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ABSTRACT

CdS/halloysite nanotube (HNT) samples doped with several metal ions (Mn+-CdS/HNTs,
where Mn+ =Zn2+, Bi3+, Cr3+, and Ni2+) were synthesized using a facile and effective
hydrothermal method. The as-prepared photocatalysts were characterized by scanning
electron microscopy, transmission electron microscopy, X-ray energy dispersive spectroscopy,
X-ray diffraction, UV–vis diffuse reflectance spectra, inductively coupled plasma-atomic
emission spectroscope, X-ray photoelectron spectroscopy, and Fourier transform infrared. The
photocatalytic activity of the Mn+-CdS/HNTs photocatalyst was evaluated by the degradation
of tetracycline under visible-light irradiation. The optimum Mn+-doping amount was
investigated in detail. At last, the possible photodegradation mechanism for metal-ion-doping
photocatalyst was further discussed.

Keywords: Cadmium sulfide; Halloysite nanotube; Metal-ion doping; Photocatalysis;
Tetracycline

1. Introduction

Photodegradation of waste water by various semi-
conductors is an effective technique for solving these
current problems from environmental pollution.
Among the various semiconductors used, CdS has
been extensively studied because of its band gap
(2.4 eV) and suitable conduction band potential, which
can effectively absorb solar light [1,2]. However,
photocorrosion of CdS is easy to occur during the
photocatalytic reaction, so many methods like cou-
pling CdS with other semiconductor compounds [3,4],

supporting CdS with big mesoporous materials [5,6],
embedding CdS particles in a polymer matrix [7,8],
etc. have been used to improve the activity and stabil-
ity of these catalysts.

Doping with metal ion is an effective method to
improve the photocatalytic activity due to the separa-
tion of photogenerated electrons and holes. However,
the choice of metal ion is a key problem. Based on the
consideration of photocatalytic activities, normally
noble metals such as platinum (Pt), palladium (Pd),
and rhodium (Rh) [9,10] are a good choice. However,
the higher cost greatly limits the standpoint of
industrial application. It is necessary to develop other*Corresponding author.
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inexpensive metal ions. Some metal ions like Ni2+,
Sr2+, and Cu2+ were also adopted by some researchers
to improve the visible-light photocatalytic activity
over CdS–ZnS solid solution photocatalysts [11–13].

Another strategy employed for enhancing the pho-
tocatalytic activity of photocatalyst is to disperse it on
a support-like carbon nanotubes or graphene [14,15].
The dispersion of the photocatalyst produces can
increase surface area by minimizing the aggregation
of particles. However, the high cost and complex
preparation of process had limited their practical
applications. Halloysite nanotubes (HNTs) are a two-
layered aluminosilicate clay mineral. They have hol-
low nanotube structure and large specific surface area.
HNTs possess stabile property, resistible against
organic solvents, and ease of disposal or reusability.
More importantly, compared with other supported
composites, HNTs are readily available and much
cheaper [16,17]. HNTs have adequate hydroxyl groups
on the surface of HNTs, which are potential anchoring
sites for catalyst particles. Thus, we chose the HNTs
as support.

Antibiotics are widely used as additives in animal
medicine and feedstuff, which can enhance growth,
control disease outbreak, and boost efficiency [18].
Along with the application of antibiotics, residues can
be found in the environment and always result in
environmental pollutions [19,20]. Among all the anti-
biotics, tetracyclines (TCs) are extensively used for
disease control due to their great therapeutic values.
Furthermore, the residues of TC have potential threa-
ten to human. Therefore, it is necessary to treat and
dispose the residues of TC in the waste water. In this
study, we reported several metal ions such as Bi3+,
Ni2+, Cr3+, and Zn2+ which were doped into
CdS/HNTs photocatalysts by the hydrothermal
synthesis method. The as-prepared photocatalysts
have been characterized by the scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), X-ray energy dispersive spectroscopy (EDS),
X-ray diffraction (XRD), UV–vis diffuse reflectance
spectra (UV–vis DRS), Fourier transform infrared (FT-
IR), inductively coupled plasma-atomic emission
spectroscope (ICP-AES) and X-ray photoelectron
spectroscopy (XPS). The photocatalytic activity of as-
prepared photocatalysts was evaluated by the
degradation of TC.

2. Experiment section

2.1. Materials

HNTs were purchased from the Zhengzhou Jiny-
ang guang Chinaware Co., Ltd., Henan, China. Metal

salts (CdCl2·2.5H2O, Zn(NO3)2·6H2O, Cr(NO3)3·9H2O,
Ni(NO3)2·6H2O and Bi(NO3)3·5H2O) were all obtained
from the Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and used as received. Thiourea was
obtained from the Shanghai Chemical Reagent Co.,
Ltd. TC was purchased from the Shanghai Shunbo
Biological Engineering Co., Ltd. Deionized and doubly
distilled water were used throughout this work.

2.2. Samples preparation

The Mn+-CdS/HNTs nanocatalysts were prepared
via a simple hydrothermal synthesis method, which
was similar to our previous study [21]. Briefly, HNTs
(0.5 g) were added to 20.0mL NaOH solution by ultra-
sonication for 10min at room temperature to obtain
HNTs suspension. Then, after a careful calculation,
10.0mL of CdCl2·2.5H2O solution was dropped in
20.0mL of the HNTs suspension while stirring. After
1 h, added into metal ion under stirring. The addi-
tional quantity of metal ion and CdCl2·2.5H2O was
according to different molar ratios. At last, thiourea
solution was added and then the mixture was trans-
ferred to a Teflon-lined stainless steel autoclave with a
capacity of 50mL, which was followed by a hydro-
thermal treatment at 160˚C for 24 h. After cooling to
room temperature, the precipitates were washed with
deionized water and ethanol several times and dried
at 60˚C for 12 h. The obtained metal-doping CdS/
HNTs photocatalysts were denoted by Mn+-CdS/
HNTs (Mn+ =Zn2+, Bi3+, Cr3+, and Ni2+). The Mn+-
doping concentration was designed from 0mol to
30mol% (denoted as x mol% Mn+-doped CdS/HNTs,
x mol%= [M/(M+Cd)]� 100%).

2.3. Material characterization

The SEM images were examined by JSM-7001F
scanning electron microscopy (JEOL Ltd., Japan). Ele-
mental mapping over the selected regions of the pho-
tocatalyst was conducted by EDS. The TEM images
were taken on a JEOL IEM-200CX TEM. The XRD pat-
terns were obtained with a MO3XHF22 X-ray diffrac-
tometer (MAC Science, Japan) equipped with Ni-
filtrated Cu Ka radiation (40 kV, 30mA). The UV–vis
diffuse reflectance spectra (UV–vis DRS) were
obtained for the dry-pressed disk samples using a
Specord 2,450 spectrometer (Shimazu, Japan)
equipped with the integrated sphere accessory for dif-
fuse reflectance spectra, using BaSO4 as the reflectance
sample. The FT-IR absorption spectra were obtained
with a Nicolet Nexus 470 FT-IR (America thermo-elec-
tricity Company), using KBr pellets. XPS data were
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recorded with a PHI5300 spectrometer using Al Ka
(12.5 kV) X-ray source. A Varian Liberty150AX Turbo
model, which was ICP-AES, was used for the determi-
nation of the metal ions concentration.

2.4. Measurement of photocatalytic activity

The photodegradation experiment of TC was car-
ried out at 500W in a GHX-2 photocatalytic reactor
under a xenon lamp. In this part, a light filter
(wavelength range 360–760 nm) was used in the
photocatalytic reactor and less than 420 nm was
removed by light filter. The photochemical reactor
contained 0.1 g of catalyst and 30mg/L of 100mL TC
aqueous solution. After 30min in the dark, it reached
absorption balance, and its initial absorbency was
determined. The temperature of the reactant solution
was maintained below 298K by a flow of cooling
water during the reaction. The reaction continued for
30min and conducted in 5min interval. It was
determined at kmax = 357 nm. The photocatalytic
degradation rate (DR) was calculated by Eq. (1).

DR ¼ ½ð1� Ai=A0Þ� � 100% ð1Þ

where A0 is the initial absorbency of TC solution
which reached absorption equilibrium and Ai is the
absorbency of the reaction solution.

3. Results and discussion

3.1. SEM, EDS, and TEM analyses

The chemical composition and morphology of
Mn+-CdS/HNTs were measured through EDS and
SEM, respectively. As shown in Fig. 1, large amounts
of nanoparticles were deposited on the surface of
HNTs, which was the similar with our previous
research. Fig. 1(b–e) displayed that the morphology of
Bi3+-CdS/HNTs, Ni2+-CdS/HNTs, Cr3+-CdS/HNTs,
and Zn2+-CdS/HNTs was similar with undoping pho-
tocatalyst, indicating that the doping has not influ-
enced the morphology of Mn+-CdS/HNTs samples.
From the EDS analysis, Bi, Ni, Cr, and Zn element can
be clearly observed in Mn+-CdS/HNTs. The spectrum
confirmed that the corresponding chemical elements
were presented in the composite catalyst and indi-
cated that no appreciable impurities were presented
in the samples. As shown in Fig. 2, CdS exhibited
nearly spherical, well-crystallized morphology. The
nanoparticles were irregularly dispersed on the
surface of HNTs.

3.2. ICP-AES analysis

ICP-AES was used for the determination of the
metal ions concentration. The required pretreatment
method of photocatalyst was as follows: 0.1 g sample
was taken and dried, and then added into 5mL aqua
regia and 1mL peroxide. After that, the mixture was
heated to boiling and evaporating. Meanwhile,
distilled water was added into the mixture to prevent
it from drying out. At last, the mixture was centri-
fuged, and then the supernatant was taken and 10mL
distilled water was added. We used ICP-AES to detect
the metal ions concentration and the results were
shown in Table 1. It can be clearly seen that there were
metal ions in the photocatalyst. Simultaneously, metal
ions concentration of photocatalysts was increased
along with the increase of the amount of metal ion
during the preparation process of photocatalyst.

3.3. XRD analysis

To confirm that the crystal structure is retained
intact for Mn+-CdS/HNTs as compared with undop-
ing CdS/HNTs, powder XRD analysis was conducted.
As shown in Fig. 3, all of these diffraction patterns
were similar and can be assigned to CdS and HNTs,
which had been reported before [21]. The sharp dif-
fraction peaks indicated that the particles were fairly
well-crystallized. The diffraction peaks of CdS can be
indexed to hexagonal CdS according to the JCPDS No.
41�1049. All the patterns of the X-ray reflections of
Mn+-CdS nanoparticles agreed with the hexagonal
structure without any impurity phase. This evidently
showed that the substitution of Mn+ might have not
affected the hexagonal structure. As the value of x
increased, the diffraction peak also slightly changed,
which was partially due to the Mn+ incorporated into
CdS and occupied the substitutional cationic sites.

3.4. UV–vis DRS analysis

UV�vis DRS was used to probe the optical absorp-
tion property and the band structure of materials. As
shown in Fig. 4, all of the samples demonstrated
excellent visible-light absorption. Fig. 4(A) shows the
diffuse reflectance absorption spectra of Zn2+-CdS/
HNTs. It can be seen from Fig. 4(A) that there was a
slight blue shift in the absorption edge with the
increasing x. It may be due to the effect of different
amount of Zn-ion doping. For a crystalline semicon-
ductor, it is known that the optical absorption near
the band edge follows (Eq. (2)).

ah ¼ Aðhm� EgÞn ð2Þ
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where A is the probability parameter for the transi-
tion, hm is the incident photon energy, and n is the
transition coefficient (1/2 for a direct transition or 2
for an indirect transition) [22]. The value of Eg can be
directly estimated from a typical plot of (ahm)2 vs. hm
as shown in Fig. 4(E), and the band gap values
estimated for these samples were in the range of

2.28–2.38 eV. With the increase of x, the band gap for
Zn2+-CdS/HNTs slightly and gradually increased.
The UV–vis DRS spectra of Bi3+-CdS/HNTs,
Ni2+-CdS/HNTs, and Cr3+-CdS/HNTs, are shown in
Fig. 4(B–D). The steep shape of the absorption edge of
photocatalysts was about 550 nm. The doping has
almost no influence on the absorption threshold

Fig. 1. SEM images and EDS spectrum of photocatalyst: (a) CdS/HNTs, (b) Bi3+-CdS/HNTs, (c) Ni2+-CdS/HNTs, (d) Cr3+

-CdS/HNTs, and (e) Zn2+-CdS/HNTs.
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values of the samples. In other words, Mn+ doping
did not markedly influence the band gap of CdS/
HNTs. This phenomenon was also found in other
researchers’ reports, such as Sr-doping CdS–ZnS solid
solution [12]. However, there was a very interesting
phenomenon in Fig. 4(B–D), and the baselines of the
doped samples elevate markedly with the increment
of the Mn+-doping content. Such absorption was con-
sidered to attribute to the formation of impurity levels
by the doping of metal ion, which was also found in
the literature of Liu et al. [24].

3.5. XPS analysis

XPS analysis was performed to analyze the compo-
sition of the samples and the chemical state of the
atoms. Fig. 5(A) shows the XPS spectra of Zn2+-, Bi3+-,
Ni2+-, and Cr3+-CdS/HNTs photocatalysts. High reso-
lution XPS spectrum Zn 2p of 30% Zn2+-CdS/HNTs was
shown in Fig. 5(B). The two peaks located at 1022.82 and
1046.23 eV were Zn 2p3/2 and Zn 2p1/2 in Zn2+-CdS/
HNTs photocatalyst, respectively, which slightly

shifted toward higher energies compared to the values
in database [23] and implied that the local chemical
state was slightly influenced by Zn2+ incorporation into
the CdS lattice. High resolution XPS spectrum Bi 4f of
30% Bi3+-CdS/HNTs was shown in Fig. 5(C). The two
peaks located at 161.85 and 153.59 eV were assigned to
Bi 4f, and Si 2s. The peak of Bi 4f was a little different
with the database, which may be the influence of
overlap by the strong S 2p peaks [25]. As shown in
Fig. 5(D), the two peaks located at 587.69 and 578.13 eV
were assigned to Cr 2p, which were also slightly shifted
toward higher energies compared to the values in
database [23]. As shown in Fig. 5(A) (c) 30% Ni2+-CdS/
HNT photocatalyst, the main peak of Ni was
overlapped with Cd MNN and the peaks could not be
separated.

3.6. FT-IR analysis

The FT-IR spectra of photocatalysts were presented
in Fig. 6. Two characteristic bands of HNTs at 3,695
and 3,620 cm�1 were presented intensely, which were

Fig. 1. (Continued).
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due to the stretching vibrations of hydroxyl groups on
the inner surface of HNTs. The Si–O groups in HNT

exhibited the peak near 1,025 cm�1. The peaks at 467,
536, and 910 cm�1 were attributed to the deformation

Fig. 2. TEM images of photocatalyst: (a) CdS/HNTs, (b) Bi3+-CdS/HNTs, (c) Ni2+-CdS/HNTs, (d) Cr3+-CdS/HNTs, and
(e) Zn2+-CdS/HNTs.

Table 1
Metal ions concentration of photocatalysts

Photocatalysts Metal ions concentration (mg/g)

Cd2+ Zn2+ Bi3+ Ni2+ Cr3+

Undoped CdS/HNTs 9.8332 0.019131 0.06578 0.024944 0.16153

1% Zn2+-CdS/HNTs 10.148 1.7055 0.070249 0.036799 0.014656

5% Zn2+-CdS/HNTs 10.314 0.74919 0.074967 0.0096391 0.012337

10% Zn2+-CdS/HNTs 10.362 2.9521 0.084728 0.0066478 0.011109

30% Zn2+-CdS/HNTs 10.072 5.6062 0.10343 0.0060852 0.009359

0.3% Bi3+-CdS/HNTs 10.383 0.021803 0.41198 0.0077426 0.069551

0.6% Bi3+-CdS/HNTs 10.497 0.013903 0.83512 0.0083555 0.013661

5% Bi3+-CdS/HNTs 10.399 0.01373 7.2971 0.0070962 0.013812

30% Bi3+-CdS/HNTs 9.7694 0.015812 11.226 0.0051581 0.011549

1% Ni2+-CdS/HNTs 9.8166 0.017906 0.068532 1.6517 0.010976

5% Ni2+-CdS/HNTs 10.037 0.032267 0.066819 3.7981 0.02238

10% Ni2+-CdS/HNTs 10.293 0.041859 0.063198 4.5545 0.014347

30% Ni2+-CdS/HNTs 9.9514 0.10034 0.045093 11.96 0.014027

1% Cr3+-CdS/HNTs 9.8234 0.015826 0.065967 0.024944 0.52015

5% Cr3+-CdS/HNTs 9.9305 0.014799 0.068422 0.0071131 1.189

10% Cr3+-CdS/HNTs 10.072 0.013577 0.068685 0.032425 2.3244

30% Cr3+-CdS/HNTs 9.874 0.017519 0.063011 0.0086144 6.9626
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of Si–O–Si, Al–O–Si, and O–H of inner hydroxyl
groups, respectively [21]. The above-mentioned peaks
all appeared in FT-IR of Mn+-CdS/HNTs, while no
other characteristic signals were existed. Therefore,
metal-ion-doping CdS/HNTs may not have modified
the structure of HNTs.

3.7. Photocatalytic activity

It is known that both the photocatalytic reaction
and the simple physical adsorption have co-effects on
the degradation of targets. In order to test the time at
which the adsorption becomes balance, a dark adsorp-
tion experiment was carried out for 60min. The
absorption of different photocatalysts became bal-
anced in 30min as it was clear that the absorption rate
was nearly invariable after that time. Hence, 30min

was chosen as the dark adsorption time in the photo-
catalysis experiment.

The photocatalytic activities of various samples
were evaluated by the degradation of TC in aqueous
solution under visible-light irradiation. In order to
explore different photocatalytic activities of doping
conditions, the degradation process of TC was studied
using different doping mental ion photocatalysts. As
we all know, metal-ion doping can act as a mediator
of interfacial charge transfer or as a recombination
center. Therefore, experiments were also carried out
with different doping amounts to select the optimal
value.

As shown in Fig. 7, all the samples, either doping
or undoping, were active and stable for the photodeg-
radation of TC. Zn2+-CdS/HNTs photocatalysts
showed enhanced activity compared to other doping
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Fig. 3. XRD image of (A) Zn2+-CdS/HNTs: (a) 0%, (b) 1%, (c) 5%, (d) 10%, and (e) 30%; (B) Bi3+-CdS/HNTs: (a) 0%, (b)
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catalysts. It can be clearly seen that all the Zn2+-CdS/
HNTs samples showed relatively high photocatalytic
activity than undoped photocatalyst for the photodeg-

radation of TC. It was found that CdS/HNTs with 1%
Zn2+ doped showed the highest activity for the photo-
degradation of TC. The DR could reach 92% in 30min
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under visible-light irradiation. Further increase of
Zn2+ content suppressed the photocatalytic activities. It
is known that the addition of higher band gap catalyst
(e.g. ZnS) to CdS decreases the extent of light
absorbed, which was considered to be a disadvantage
in terms of overall light absorption of the composite
photocatalyst. This was corresponding to the result of
UV–vis DRS analysis. However, the enlargement of
the band gap by Zn2+ doping may be helpful for the
enhancement of photocatalytic activities, because a
larger band gap corresponds to more powerful redox
ability. In this study, the highest photocatalytic activity
was found 1% Zn2+-CdS/HNTs, the appropriate
amount of doped Zn2+, leading to form a suitable band
gap and a moderate position of conduction band.

Fig. 7(C–E) shows the photocatalytic activity of
Bi3+, Cr3+, and Ni2+-doped photocatalysts. It can be
clearly seen that the highest photodegradation rate
of Bi3+-CdS/HNTs was 90%, which was close to
Ni2+-CdS/HNTs. Furthermore, the photodegradation
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rate of TC was increased along with the increasing
doping amounts at the beginning, and then decreased

at a higher doping amount which was lower than
undoped photocatalyst. This result suggested that the
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Fig. 7. (A) The adsorption rate of Bi3+-CdS/HNTs (a) 1% (b) 5% (c) 10% (d) 30%. The degradation rate of different
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doping amount was an important factor to improve
the photocatalytic activity. From the UV–vis DRS anal-
ysis, the presence of Bi3+, Cr3+, and Ni2+ ion did not
significantly affect the band gap, indicating that the
photocatalytic activities depended upon not only the
visible-light absorption but also some other factors. On
the basis of the predecessors’ study, the possible rea-
son for the changes of photocatalytic activities was the
charge transfer. As we all know, metal-ion doping can
serve as charge traps, retarding electron�hole combi-
nation rate and enhancing the interfacial charge trans-
fer. Therefore, the photocatalytic activities improved.
However, the photocatalytic activity was decreased at
a higher doping amounts and even lower than
undoped photocatalysts. It is because the surface
atomic concentration of metal ion was too high, lead-
ing to the decrease of active sites at the surface of
semiconductor, and then resulted in a lower activity.
The comparison of photocatalytic activities of
undoped CdS/HNTs and metal-ion-doping com-
pounds is shown in this order (Fig. 6(F)): Zn2+-CdS/
HNTs>Bi3+-CdS/HNTs�Ni2+-CdS/HNTs>Cr3+-
CdS/HNTs�undoped CdS/HNTs.

3.8. Photodegradation mechanism

In the process of semiconductor photocatalytic
degradation, mechanism investigation was an impor-
tant part. According to the experimental results, the
possible photodegradation mechanism for metal-ion-
doping photocatalyst was presented as follows.

First, Mn+-CdS/HNTs photocatalyst was irradiated
with photons of energy equal or greater than its band
gap energy and the electron of the valence band
became excited. Further, the excited electron jumped
to the conduction band, and consequently the conduc-
tion band electrons and valence band holes were gen-
erated (3). Second, the formed e- and h+ pairs moved
to catalyst surface, and then react with water and oxy-
gen to create hydroxyl and superoxide radical anions
[26] (4–5). Third, the OH· and other active radicals
could effectively degrade the TC waste water (6).

Metal sulfideþ hm ! e� þ hþ ð3Þ

hþ þH2O ! Hþ þOH� ð4Þ

e� þO2 ! �O�
2 ð5Þ

TCþOH� ! CO2 þH2O

þ other small inorganic molecules ð6Þ

In general, the nanocrystal catalyst is meanwhile
with serious recombination of the e�/h+ pairs due to
large amounts of photogenerated charges (e� and h+)
restricted in the small range [24]. Therefore, the sepa-
ration rate of e� and h+ is an important process to
improve the degradation rate. The introduction of
doping Mn+ in CdS/HNTs can illustrate the point
best, because the doping Mn+ on the shallow surface
of photocatalyst can induce defects, which could serve
as shallow trapping sites for electrons or holes. Such
kind of shallow trapping can thus separate e�/h+

pairs at the surface, so as to greatly reduce their
recombination on the surface of photocatalyst.

4. Conclusions

In summary, metal ion (Zn2+, Bi3+, Cr3+, and Ni2+)
was doped into the CdS/HNTs for the first time by a
simple hydrothermal method. The obtained Zn2+–,
Bi3+–, and Ni2+-CdS/HNTs photocatalyst showed
higher photocatalytic activity for the degradation of
tetracycline under visible-light irradiation, while Cr3+-
CdS/HNTs did not obviously perform improved
activities. On the basis of the experiment and
characterization results, the different effects of metal-
ion doping on the photocatalytic activity were
attributed to the confluence of the suppressed charge
recombination of photon-generated carriers, the
formation of a suitable band gap, and a moderate posi-
tion of conduction band. On the other hand, Mn+-CdS/
HNTs photocatalyst was economical compared with
noble metal-doping photocatalyst. Therefore, it will
have potential applications for the treatment and
disposal the residues of TC from waste water.
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