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Abstract: In this work, highly crystalline CdS nanorods (NRs) were successfully synthesized by
a facile, one-step solvothermal method. The as-prepared CdS NRs powder was characterized by
XRD, FESEM, Raman, PL, XPS, BET, and UV-visible techniques to evaluate the structural, mor-
phological, and optical properties. The photocatalytic performance of the as-synthesized CdS NRs
was investigated for the photodegradation of RhB dye under visible light irradiations. It has been
found that CdS NRs show maximum RhB degradation efficiency of 88.4% in 120 min. The excellent
photodegradation ability of the CdS NRs can be attributed to their rod-like structure together with
their large surface area and surface state. The kinetic study indicated that the photodegradation
process was best described by the pseudo-first-order kinetic model. The possible mechanism for the
photodegradation of RhB dye over CdS NRs was proposed in this paper.

Keywords: CdS; rhodamine B; photocatalysis; pseudo-first order kinetics

1. Introduction

In recent years, the ever-increasing global population, unplanned urbanization, and
rapid industrialization have caused enormous environmental pollution, becoming an in-
creasingly serious threat to the survival of human beings [1,2]. Organic dyes are considered
a major class of environmental hazards, extensively produced by some industries such
as the manufacture of plastics, papers, textile, food, cosmetic, drugs, and printing indus-
tries [3–5]. Most of the dyes have xenobiotic properties and complex aromatic structures
and are resistant to degradation. Inhalation of organic dyes can cause eye burns, profuse
sweating, vomiting, nausea, and mental confusion [6,7]. Nowadays, around 100,000 differ-
ent types of synthetic dyes are produced with a production rate of 7 × 105 tons per year,
and around 15% of the dyes are released into the natural ambiance [8]. The presence of
dyes in waterbodies, even in a small amount, is a very concerning problem, as it not only
affects the aesthetic nature but also reduces the photosynthetic activity of aquatic plants
and algae in aqueous environments [9].

Various treatment methods, e.g., advanced oxidation processes [10], ion flotation [11],
ozonation [12], membrane separation [13], anaerobic and aerobic treatment [14], biolog-
ical treatment [15], and adsorption [16] have been used to treat wastewater containing
organic dyes. However, these methods have several limitations, such as high cost, slow
kinetics, and low performance. Therefore, it is important to develop an efficient and
cost-effective technique for the decontamination of wastewater containing organic dyes.
Recently, semiconductor-based photocatalysis has shown great potential in the remediation
of the degradation of organic dyes as it can partially mineralize macromolecular organic
dyes into small molecules such as H2O and CO2 [17]. During the photocatalysis process
under visible light irradiation, the electrons excites from the filled valence band (VB) of a
semiconductor to the empty conduction band (CB), generates excited electron-hole pairs,
which reacts with the oxygen and hydroxyl ions to generate active radicals that can degrade
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water contaminants readily and quickly [18]. Among the known semiconductor photocat-
alysts, titanium oxide (TiO2) has been extensively studied and used [19]. The traditional
photocatalysts such as ZnO andTiO2 have been extensively used due to their low-cost,
reusability, stability, and availability. However, their practical application as photocatalyst
has been severely restricted due to their high bandgap (TiO2 ~ 3.2 eV, ZnO ~ 3.37 eV) and
ultraviolet (UV) light activity that accounts only for 4% of the total UV-visible light [20–22].
Therefore, there is an imminent need to develop an efficient, low-cost visible-light active
materials to tackle environmental pollution.

Among the semiconductor photocatalysts, cadmium sulfide (CdS) is the most exten-
sively used photocatalyst in environmental remediation and one of the most important
semiconductor materials (bandgap ~ 2.4 eV), absorbs in the visible region [23,24]. However,
the practical usage of CdS in photocatalysis is limited due to some serious shortcomings,
including particle aggregation, photo corrosion, and a short lifetime of photo-generated car-
riers [25,26]. In this context, various efforts have been made to improve CdS photocatalytic
activity and stability, such as morphological and structural modification, ion doping, and
semiconductors hybridization, etc. It is widely known that the photocatalytic properties
of the semiconductor nanomaterials significantly depend on their specific properties such
as size, bandgap, morphology, spatial architectures, and especially the specific surface
area [27,28]. Therefore various synthetic methods have been investigated for the synthe-
sis of 1D to 3D CdS nanostructures photocatalysts such as hydrothermal/solvothermal
method, colloidal method, template method, thermal evaporation, electrochemically in-
duced deposition method, and laser-assisted catalytic growth process [29,30]. Among all
these methods, a solvothermal method is the most promising and cost-effective technique
to direct and control the nanocrystalline properties of the resultant nanomaterials such
as morphology, crystal phase, luminescence, and size [31]. It has been reported that CdS
nanorods (NRs) with a hexagonal crystal structure, good crystallinity, and large surface area
have proved higher photocatalytic activity compared to the pure cubic phases [32]. CdS
NRs with a high aspect ratio showed higher photocatalytic activity due to the restrained
electrons in a specific direction that influences the electronic and optical properties of the
photocatalyst [33]. Liu et al. found the improved CdS photocatalytic performance due to
the increase of exposed 002 facets [34].

Herein, by taking the above consideration and discussion, the main aim of our work
was established. The morphology-controlled synthesis of hexagonal phase CdS NRs
with high-aspect ratio, high surface area, and exposed 002 facets was performed. The
photocatalytic activity of the CdS NRs for the photodegradation of rhodamine B (RhB)
was investigated using visible light irradiation. Besides, the effect of several experimental
parameters, viz., the catalyst dosage and the initial RhB concentration, were also examined.

2. Materials and Methods
2.1. Chemicals

Cadmium acetate dihydrate (Cd(CH3COO)2·2H2O), sodium diethyldithiocarbamate
tetrahydrate (C5H10NNaS2·4H2O), diethylenetriamine (HN(CH2CH2NH2)2), and ethanol
(C2H5OH) were purchased from Sigma-Aldrich (Islamabad, Pakistan). Rhodamine B (RhB)
dye was chosen as a model for the environmental pollutant. All chemicals were of reagent
grade and were used as received.

2.2. Synthesis of CdS NRs

In a typical synthesis procedure, Cd(CH3COO)2·2H2O (7.379 g), C5H10NNaS2·4H2O
(5.25 g), and diethylenetriamine (120 mL) were added to a clean Teflon-lined autoclave. The
mixture was vigorously stirred for 30 min to form a homogenous dispersion. The autoclave
was then sealed and heated at 180 ◦C for 24 h in an oven and subsequently air cooled
naturally. The resulting yellow product of CdS NRs was collected after centrifugation and
washed with ethanol and distilled water, followed by drying at 80 ◦C for 10 h.
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2.3. Characterization

The crystal phase identification of the photocatalyst was performed by X-ray
diffraction (XRD) analysis. The XRD measurement was done using Bruker D2 Phaser
diffractometer with Cu-Kα radiation (λ = 1.5406 Å) in the 2θ range between 10–80◦.
The structure and morphology were examined by a field emission scanning electron
microscope (FESEM-EDS, Zeiss Ultra Plus), and the photoluminescence (PL) measure-
ment was performed on a PL lifetime spectrometer (Edinburgh Instruments). The
optical property was determined by using a UV-visible spectrophotometer (Shimadzu
UV-1800). The electron binding energies and surface chemical composition were deter-
mined by X-ray photoelectron spectroscopy (XPS, Thermo K alpha). The pore size and
surface area of the sample were measured by Brunauer–Emmett–Teller (BET) nitrogen
adsorption measurement (BET Micromeritics ASAP 2020). Raman spectrum of the
sample was recorded on an inVia Renishaw spectrometer.

2.4. Photocatalytic Degradation of RhB

The photocatalytic ability of the as-synthesized CdS NRs was assessed by the photocat-
alytic degradation of RhB under visible light irradiation using a 300 W incandescent lamp
(Philips) placed at a working distance of 30 cm above the surface of the reaction medium.
For RhB degradation, 10 mg sample of the CdS NRs catalyst was added into 80 mL of a
10 mg/L RhB solution. Before light illumination, the mixture was stirred continuously in
the dark for 30 min to ensure desorption-adsorption equilibrium. During the subsequent
irradiations, 4-mL of suspension was drawn at regular interval of time and centrifuged
to obtain a clear solution. The remaining concentration of RhB dye was measured by a
UV-vis spectrophotometer.

3. Results and Discussions
3.1. Structural, Chemical, and Optical Analysis of CdS NRs

The phase purity and crystallographic structure of the as-synthesized CdS NRs catalyst
were investigated by using the XRD technique. The XRD pattern of CdS NRs is shown
in Figure 1a. The observed diffraction peaks at 2θ 25.06◦, 26.67◦, 28.40◦, 36.96◦, 43.92◦,
48.10◦, 52.23◦, 54.94◦, and 67.31◦ and were assigned to the (100), (002), (101), (102), (110),
(103), (112), (004), and (210) crystal planes of the hexagonal CdS, respectively (ICCD,
PDF, 00-001-0780). The sharp diffraction peaks indicate the higher crystallinity of the
as-synthesized CdS photocatalyst. The XRD peak intensities of the CdS NRs differ from
the bulk material. It is noted that XRD peak intensity at 26.67◦ corresponding to (002) facet
of CdS, is much more intense with a small width than all the other peaks, indicating the
orientation growth of the nanorods along the c-axis [35], in agreement with FESEM results.
Moreover, the XRD pattern of the as-synthesized CdS NRs did not show any peaks except
for CdS, which confirms the high purity of the catalyst. The crystalline phase, homogeneity,
and surface condition of the CdS NRs was further confirmed by Raman spectroscopy,
as shown in Figure 1b. The CdS shows two characteristic peaks at 300 and 603 cm−1

corresponded to the 1LO and 2LO vibrational modes, respectively. The sharp Raman peaks
indicate the high crystallinity of the synthesized photocatalyst, which is consistent with
the XRD observations.
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Figure 1. XRD patterns of CdS (a), Raman spectrum (b).

Field emission scanning electron microscopy (FESEM) was performed to determine
the surface morphology and shape of the CdS nanostructures. The FESEM images of CdS
nanostructures are shown in Figure 2, which provides clear evidence for the formation of a
rod-like morphology of CdS.

Figure 2. FESEM images of CdS NRs (a,b).

UV-visible spectrophotometric analysis (UV-vis) was performed to analyze the optical
absorption properties of the as-prepared CdS NRs. Figure 3a shows the typical UV-vis
spectrum of the CdS NRs in the 350–700 nm wavelength range with absorption edges at
around 480 and 510 nm. The energy bandgap Eg was calculated from the following formula

αhν = A (hν− Eg)
1/2 (1)

where α is the absorption coefficient, A is a constant, hν is the photon energy, and Eg is the
direct bandgap. The bandgap of the synthesized CdS NRs was calculated to be ∼2.35 eV
from the (α.E)2 vs. energy (eV) plot, and therefore, this nanomaterial can be used as an
absorption photocatalyst over a wide range of the visible spectrum.
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Figure 3. UV-vis DRS (a) and estimated bandgap energy (b) of CdS NRs.

The specific surface area and pore structure of CdS NRs were investigated. As shown
in Figure 4, the observed isotherms can be assigned as type-IV sorption isotherms with an
H3-type of hysteresis loop over a pressure range between 0.8 to 1.0 suggests the presence
of slit-like pores [36]. The BET surface area of the CdS NRs was calculated as 51 m2/g. The
higher surface area of the as-synthesized CdS NRs photocatalyst compared to the reported
CdS photocatalyst [37] makes the transfer of photo-generated charges easier due to the
higher number of available active sites on the surface, resulting in improved photocatalytic
performance. The average pore size was calculated as 32.7 nm.

Figure 4. Nitrogen adsorption–desorption isotherm curve of CdS NRs.

The photoluminescence (PL) measurements were performed using an excitation wave-
length of 380 nm to investigate the lifetime and separation of photo-induced electron-hole
pairs in CdS NRs. The PL spectrum was recorded in the 425–600 nm spectral range
(Figure 5a). It is well known that there is a close link between the PL data and the recombi-
nation process of photo-generated electron-hole pairs of the photocatalyst. Generally, a
higher value of PL peak intensity indicates the rapid recombination of the photo-generated
electron-hole pairs of the catalyst, while a lower value indicates the higher separation of
photo-generated electron-hole pairs [38]. The PL emission spectrum of CdS NRs exhibits a
broad emission peak around 510 nm due to the near-band-edge emission, which is con-
sistent with the UV-vis spectroscopy results. Time-resolved PL spectrum was captured to
calculate the lifetime of the photo-generated electron-hole pairs of the photocatalyst; this
was found to be 1.83 ns (Figure 5b) [39].
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Figure 5. PL spectrum of CdS NRs (a), time-resolved PL spectrum (b).

The valence state and surface chemical composition of the CdS NRs were determined
via XPS analysis. The XPS survey spectrum given in Figure 6a, show the presence of Cd
and S in the majority, together with trace amount of C and O, which are probably due to
contamination and adsorbed oxygen during sample exposure to the air. The two strong
peaks located at 404.2 and 411.2 eV (Figure 6b) corresponds to the Cd 3d5/2 and Cd 3d3/2
states of Cd2+, respectively [40]. The high-resolution S 2p spectrum in Figure 6c shows two
strong peaks at 162.2 eV and 160.9 eV; and one weak peak at 168.3 eV. The strong peaks at
162.2 eV and 160.9 eV corresponds to the S 2p3/2 and S 2p1/2, respectively, which can be
attributed to S2− ions, while the weak peak at 168.3 eV is due to the higher valence state of
S, which came from the hydrolysis of sulfur source. Figure 6d shows the binding energy of
the O 1s peak of the surface adsorbed oxygen atoms on CdS.

Figure 6. XPS survey spectrum of CdS NRs (a), high-resolution XPS spectra of Cd 3d (b), S 2p (c),
and O 1s (d).

3.2. Photocatalytic Degradation of RhB

The photocatalytic ability of the as-prepared CdS NRs on the photodegradation of RhB
in an aqueous solution under visible light illumination was investigated, and the results
are shown in Figure 7. Before the photocatalytic reaction, a blank experiment without
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adding photocatalyst was carried out to examine the self-degradation of RhB dye. It can be
seen in Figure 7b, there is no obvious change in the concentration of dye in the absence of
CdS, which suggested that the self-degradation of RhB dye during photocatalytic degra-
dation reaction is negligible. However, by adding the photocatalyst in the solution, the
absorption intensity of RhB decreases over time under visible light illumination, verifying
that CdS NRs photocatalyst exhibits photocatalytic activity (Figure 7b). The photocatalytic
decomposition of RhB reaches 88.4% in 120 min. However, it is very difficult to achieve the
maximum degradation value during the photocatalysis process.

Figure 7. Time-dependent absorption spectra of RhB solution in visible light (a), and the degradation
of RB in visible light (b).

The effect of photocatalyst dosage (5 mg, 7.5 mg, and 10 mg) on the photocatalytic
activity was examined. As can be seen from Figure 8a, increasing the amount of CdS
from 5 mg to 10 mg results in an increase in the photodegradation of RhB from 57 to
88.4%, respectively. This increase in photodegradation can be attributed to increases in the
number of surface active sites and the total surface area of the catalyst available for the
photocatalytic reaction [41].

Figure 8. Effect of photocatalyst loading (a), Effect of initial RhB concentration (b), and Plot of ln (Co/C)
vs. time (c) (10 mg photocatalyst, 10 mg/L RhB dye, Room temperature, 300 W incandescent lamp).
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The effect of the initial RhB concentration on the photocatalytic activity was investi-
gated by varying the concentration from 5 mg/L to 10 mg/L and 15 mg/L (Figure 8b), as
it is an important parameter in the photodegradation of organic pollutants. The photocat-
alytic degradation efficiency decreases from 99 to 55% with the increase in the concentration
of RhB from 5 mg/L to 15 mg/L. The reduced rate of degradation efficiency at higher
concentrations is due to the unavailability of photoactive sites by increased adsorption of
dye molecules and decreased rate of light penetration into the suspension [42,43]. At a high
dye concentration, large portion of light is absorbed by the dye molecules, and only small
portion of light is absorbed by the catalyst. As a result, the reduced photo flux reaching the
catalyst surface causes a reduction in degradation efficiency.

The chemical kinetics of the photocatalytic reaction were studied to obtain some
insight into the mechanism of the photodegradation process and to assess the feasibility and
efficiency of treating the dye this way. The Langmuir–Hinshelwood kinetics and its pseudo-
first-order reaction can be represented by the following equation as (Equations (2) and (3));

dC
dt

= −Kapp C (2)

ln(
Co
C

) = Kapp t (3)

where Kapp is the constant of degradation rate and t is the irradiation time. The ln(Co/C)
versus t plot is shown in Figure 8c. A linear fit between ln(Co/C) and t was obtained for
each plot supporting the conclusion that the photodegradation reaction follows pseudo-
first-order kinetics with respect to dye concentration. The Kapp values were calculated from
the slopes of ln(C0/C) vs. t plots. For visible-light irradiation, the correlation coefficient was
R2 = 0.945 and the Kapp value was 0.15 × 10−2 min−1.

In addition, to study the photostability and reusability of the as-synthesized CdS
NRs photocatalyst, an experiment of five consecutive cycles for the photodegradation
of RhB dye was carried out. The photodegradation activity of the CdS NRs remained
almost constant over five-cycles as shown in Figure 9a, suggests excellent cycling stability
photocatalyst. The XRD pattern (Figure 9b) of the used photocatalyst after five cycles
shows that no additional peak was observed and the crystal structure of the photocatalyst
has been preserved, indicating the high stability and sustainability of the photocatalyst.

Figure 9. Stability test of CdS NRs for five cycles (a), XRD pattern for CdS NRs before the activity and after recycling five
times for RhB photodegradation (b).

Figure 10, depicts the plausible mechanism for RhB dye degradation over CdS NRs.
Upon visible light illumination, the electrons (ē) are excited from the filled valence band



Processes 2021, 9, 263 9 of 11

(VB) of CdS to the conduction band (CB), creating a hole (h+) in the VB. The generated
electron from the conduction band is taken up by the adsorbed O2 at the surface of the
photocatalyst and produces superoxide radical ion (•O2

−). The •O2
− further reacts with

H2O and produces hydroxyl radical (•OH) or can directly oxidize RhB dye. Simultaneously,
some of the photo-induced holes (h+) react with OH− or H2O to generate active specie
•OH, which oxidize the adsorbed RhB dye.

CdS NRs + hν→ CdS (ē + h+) (4)

O2 + ē→ O2
− (5)

O2
− + ē + 2H+ → H2O2 (6)

H2O2 + ē→ OH + OH− (7)

h+ + OH−/H2O→ OH (8)

OH + RhB→ Decolourization (9)

h+ + RhB→ Decolourization (10)

O2
− + MB dye→ Decolourization (11)

Figure 10. Proposed mechanism for the photocatalytic degradation of RB under visible light illumination.

4. Conclusions

In the present work, the highly crystalline CdS NRs were successfully synthesized by
a one-step solvothermal method. The CdS NRs were characterized in terms of structure,
morphological, and optical properties by XRD, Raman, FESEM, BET, PEL, UV-vis, and
XPS techniques. The photocatalytic activity investigation was carried out by performing
the photodegradation of RhB under visible light illumination over CdS NRs. Moreover,
the photocatalytic activity of the CdS NRs depends on the various parameters such as
initial dye concertation and the photocatalyst amount. It can be concluded that as-prepared
CdS NRs show higher photocatalytic activity at a high dosage of photocatalyst and the
low initial concentration of the RhB solution. The photodegradation of RhB follows a
pseudo-first-order kinetic model.
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