectra (PL) were performed on an 
Edinburgh FL/FS900 spectrophotometer.

3 � Results and discussion

3.1 � Characterization of clay mineral/CdS 
nanocomposites

3.1.1 � Optical and color analysis

Figure 2 presented digital photographs, UV–Vis diffuse reflec-
tance spectra, absorption edge, Eg and color parameters of all 
as-prepared samples. As shown in their digital photographs, 
all samples presented jacinth (Fig. 2a), and the reflectance 
of all clay mineral/CdS nanocomposites decreased compared 
with CdS in the range of 600–750 nm (Fig. 2b, inset). For K/
CdS samples, the magnitude of reduction was lowest (about 
82%) while the reflectance of pure CdS samples was 84%. 
Moreover, all samples had the lowest reflectance in the range 
of about 360–500 nm, which signified largest absorbance at 
the same wavelength range. Although the shapes of five spec-
tra were quite similar for clay mineral/CdS nanocomposites, 
they displayed different onset location and peak absorbance, 
revealing that the absorbance was affected by the types of 
clay minerals [25]. The Kubelka–munk plot results (Fig. 2b) 
demonstrated that incorporation of clay minerals led to a blue-
shift or red-shift in the absorption edge of samples. Absorp-
tion edges of Mt/CdS and K/CdS red-shifted to 555 nm and 
556 nm compared with that of pure CdS, respectively, while 
other samples blue-shifted to 524 nm, 533 nm, and 529 nm 
for Pal/CdS, Sep/CdS, and HNTs/CdS, respectively (Fig. 2c). 
Furthermore, the direct band gaps of all samples could be 
calculated according to the following equation:

Eg =
1240

�

Fig. 1   Schematic illustration of 
preparation of clay mineral/CdS 
nanocomposites
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where λ is the wavelength (nm) of the absorption edges in 
the spectra. As shown in Fig. 2d, the calculated Eg of clay 
mineral/CdS nanocomposites also presented the obvious 
differences, which might be due to the differences in the 
interface interaction between CdS nanoparticles and clay 
minerals [27].

In addition, it had been proven that the color parameters 
were closely related to Eg and optical performance of materi-
als [28]. Therefore, the color properties of clay mineral/CdS 
nanocomposites also were characterized by CIE L* a* b* 
system (Figs. 2, S1). Compared with pure CdS, clay mineral/
CdS nanocomposites exhibited different color parameters. 
Among these color parameters, L* values of clay mineral/
CdS nanocomposites were above 60, while the a* values 
were lower than that of CdS, suggesting the low red phase. 
The b* values of clay mineral/CdS nanocomposites were 
also lower than pure CdS except for Pal/CdS sample. It was 
well-known that ho of yellow color was in range of 70–105°, 
and ho values of the as-prepared nanocomposites and pure 
CdS were between 57° and 70° except for Pal/CdS nano-
composites, which might be related to their high redness. 
Chromatic CIE coordinates of clay mineral/CdS nanocom-
posites and CdS also confirmed their color differences (Fig. 

S1c). It suggested that incorporation of different clay miner-
als were capable of adjusting the color of clay mineral/CdS 
nanocomposites to some extent.

3.1.2 � XRD

The XRD patterns of clay mineral/CdS nnaocomposites 
prepared using different clay minerals were performed 
to investigate the crystal phase and average particle size 
(Fig. 3, Table 1). For all samples, nine main diffraction 
peaks located at 2θ = 24.93°, 26.67°, 28.19°, 36.79°, 43.65°, 
47.79°, 50.84°, 51.81°, and 52.80° corresponded to (100), 
(002), (101), (102), (110), (103), (200) and (201) planes, 
respectively, which were well matched the hexagonal 
wurtzite CdS structure of P63mc space group (JCPDS No. 
41-1049) [29]. Meanwhile, some characteristic diffraction 
peaks of clay minerals were also observed in their XRD 
patterns (Fig. S2). With the help of Jade 6.0 by peak-fitting 
analyses, Delphi process and Debye–Scherrer [30] by major 
XRD peak of (101) plane of hexagonal CdS for all nano-
composites, crystallite sizes and lattice parameters, volumes 
were calculated and presented in Table 1. It was found that 
crystallite sizes of clay mineral/CdS nanocomposites ranged 

Fig. 2   a Digital photographs, b Kubelka–munk plot, inset: UV–Vis diffuse reflectance spectra, c absorption edge, d Eg, e L*, f a* and g b* of clay 
mineral/CdS nanocomposites (Relevant data about CdS and Pal/CdS came from our earlier report [26])
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from 37 to 51 nm, which were smaller than pure CdS. It 
might be due to the fact that incorporation of clay miner-
als effectively prevented from the agglomeration of CdS 
nanoparticles. Furthermore, the lattice parameters and vol-
umes of clay mineral/CdS nanocomposites changed slightly 
compared with that of the pure CdS with lattice constants 
of a = b = 4.12551 Å, c = 6.70100 Å and V = 98.7815 Å3. 
Moreover, lattice parameters and volumes of clay mineral/
CdS nanocomposites decreased in the order of Sep/CdS > K/
CdS > Pal/CdS > Mt/CdS > HNTs/CdS > CdS. The change 
of unit cell for HNTs/CdS, Mt/CdS, K/CdS and Pal/CdS 
was slight, except for Sep/CdS. This might be attributed to 
the expansion of unit cell by the substitution of larger ions 
derived from Sep during hydrothermal reaction (such as 

Ca2+, see Table S2) [31]. Based on XRD results, it suggested 
that different clay mineral had different effects on the lattice 
of CdS crystal, which might be attributed to the differences 
in the nucleation and growth of the sulfide nanoparticles 
during the hydrothermal process [25, 32].

3.1.3 � FT‑IR and Raman spectra

The FTIR spectra of clay mineral/CdS nnaocomposites 
were presented in Fig.  4a. For all samples, the double 
peaks around 3690 cm− 1 and 3620 cm− 1 were assigned to 
the stretching vibrations of hydroxyl –OH groups on the 
outer-surface of clay minerals [11, 33]. The bands around 
3440 cm− 1 and 1630 cm− 1 were attributed to the stretch-
ing vibrations of the hydroxyl groups of water and the 
bending vibrations of adsorbed water molecules between 
layers of clay minerals, respectively [18]. Meanwhile, the 
absorption bands near 1080 cm− 1, 1030 cm− 1 and 910 cm− 1 
were attributed to stretching vibration of Si-O groups and 
the vibration of inner Al-OH groups of clay minerals. The 
three bands (791 cm− 1, 750 cm− 1 and 690 cm− 1) and other 
three bands (around 545 cm− 1, 470 cm− 1 and 430 cm− 1) 
were mainly assigned to the vibration of O–Al–OH and 
Si–O–Al, respectively. The weak characteristic absorption 
bands around 1385 cm− 1 and 600–670 cm− 1 were ascribed 
to the vibration of Cd–S bond [34, 35]. In the FT-IR spectra 
of clay mineral/CdS nanocomposites, some peaks of CdS in 
Mt/CdS nanocomposites were weak in contrast with Mt due 
to weak absorption of CdS in the IR region. Based on results 
of XRD and FT-IR, it revealed that the prepared nanocom-
posites were composed of clay minerals and CdS.

Figure 4b showed the typical Raman spectra of clay min-
eral/CdS to further investigate the effect of clay minerals 

Fig. 3   XRD patterns of clay mineral/CdS nanocomposites

Fig. 4   a FT-IR spectra and b Raman spectra of clay mineral/CdS nanocomposites
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on optical properties of CdS nanoparticles. The prominent 
Raman peak around 300 cm− 1 was attributed to first order 
scattering of the longitudinal optical (1LO), which was 
confirmed the hexagonal wurtzite structure of CdS in clay 
mineral/CdS nanocomposites. Moreover, the asymmetric 
1LO peak implied the presence of the defects in the crys-
talline structure of clay mineral/CdS nanocomposites [36]. 
By contrast, the frequency of the 1LO peak location of clay 
mineral/CdS nanocomposites shifted to 304 cm− 1 (HNTs/
CdS), 301 cm− 1 (K/CdS), 298 cm− 1 (Sep/CdS), 298 cm− 1 
(Mt/CdS) and 299 cm− 1 (Pal/CdS) compared with that of 
pure CdS (300 cm− 1), which were mainly due to the grain 
size effect after incorporating of different clay minerals. It 
suggested the differences in sizes of CdS nanoparticles from 
clay mineral/CdS nanocomposites [37].

3.1.4 � TEM

In order to visualize the morphologies of clay mineral/CdS 
nanocomposites, TEM characterization was conducted using 
HNTs/CdS nanocomposites as an example (Fig. 5). It was 
observed that the exterior and inner diameters of pristine 
HNTs was about 40–75 nm nm and 10–20 nm, respectively 
(Fig. 5a). As shown in Fig. 5b, HNTs/CdS nanocomposite 
presented a typical tubular structure loaded with spherical 
nanoparticles with size of 8–15 nm. In addition, the selected 
area electron diffraction (SAED) patterns were also indexed 
to a hexagonal wurtzite structure for CdS in HNTs/CdS 
nanocomposites, in which the diffraction dots were corre-
sponded to the (104), (102), (110), (103) and (202) places 
CdS, respectively (Fig. 5c).

3.1.5 � BET surface area

Table 1 listed the BET surface area of the prepared clay 
mineral/CdS nanocomposites. The surface areas for HNTs/
CdS, K/CdS, Sep/CdS, Mt/CdS, Pal/CdS and CdS were 
45.2549 m2/g, 10.8548 m2/g, 16.9579 m2/g, 65.5556 m2/g, 
97.0834 m2/g and 7.6719 m2/g, respectively. It was obvious 

that specific surface areas of clay mineral/CdS nanocom-
posites were higher than CdS, especially incorporation of 
HNTs, Mt and Pal. It suggested that incorporation of clay 
minerals was in favor of improving the aggregation of CdS 
nanoparticles, which was crucial to enhance the photocata-
lytic activity of CdS.

3.2 � Photocatalytic properties of clay mineral/CdS 
nanocomposites

3.2.1 � Photocatalytic degradation of CR

CR (F ig .  S3 )  [1 -naph t ha lenesu l fon ic  ac id , 
3,3′-(4,40-biphenylenebis(azoz) bis (4-amino) disodium 
salt] is a linear symmetrical molecule and belongs to carci-
nogenic anionic dye [38]. To date, it has been widely used in 
a number of industries such as cosmetic manufacturing, tex-
tile, paper, leather, even rubber and plastic fields [39]. The 
random discharge of wastewater containing CR into aquatic 
system would cause multitude damage to environment due 
to its high toxic. Thus, photocatalytic degradation proper-
ties of the as-prepared clay mineral/CdS nanocomposites 
to CR were evaluated at room temperature. As shown in 
Fig. 6, the degradation percentage increased gradually with 
increasing the visible light irradiation time for clay mineral/
CdS samples, but the distinct differences in the degradation 
percentage were observed for different samples.

Figure 6a displayed the plot of C/C0 of CR vs. irradiation 
time t, the concentration of CR decreased to 5.7%, 6.5% and 
3.0% after visible light irradiation for 30 min, respectively, 
revealing that the degradation of CR could reach 94.3%, 
93.5% and 97.0% for HNTs/CdS, Sep/CdS and Pal/CdS 
samples. It also could be observed that the fading of liquid 
supernatants was noticeable when the irradiation time was 
up to 30 min (Figs. 6d inset, S4). As irradiation time contin-
uously increased to 80 min, the concentration of CR slightly 
decreased to 2.3%, 3.0% and 2.4%, respectively. However, 
the concentration of CR exceeded 5.0%, even reached 17.8% 

Fig. 5   TEM images of a HNTs and b HNTs/CdS. c SAED patterns of HNTs/CdS nanocomposites
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for K/CdS and 14.6% for Mt/CdS, which were higher than 
that of pure CdS (9.7%).

To statistically compare their photocatalytic efficiency, 
the pseudo-first-order model (ln (C/C0) = − kapp × t) was used 
to quantitatively evaluate, and the rate constant kapp values 
were listed in Table S1. The order of kapp values for samples 
was HNTs/CdS > Sep/CdS > Pal/CdS > Mt/CdS > K/CdS 
in turn. It suggested that kapp values were in accordance 
with photocatalytic activities of these samples (Fig. 6b), 
and the photocatalytic activities of Mt/CdS and K/CdS 
samples were inferior to that of pure CdS. In other word, 
the samples prepared using one-dimensional clay minerals 
showed higher photocatalytic activity for CR than that of 
two-dimensional ones, which might be related to the differ-
ent formation mechanism of samples. The introduction of 
one-dimensional clay mineral could effectively induce the 
uniform encapsulation of nanoparticles on the surface of 
clay minerals, preventing the formation of free aggregates of 
nanoparticles [40]. However, two-dimensional clay minerals 
could be well intercalated and encapsulated by the generated 
nanoparticles [41]. Therefore, the loading of nanoparticles 
on the surface of clay mineral with one-dimensional struc-
ture were easy to expose in the reaction system than that of 
two-dimensional clay minerals, which might provide more 
active site for photocatalytic reaction. The incorporation of 
clay minerals could enhance the photocatalytic properties 
of the photocatalyst, and improve the stability and limit the 
size of CdS due to its unique characteristics.

In addition, zeta potentials of clay mineral/CdS photo-
catalysts presented negative value (Table 1), and hence the 

disappearance of CR color was not attributed to electrostatic 
attraction of nanocomposite and CR to explain the adsorp-
tion process. In fact, the formed aromatic pi-cloud between 
the CR dye in hydrogen bonding and silanol OH groups of 
Halalso were beneficial to remove CR dye by the nanocom-
posite [42]. In order to track the photocatalytic degradation 
process, the comparative experiments were also performed. 
In a typical procedure, 30 mg of HNTs/CdS nanocomposites 
were firstly added into 30 ppm of CR solution, and then the 
reaction was conducted under two conditions to assess pho-
tocatalytic and adsorption process, respectively. The one was 
under black light for 30 min and visible light irradiation for 
80 min; the other was under black light for 110 min. After 
these processes, the precipitates were separated by centrifu-
gation, and subsequently washed with water several times 
before being dried at 60 °C for 24 h. At last, the desorption 
experiments from the obtained precipitates were carried 
out by adding 10 mL ethanol and shocked 12 h at 25 °C. 
The concentration of CR in supernatant was measured by 
UV–Vis spectrophotometer. As shown in Fig. S5a, b, the 
photocatalytic degradation and adsorption of CR during the 
visible light irradiation time were obviously observed, and 
the adsorption rate on HNTs/CdS nanocomposite reached 
to 44% under dark conditions, which was about two times 
of that of CdS nanoparticles (22% only). Based on above 
results, it was implied that the color disappearance of CR 
after introduction of the samples were mainly ascribed to 
synergistic effect of photocatalytic degradation and adsorp-
tion of clay mineral/CdS nanocomposites in the visible light 
irradiation time. This conclusion also might be proved by 

Fig. 6   Photocatalytic activity of 
clay mineral/CdS nanocompos-
ites: a plot of (C/C0) versus t; 
b plot of − ln(C/C0) versus t; c 
absorption spectra of clay min-
eral/CdS nanocomposites under 
visible light irradiation for 
80 min; d UV–vis spectra of CR 
solution after addition of HNTs/
CdS nanocomposites. Inset: 
photographs of CR solution at 
different time after addition of 
HNTs/CdS nanocomposites
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UV–Vis spectra and photographs of CR solution for HNTs/
CdS nanocomposite under visible light for 0 min and dark 
light for 80 min, respectively (Figs. 6c, S6).

Meanwhile, it had been confirmed that electron and O2 
played a primary role in the photodegradation of dye. Due 
to more positive potential of the photogenerated holes than 
VB potential of CdS, the photogenerated holes of CdS could 
be not oxidize directly OH− and H2O [43]. Meanwhile, 
combined with the previous studies [44–48], a schematic 
illustration was proposed to clearly elucidate the probable 
photocatalytic reaction mechanism for clay mineral/CdS 
nanocomposite (Fig. 7). The photocatalytic degradation for 
CR dyes in this system was initiated by the photoexcitation 
of clay mineral/CdS nanocomposites. These excited elec-
trons (e−

(CB)) in conduction band induced oxygen to produce 
superoxide radical (O2

∙). Subsequently, these superoxide 
radicals further took part in the dye degradation. Ultimately, 
CR was mineralized partially or completely into CO2 and 
H2O. In a word, incorporation of clay minerals prevented 
from the electrochemical corrosion of CdS, and different 
clay minerals also played different photocatalytic effects for 
CR degradation.

3.2.2 � Compare with photocatalytic activity of clay mineral/
CdS nanocomposites

Based on above results, it was found that the as-prepared 
nanocomposites derived from one-dimensional clay miner-
als including tubular, fibrous and rod-like presented higher 
photocatalytic activity for CR degradation than that of 
two-dimensional lamellar ones in the visible light. Hence, 
it revealed that the primary factor affecting photocatalytic 
activity of clay mineral/CdS nanocomposites might be the 
morphologies of clay minerals. Moreover, the reported two-
dimensional clay mineral/CdS nanocomposites paid more 
attention to synthesis and interfacial feature, but it was few 
reported for the photocatalytic activity in the visible light 
[25], which might be due to the weak photocatalytic activity. 

Compared with two-dimensional clay minerals, one-dimen-
sional clay minerals might be in favor of increasing activity 
of CdS due to the different formation mechanism [49, 50]. 
In addition, Eg values of two-dimensional clay mineral/CdS 
nanocomposites were lower than pure CdS (2.19 eV) and 
clay mineral/CdS nanocomposites with one-dimensional 
structure (2.18 eV), which might much more easier to cause 
recombination of electron hole pairs of semiconductor com-
pared with that of pure CdS (Fig. S7) and one-dimensional 
clay mineral/CdS nanocomposites. According to the early 
reports [43], the change of Eg of clay mineral/CdS nano-
composites was attributed to the interaction between CdS 
and clay minerals, rather than a quantum confinement effect.

In the case of clay mineral/CdS nanocomposites prepared 
using same dimensional clay mineral, the lower Eg of clay 
mineral/CdS nanocomposites, the better the photocatalytic 
activity. In brief, photocatalytic activity and the stability 
of clay mineral/CdS nanocomposites were affected by the 
morphologies of clay mineral and Eg, which might be due 
to the difference in the grain size of CdS nanoparticles in 
clay mineral/CdS nanocomposites, optical properties, mor-
phologies of nanocomposites and chemical composition of 
clay minerals.

4 � Conclusions

In summary, a series of clay mineral/CdS nanocomposites 
were successfully synthesized using five types of clay min-
erals by a one-step hydrothermal method. The photocata-
lytic experiments indicated clay mineral/CdS photocatalysts 
based on one-dimensional clay minerals exhibited higher 
photocatalytic activity for degradation of CR than that of 
two-dimensional ones. The photocatalytic activity and the 
stability of clay mineral/CdS nanocomposites were affected 
by the morphologies of clay mineral and Eg of the as-pre-
pared nanocomposites. What’ more, it is expected to adjust 

Fig. 7   Schematic diagram for 
the photodegradation of CR 
using HNTs/CdS as an example
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the color and photocatalytic properties of CdS by incorpora-
tion of different clay minerals.
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