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ABSTRACT

The synthesis of CdS/Nd,S, nanocomposite photocatalysts was conducted via a solvothermal pro-
cess followed by a post calcination treatment. The phase structures, composition, morphologies and
light absorption properties of the samples were analyzed by X-ray diffraction, scanning electron
microscopy, energy-dispersive X-ray spectroscopy, transmission electron microscopy, high-resolu-
tion transmission electron microscopy, Brunauer—-Emmett-Teller and UV-Vis diffuse reflectance spec-
tra techniques. The characterization results indicate that the CdS/Nd,S, nanocomposite possesses
good crystallinity, small particle size and strong simulated sunlight absorption. This nanocomposite
is found to be effective for the photocatalytic degradation of methyl orange under simulated sunlight
irradiation. The maximum photocatalytic degradation rate of 96.3% obtained over the CdS/Nd,S,
nanocomposite is 1.77 and 3.90 times higher than that of CdS and Nd,S,, respectively. As investigated
by photocurrent measurement and photoluminescence spectroscopy, remarkable enhanced photo-
generated charge separation is achieved by the CdS/Nd,S, nanocomposite. A type-II band alignment

is proposed to elucidate the photocatalytic mechanism within the nanocomposite.
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1. Introduction

Energy crisis and environmental pollution are arising as
the most urgent issues. It is of great significance to develop
new and efficient technologies to solve these problems.
Among the numerous proposed strategies, semiconductor
photocatalysts have been recognized as one of the most effi-
cient and environmental-friendly technologies in the near
future [1-4]. With the irradiation of sunlight, the semicon-
ductor photocatalysts are excited and generate electrons
and holes, which can be utilized for energy conversion or
degradation of organic pollutants [5-7]. The efficiency and
practicability of photocatalytic degradation dominantly
depend on the semiconductor photocatalysts, which should
own suitable energy band alignment for efficient sunlight
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absorption, rapid separation of photogenerated electron-hole
pairs, as well as low cost. Various semiconductor photocata-
lysts, such as TiO, [8,9], ZnO [10,11], Bi,WO, [12], C,N, [7,13],
etc., have been explored to fulfill the requirements.

Due to their narrow band gaps, metal sulfides have
attracted intensive attention for photocatalytic hydrogen
production and organic pollutant degradation [14-18].
Typically, cadmium sulfide (CdS) is a direct band gap
semiconductor with a narrow band gap of 2.4 eV, which
can absorb sunlight irradiation with wavelengths up to
516 nm [5,19-21]. It is worth mentioning that because CdS
possesses appropriate conductive band (CB) edge (0.5 eV
vs. NHE) and valence band (VB) position (1.9 eV vs.
NHE), the photogenerated electrons are capable of reduc-
ing the adsorbed O, or other oxidizing substances to yield
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superoxide radicals (*O;), and further form hydroxyl radi-
cals (*OH) [5,22]. The *O; and *OH radicals, together with
the photogenerated holes, have high oxidation ability and
can efficiently oxidize various organic dyes and contami-
nants. However, the rapid electron-hole recombination and
photocorrosion are the most common shortcomings of bulk
CdS photocatalyst. Different kinds of methods have been
proposed to boost the photocatalytic performance of CdS.
Preparation of CdS with nanostructures and morphologies
can expose more active sites, promote separation of elec-
tro-hole pairs, and shorten the diffusion distance, and thus
improve the photocatalytic activity [23-27]. It also has been
revealed that composite materials based on CdS nanostruc-
tures and conductive platforms (such as activated carbon,
porous carbon, or nitrogen-doped carbon) display excellent
photocatalytic efficiency, which is largely due to the syner-
gistically enhanced solar energy harvesting efficiency and
electron-hole separation [28-32]. Combining CdS with other
semiconductors to construct nanostructured heterojunction
photocatalysts has also been proved as an attractive strategy
to broaden the visible light absorption, accelerate the sep-
aration of photogenerated carriers, and provide with rich
active sites for degradation of organic contaminants [33-36].
For instance, nanocomposites of CdS nanoparticles, nanow-
ires, or porous nanostructures with BiVO, and/or Ag have
been certified as photocatalysts with excellent photocata-
lytic performance and durability [22,37-39]. As a rare-earth
sulfide, neodymium sesquisulfide (Nd,S,) shows excellent
thermoelectric, optical, luminescence, electro-optical and
magneto-optical properties [40-44]. Nd_S, possesses a band-
gap of 2.7 eV, and the CB and VB edges locate at -1.2 and
1.5 eV vs. NHE, respectively. [45,46]. However, to the best
of our knowledge, no research has been reported about the
photocatalytic performance of Nd,S..

Inspired by the progress and growing interest of metal
sulfides based composites for photocatalytic degradation of
organic pollutants, herein two-component CdS/Nd,S, nano-
composite has been synthesized and exhibits remarkably
enhanced photocatalytic performance for the degradation
of methyl orange (MO). Based on the difference of energy
bands between CdS and Nd,S,, a type-II band alignment is
built within the heterojunction. The photogenerated elec-
trons produced by Nd,S, can be transferred to the CB of CdS,
and the holes tend to move from the VB of CdS to that of
Nd_S,, so as to accelerate the separation of photogenerated
electron-hole pairs and interfacial charge transport within
the heterojunction nanocomposite, and thus improve the
photocatalytic activity. This work is expected to enhance the
photocatalytic performance of CdS, and enlarge the practical
applications of Nd_S..

2. Materials and methods
2.1. Synthesis of CdS/Nd, S, nanocomposite

All chemicals were of analytical grade and employed
without further purification. CdS/Nd,S, nanocomposite
was synthesized via a solvothermal process followed by
a post calcination treatment. 5 mmol of cadmium nitrate
(Cd(NO,),4H,0) and 10 mmol of neodymium nitrate
(NA(NO,),"6H,0) was dissolved in 80 mL of ethylene glycol

to form solution A with a 1:2 molar ratio of Cd/Nd. 30 mmol
of thioacetamide (TAA, CH,CSNH,) was added to 40 mL
of ethylene glycol to get solution B. Solution B was slowly
dropped into solution A under vigorous stirring, and any
other dissolved gases were removed by continuous purging
with nitrogen. The mixed solution was then transferred into
Teflon-lined autoclave, and heated at 140°C for 24 h. The
as-obtained precipitates were centrifuged and washed with
deionized water, followed by drying at 60°C for 12 h to get
the precursor, which was finally calcined at 400°C for2hin a
nitrogen atmosphere to obtain the CdS/Nd,S, nanocomposite
(denoted as Cd-Nd-S-2). For comparison, bare CdS, Nd,S,,
and CdS/Nd,S, nanocomposites with initial Cd/Nd molar
ratios of 1:1 and 1:3 (defined as Cd-Nd-S-1 and Cd-Nd-S-3,
respectively) were fabricated with the same procedure.

2.2. Characterization

Powder X-ray diffraction (XRD) was performed on a
Bruker D8 Advance X-ray diffractometer under Cu Ka radia-
tion (A=1.5418 A) ata voltage of 40 kV and a current of 40 mA.
The morphology and elemental composition were observed
by scanning electron microscope (SEM, Nova Nano230) with
an energy-dispersive X-ray spectroscopy (EDS) detector,
transmission electron microscope (TEM) and high-resolution
transmission electron microscope (HRTEM, JEOL, Tokyo,
Japan JEM-2010). UV-vis diffuse reflectance spectra of the
samples were characterized using a UV-vis spectrophotome-
ter (UV-2550, Shimadzu, Japan). BaSO, was employed as the
reflectance standard in the UV-vis diffuse reflectance exper-
iment. The Brunauer-Emmett-Teller (BET) specific surface
area and the pore structure characteristics were determined
by a nitrogen adsorption-desorption isotherm apparatus
(ST-08 analyzer). The photoluminescence (PL) spectra
were investigated on an Agilent G9800A (California, USA)
spectrophotometer with the excitation wavelength at 400 nm.

2.3. Photocatalytic activity evaluation

The photocatalytic degradation activity of the as-pre-
pared catalysts was evaluated by the degradation of methyl
orange (MO). 0.2 g of photocatalyst powder was sonicated
and dispersed in 100 mL of MO dye solution (25 mg L™) and
magnetically stirred in dark for 30 min to reach adsorption/
desorption equilibrium. A 150 W Xenon lamp was used as the
simulated sunlight source with wavelengths ranging from
200 to 900 nm. During the irradiation, the catalyst particles
were kept in suspension state by magnetic stirring. At regu-
lar intervals of 10 min, 2 mL of the suspension was extracted
and centrifuged. the concentration of MO was measured by a
UV-2600 (Shimadzu, Japan) spectrophotometer at the charac-
teristic wavelength (465 nm). The degradation rate was pre-
sented as C/C, where C, and C were the initial concentration
of MO and the time-dependent concentration of MO upon
irradiation, respectively. Total organic carbon (TOC) analy-
sis was carried out with a Shimadzu, Japan, 5000A TOC ana-
lyzer. After the photocatalysis, the used catalyst powder was
washed with deionized water and collected for the recycling
test under the same measurement condition. Each set of pho-
tocatalytic measurements was repeated three times to control
the experimental error within +5%.
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The transient photocurrent of the samples was recorded
on an electrochemical workstation (CHI 660E) with a classic
three-electrode system. Pt plate and Ag/AgCl were used as
a counter electrode and a reference electrode, respectively.
20 mg of the photocatalyst was dispersed in 20 mL of eth-
anol and dropcasted onto F-doped SnO,-coated glass (FTO
glass, 1 cm x 1 cm). The electrolyte was 0.1 M sodium sulfate
aqueous solution. A 300 W Xenon lamp was used as the light
source. The photocurrent response (I-t) was measured with a
voltage bias of 1.8 V.

3. Results and discussion
3.1. Characterization of the photocatalysts

Fig. 1 shows the XRD patterns of CdS, Nd,S, and
Cd-Nd-S-2 nanocomposite. The diffraction peaks of CdS
sample are of high intensity and match well with the hex-
agonal CdS phase (JCPDS No. 01-089-2944) and cubic CdS
phase (JCPDS No. 01-089-0440) [28,47], indicating the as-ob-
tained CdS is of high crystallinity. For Nd,S, sample, only one
diffraction peak at 25.6° with low intensity can be ascribed
to the (211) crystal plane of cubic Nd,S, phase (JCPDS No.
26-1450), implying its poor crystallinity [46]. The uncalcined
Cd-Nd-S-2 precursor shows the same XRD peaks position
as that of CdS, but the weaker intensity indicates its lower
crystallinity. The diffraction peaks of the Cd-Nd-S-2 sample
become stronger upon further calcination, suggesting its
improved crystallinity. By taking a close look, the diffrac-
tion peak of the (002) crystal plane of CdS becomes broaden
because of the incorporation of the (211) crystal plane of
cubic Nd,S, in the nanocomposite.

The micromorphology and composition of the as-pre-
pared samples were identified by SEM, EDS, TEM and
HRTEM (Fig. 2). As presented in Fig. 2a, the as-synthesized
CdS sample is composed of microspheres with different par-
ticle sizes. Fig. 2b reveals that the Nd,S, sample consists of
irregular nanoparticles, which partially agglomerate with
each other. As shown in Fig. 2c and e, the Cd-Nd-5-2 nano-
composite also shows irregular nanostructure similar to the
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Fig. 1. XRD patterns of CdS, Nd,S,, uncalcined and calcined
Cd-Nd-5-2 nanocomposites.

Nd,S, sample, but the physical agglomeration is largely alle-
viated. The EDS elemental mapping images of the Cd-Nd-S-2
nanocomposite (Fig. 2d) reveal that Cd, Nd and S elements
are uniformly distributed in the final product. The atomic
contents of Cd, Nd and S elements in different samples are
determined by EDS and summarized as shown in Table 1.
The HRTEM image of the Cd-Nd-S-2 nanocomposite dis-
plays clear lattice fringes (Fig. 2f). The resolved d spacing of
0.338 nm can be indexed to the (002) and (111) crystal plane
of hexagonal and cubic CdS, respectively [28,47]. The lattice
spacing of 0.358 nm corresponds to the (100) crystal planes of
hexagonal CdS, respectively, while the d spacing of 0.346 nm
matches well with the (211) crystal plane of cubic Nd,S,. The
aforementioned results certify the successful construction of
CdS/Nd_S, nanocomposite.

N, adsorption-desorption isotherm measurements are
conducted to further investigate the BET specific surface
area of the samples. As presented in Table 1 and Fig. 3, CdS
shows the lowest specific surface area, while Nd,S, sample
and Cd-Nd-S-2 nanocomposite depict a much larger specific
surface area, which is attributed to their smaller nanoparti-
cles. Larger specific surface area is propitious to the adsorp-
tion of the organic pollutant, rapid photocatalytic reaction,
and desorption of the product molecules, and thus better
photocatalytic activity [48].

The optical absorption property is essential for the pho-
tocatalytic performance of semiconductor photocatalysts,
and it can be characterized by UV-vis absorption spectra.
As shown in Fig. 4, Nd,S, exhibits negligible absorption in
both UV and visible light regions, which may be due to its
low crystallinity. Both of CdS and Cd-Nd-S-2 samples dis-
play similar absorption edges located at around 540 nm,
suggesting good visible light absorption. It is interesting
to observe a pronounced enhancement of light absorption
intensity after the integration of Nd,S, and CdS to form
Cd-Nd-S-2 nanocomposite, which would play an essential
role in photocatalytic reaction [49]. The inset shows the
corresponding Kubleka-Munk plots, and the bandgaps
of CdS and Cd-Nd-S-2 are determined as 2.27 and 2.31 eV
[22,27,37,38].

3.2. Photocatalytic activity

The photocatalytic behaviors of different catalysts were
evaluated with MO as the model organic pollutant. As elu-
cidated in Fig. 5a, no obvious MO concentration change
was observed in the first 30 mins without light illumina-
tion for all of these photocatalysts, implying low physical
adsorption ability, which might be due to the low specific
surface area. Nd,S, alone does not show obvious photocat-
alytic degradation of MO, while the photocatalytic activ-
ity of CdS is superior to Nd,S,. It can be explained by the
crystallinity, specific surface area, light absorption ability
and photogenerated electron-holes separation. Although a
larger specific surface area is observed for bare Nd,S,, the
lower crystallinity and weak light absorption account for
the lowest photocatalytic degradation rate (24.7%). The high
crystallinity is a favorable factor to obtaining a higher pho-
tocatalytic degradation rate (54.2%) on bare CdS. It should
be mentioned that the rapid photogenerated electrons and
holes recombination is the bottleneck for the photocatalytic
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Fig. 2. SEM images of (a) CdS, (b) Nd_S,, (c) SEM image, (d) elemental mapping, (e) TEM image and (f) HRTEM image of Cd-Nd-S-2

nanocomposite.

Table 1

Atomic contents of Cd, Nd, and S elements, and BET surface area of the as-prepared samples
Sample Cd (atomic%) Nd (atomic%) S (atomic%) Sppr(m?g™)
CdS 49.7 0 50.3 13
Cd-Nd-5-1 39.2 8.1 52.7 /
Cd-Nd-S-2 26.9 17.9 55.2 21
Nd,S, 0 39.1 60.9 22

activity of bare CdS. It has been reported that construc-
tion of heterojunction nanocomposites could accelerate the
separation and transport of photogenerated electrons and
holes, which would promote the photocatalytic efficiency
[12,18,22,27,37,38]. This fact is further demonstrated by the

construction of CdS/Nd,S, nanocomposites. Notably the
photocatalytic performances increase as the integration of
CdS and Nd,S, to construct CdS/Nd,S, nanocomposites.
Among the nanocomposites, the Cd-Nd-S-2 photocatalyst
displays the best performance, manifesting that an optimal



H. Yang et al. / Desalination and Water Treatment 189 (2020) 349-356

120
_100-
T, —e—Cds
ME 80 - Ndzss T
g —+ Cd-Nd-S-2 |
S 60 -
(e}
>
o 40-
[}
Ke)
e
3 2
° 0]
<
04
T T ¥ T ) T L T ¥ T
0.0 0.2 0.4 0.6 08 1.0

Relative pressure (P/P,)
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Fig. 5. (a) Photocatalytic performances of the as-prepared photocatalysts and (b) total organic carbon (TOC %) during the photo-

catalytic process by CdS and Cd-Nd-S-2 photocatalysts.

synergistic interaction between CdS and Nd,S, is required
for achieving the highest photocatalytic activity. The uncal-
cined Cd-Nd-S-2 photocatalyst shows inferior photocata-
lytic performance to the calcined one, which is consistent
with the lower crystallinity of the Cd-Nd-5-2 precursor as
shown in XRD results. In order to confirm whether only
decolorization or mineralization of MO dye occurs during
the photocatalytic process, the TOC removal efficiencies by
CdS and Cd-Nd-S-2 photocatalysts were investigated at reg-
ular intervals of illumination (Fig. 5b). It is found that the
mineralization of MO takes place gradually as the photo-
catalytic reaction going on. However, the mineralization of
MO is slower than the degradation process, and more time is
required to achieve a desirable removal of TOC.

Besides the photocatalytic activity, stability is also of great
significance to the practical application of photocatalysts.
Therefore, recycling experiments were conducted to verify
the photocatalytic stability of the Cd-Nd-5-2 nanocomposite.

As shown in Fig. 6, the photocatalytic activity of Cd-Nd-S-2
is still of high level under continuous irradiation for several
runs, and no obvious fading of photocatalytic activity is
observed after six successive recycles, suggesting good sta-
bility during the photocatalytic process.

In order to get insight into the separation and transfer
of photogenerated electron-hole pairs, photoluminescence
(PL) and transient photocurrents of the as-obtained sam-
ples were measured as shown in Fig. 7. It’s well known that
PL originates from the recombination of photogenerated
electrons and holes, while lower PL intensity may imply a
more efficient separation of photogenerated electron-hole
pairs [37,38]. As shown in Fig. 7a, the CdS sample exhibits
the strongest PL intensity, revealing the high recombination
rate of photogenerated electron-hole pairs. The Nd,S, sample
displays negligible PL intensity, which is consistent with its
low crystallinity and UV-vis light absorption. The PL inten-
sities fall off by the involvement of Nd,S, in CdS to form
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Fig. 6. Recycling tests of Cd-Nd-5-2 photocatalyst for photocata-
lytic degradation of MO.

nanocomposites, typically for Cd-Nd-S-2, demonstrating the
recombination of photogenerated electron-hole pairs is effi-
ciently suppressed. Moreover, the transient photocurrents
are collected to reflect the photogenerated charges separation
and transfer [37,38,50,51]. Similar to the previous reports, the
photocurrent of Cd-Nd-S-2 nanocomposite is much higher
than that of CdS and Nd,S.. It means that the construction of
nanocomposite promotes the separation of photogenerated
carriers, which further transfer to the collecting electrode and
contribute to the higher photocurrent.

Based on the aforementioned results and discussion, a
possible mechanism is proposed to elucidate the photocat-
alytic degradation of MO by CdS/Nd_,S, nanocomposite. As
illustrated in Fig. 8, the CB edge of Nd,S, locates at 1.2 eV,
more negative than that of CdS, while the VB edge of Nd_S,
is 1.5 eV, less positive than that of CdS, implying that Nd_S,
and CdS fit the requirements to form a type-II heterojunc-
tion with well-matched band structures [5,22,45,46]. Under
the simulated sunlight irradiation, the photogenerated elec-
trons migrate from the CB of Nd,S, to the CB of CdS. At the
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Fig. 8. Schematic illustration of the proposed mechanism toward
photodegradation of MO over CdS/Nd,S, nanocomposite.

same time, the holes on the VB of CdS move to the VB of
Nd,S.. As a result, it reduces the probability of electron-hole
pairs recombination, and make the charges separation more
efficiently. Furthermore, the electrons on the CB of CdS are
capable of reducing O, to produce *O; and finally *OH rad-
icals [5,22,38]. The as generated holes, *O; and *OH radicals
have strong oxidative activity, and can quickly oxidize MO
dye. In short, the type-II CdS/Nd,S, heterojunction boosts the
separation and transfer of the electron-hole pairs and greatly
promotes the photocatalytic performance.

4. Conclusions

In summary, CdS/Nd,S, nanocomposite photocatalyst
has been prepared via a solvothermal process followed by a
post calcination treatment. As compared to CdS and Nd,S,,
the as-prepared CdS/Nd,S, nanocomposite displays signifi-
cantly enhanced photocatalytic activity toward degradation
of MO under simulated sunlight irradiation. The greatly
enhanced photocatalytic activity of CdS/Nd,S, nanocom-
posite is dominantly ascribed to the type-II band alignment
within the nanocomposite, which accelerates the separation
and transfer of photogenerated electron-hole pairs. This

:
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Fig. 7. (a) Photoluminescence spectra and (b) transient photocurrent-time (I-t) curves of the as-obtained samples.
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work provides a feasible way to enhance improve the photo-
catalytic performance of CdS and enrich the application area
of Nd,S..
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