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CdS nanospheres with an average diameter of 40 nm, mesopores of
11.2 nm and a large specific surface area of 89.66 m> g~' are
fabricated successfully via a facile method under mild conditions.
The as-prepared CdS nanospheres exhibit good performance in the
photocatalytic degradation and adsorption activity for organic dyes.

As one of the most important II-VI semiconductors, CdS has a direct
band gap of 2.42 eV and has been extensively investigated due to its
unique physical and chemical properties. Nowadays, CdS is widely
used in photoelectric conversion,™ light-emitting diodes for flat-
panel displays, lasers, thin film transistors, biological labeling, and
other optical devices according to its excellent nonlinear proper-
ties.>™® Recently, CdS attracted tremendous attention for its new
potential application as a nanoelectronic and photocatalytic mate-
rial. 7" Tt is well-known that the properties and the corresponding
applications of the CdS nanomaterials significantly depend on the
size and architecture. Therefore, in recent years, a great deal of effort
has been devoted to fabricate the CdS nanomaterials with a certain
desired size and architecture through different methods. For example,
CdS microspheres,” microflowers,”> microdendrites,”> nano-
tetrapods,® and microrods'® have been prepared under hydrothermal
or solvothermal conditions. In addition, CdS nanochains,"” meso-
porous tubular structures,’® and bicrystalline CdS nanoribbons
have also been obtained. Although there have been significant
achievements in the fabrication of the desired CdS nanomaterials, it is
still a great challenge to develop a facile strategy to prepare the CdS
nanomaterials, especially the mild and low-cost synthetic routes,
which could greatly facilitate their future application in industry or
scientific research. Moreover, to the best of our knowledge, the
preparation and the potential application of the mesoporous CdS
nanospheres have never been reported before.

Herein, a facile and rapid method is introduced to synthesize
mesoporous PVP-modified CdS nanospheres (NSs) in the mixed
solvent of EtOH/H>O under mild conditions. In addition, the CdS
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NSs exhibit a unique optical property in the visible wavelength
region. Moreover, the product can not only degrade the organic dyes
rhodamine B (RhB) and methylene blue (MB) effectively under
visible irradiation but also adsorb Congo red (CR) quickly in the
dark.

In a typical experiment, Cd(NOs),-4H,O and PVP were dissolved
into EtOH/H,0O mixed solvent (2 : 3, v/v) and stirred for 30 min
under ambient conditions. Subsequently, TAA solution (100 mM) in
ethanol/water mixed solvent was added quickly under moderate
stirring, followed by dropping NH3-H,O (1:1, v/v). Then, the
reaction system was incubated at room temperature for 1 h. After-
ward, the yellow products were centrifuged, washed with double
distilled water (DD water) and absolute ethanol several times, and
dried under vacuum at 40 °C for 8 h. For comparison, the control
experiment was performed in the absence of PVP under identical
conditions as the typical experiment.

From X-ray diffraction (XRD) analysis, the CdS NSs from the
typical experiment exhibit identical diffraction peaks to the cubic
phase CdS (JCPDF 42-1411), revealing the successful preparation of
CdS (Fig. 1a). The diffraction peaks at 26 of 27.55°, 44.68° and 53.03°
can be indexed to (111), (220) and (311) planes of the cubic CdS,
respectively. It should be noted that all the diffraction peaks are
relatively broad, which can be attributed to the small size of the
sample. In addition, the CdS Ctr from the control experiment exhibits
an XRD pattern similar to the CdS NSs.

The size and morphology of the CdS NSs were determined using
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). The TEM image shown in Fig. 1b indicates that
the CdS NSs exhibit spherical morphology and good dispersity. The
size distribution analysis results in a narrow size distribution with the
average diameter of 39.3 nm. The magnified TEM (inset of Fig. 1b)
and FESEM images (Fig. 1c) show that the CdS NSs are composed
of small nanoparticle building blocks with the average diameter of ca.
5 nm. Furthermore, the alternating pale and dark spots in each CdS
nanosphere indicate the presence of pores between the building
blocks. The HRTEM image in Fig. 1d shows that the CdS NSs
present relatively good crystallinity. Meanwhile, the typical building
blocks labeled by the white dotted line circles exhibit the fringe
spacing of 0.3346 nm, 0.2042 nm, and 0.1734 nm, respectively, cor-
responding to the separation of (111), (220), and (311) planes. It
reveals that the CdS NSs are polycrystalline, which is further
confirmed by the corresponding diffused rings of the SAED pattern
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Fig. 1 (a) XRD pattern of the CdS NSs and CdS Ctr; (b) TEM image of
the CdS NSs, inset: high magnified TEM image; (c) FESEM image of the
CdS NSs; and (d) HRTEM image of the CdS NSs, inset: SAED pattern of
the CdS NSs.

(inset of Fig. 1d). In addition, SEM observations indicate the
importance of PVP for the formation of the CdS NSs. The product
from the control experiment performed in the absence of PVP
exhibits serious agglomeration (Fig. Slat). Whereas when PVP is
introduced into the reaction system, the CdS NSs composed of
nanoparticles can be prepared successfully (Fig. S1bt). These results
reveal that PVP plays a crucial role in regulating the size, shape,
dispersion and assembly behavior of CdS.

TGA analysis results reveal that the PVP content in the CdS NSs is
about 5% (Fig. 2a). In Fig. 2a, comparing the TGA curve of the pure
PVP, the mass loss of the as-prepared CdS NSs from 50 to 150 °C
might be attributed to the evaporation of the absorbed moisture,
whereas the mass loss of the CdS NSs (about 5%) in the second stage
(150-475 °C) can be attributed to the thermal decomposition of
the PVP.2

FT-IR measurements indicate the presence of PVP in the CdS NSs
and the interactions between the CdS and the PVP. Comparing the
spectrum of the CdS NSs with that of the PVP (Fig. 2b), the
absorption bands of -C-H, ~CH, from different areas of the PVP,
and ~C-N of the PVP molecules located at 2956, 1432, 1371, and
1284 cm™' can be detected in the spectrum of the CdS NSs,>*!
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Fig.2 (a) TGA curves of the pure PVP and CdS NSs. (b) FT-IR spectra
of the pure PVP and CdS NSs.

indicating the presence of PVP. Furthermore, the positions and
intensities of these bands in the CdS NSs change to some extent,
revealing the interaction between the CdS NSs and these groups. It is
the presence of the PVP and these interactions that prevent the
aggregation of the CdS NSs.

The specific surface area (SSA) and the porosity of the CdS NSs
were determined using nitrogen adsorption/desorption analysis and
the results are shown in Fig. 3a. According to the [IUPAC classifi-
cation, the obtained isotherm can be recognized as type IV, which is
the typical characteristic of mesoporous materials.? In addition, the
type H3 loop associated with slit-shaped pores occurs in the isotherm.
As can be seen from the inset of Fig. 3a, the average pore size is
11.2 nm, indicating the mesoporous feature, which agrees well with
the TEM and SEM observations. The multipoint Brunauer—
Emmett-Teller (BET) analysis results in the large SSA for CdS NSs
(89.66 m? g'), much larger than that of the CdS Ctr (19.46 m? g™ %).
This suggests the more active reaction or adsorption sites accessible
for the organic dyes.

The UV-vis and PL spectroscopy measurements showed the strong
photoabsorption and photoluminescent properties of the CdS NSs.
In the UV-vis spectrum (Fig. S2at), the CdS NSs show a relatively
broad absorption band from 200 to 600 nm, indicating the promising
photoabsorption property in the visible light region. In the PL
spectrum (Fig. S2bt), the CdS NSs exhibit a strong green emission
near 511 nm at an excitation of 255 nm, which can be attributed to
the recombination of the charge carriers within surface states.?®

Photocatalytic activity evaluation results reveal that the as-
prepared CdS NSs can effectively photocatalytically degrade the
organic dyes including RhB and MB under visible light irradiation.
From the results shown in Fig. 3b, after 120 min of irradiation, the
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Fig. 3 (a) Nitrogen adsorption/desorption isotherm of the CdS NSs,
inset: the corresponding BJH pore size distribution curve. (b) Photo-
catalytic degradation of RhB and MB in the presence of the CdS NSs and
CdS Ctr under visible light irradiation.

photocatalytic degradation efficiency of the CdS NSs on RhB and
MB can reach 97.44% and 98.15%, respectively, which are much
higher than those of the CdS Ctr (46.84% and 43.87%). This excellent
photodegradation performance of the CdS NSs can be attributed to
their unique structural features, including the presence of the meso-
pores and the large SSA. The mesoporous architecture might
enhance the opportunity for the organic dyes to penetrate into the
inside of the CdS NSs and come in contact with the building blocks.
The large SSA can afford the much more active sites accessible for the
photodegradation reaction. Furthermore, the recycling result of the
CdS NSs on the photocatalytic degradation of MB just showed
a slight loss of the photocatalytic activity, revealing their excellent
stability (Fig. S3). The inductively coupled plasma-mass spectrom-
etry (ICP-MS) analysis showed that there was only a trace amount of
Cd** in the supernatant after 5 cycles of photocatalysis, confirming
the long-term stability of the CdS NSs.

In addition to the application for the photocatalytic degradation of
organic dyes, the potential application of the CdS NSs for the
adsorption treatment of organic dyes is also evaluated. Fig. 4a
presents the effect of the treatment time on the adsorption efficiency
of CR with an initial concentration of 40 mg L~! at room tempera-
ture. From the viewpoint of the economic issues, the treatment time
required to reach equilibrium is important for the practical applica-
tion of a certain adsorbent.?* From the result, the adsorption rate is so
fast that the equilibrium is achieved within 30 min, representing an
advantage for water treatment system design.
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Fig. 4 (a) The adsorption curve of the CdS NSs on CR with different
adsorption time. (b) Plot of pseudo-second-order kinetics.

In order to investigate the mechanism and kinetics of the adsorp-
tion, two well-known adsorption models, pseudo-first-order and
pseudo-second-order equations,>* were employed to explain the
adsorption kinetics of the CdS NSs. The pseudo-first-order model is
expressed as eqn (1):

kit
log (¢. — ;) =logq. — ﬁ M

where ¢, and ¢, are the amounts of CR adsorbed (mg L) at equi-
librium and time 7 (min), respectively. And k; (min~!) is the pseudo-
first-order adsorption rate constant. From the plot of pseudo-first-
order kinetics for adsorption of CR onto CdS NSs shown in Fig. S4+,
the R? value obtained is very small (0.0410), suggesting that the
adsorption of CR onto CS NSs does not agree with the pseudo-first-
order equation in our work.
The pseudo-second-order model is expressed as eqn (2):

t 1 t

= 4 2
q kg g @

where &, (g mg~" min~") is the rate constant of pseudo-second-order
adsorption. The linear plot of #/g; versus t is shown in Fig. 4b and the
obtained correlation coefficient R? value is very high (0.9997). This
reveals good agreement with the pseudo-second-order model.
Therefore, it is reasonable to describe the adsorption process of CR
onto the CdS NSs with this model.

For a certain adsorbent, adsorption isotherms are used to deter-
mine the adsorption capacity of the adsorbent at different aqueous
equilibrium concentrations and to study the adsorption mechanism
between the adsorbent and the adsorbate. Fig. S5t depicts the
equilibrium isotherm for CR on the CdS NSs. In the current study,
Langmuir and Freundlich isotherm models are used to determine the
maximum adsorption capacity of CdS NSs for CR. The Langmuir
theory assumes that the adsorption occurs in a monolayer and there
are no interactions among adsorbate molecules. The linear form of
the Langmuir isotherm is expressed as eqn (3):*’

C. 1 Ce
+

Gmax

de qmaKi @
where C, is the equilibrium concentration of CR in solution (mg L"),
¢ 1s the equilibrium capacity of CR on the adsorbent (mg g7"), ¢max 18
the maximum adsorption capacity of the adsorbent corresponding
and Ki is the Langmuir adsorption constant (L mg~") and is related
to the free energy of adsorption. The plot of C./q. versus C, in Fig. 5a
gives a straight line accompanied by a correlation coefficient R of
0.9621 and a slope of 0.0041, indicating that the adsorption process
does not obey the Langmuir adsorption isotherm so well. In addition,
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Fig. 5 Linear fitting results for CR adsorption onto the CdS NSs based
on (a) Langmuir isotherm model and (b) Freundlich isotherm model.

from the slope of 0.0041, the ¢, is calculated as 241.5 mg g~!, which
is far superior to the reported adsorption capacity.?®

The Freundlich adsorption model assumes that adsorption occurs
on heterogeneous surfaces. The Freundlich equation is an empirical
equation and can be rearranged to a linear form as eqn (4):*

log C.
n

log ¢g. = log K¢ + “4)

where ¢, is the amount of dye adsorbed at equilibrium (mg g~"), C. is
the equilibrium concentration remaining in the final solution
(mg L"), KF is the Freundlich constant (mg g ")(L mg ') and 1/n is
the heterogeneity factor describing the adsorption intensity. The
result of log ¢, against log C, is presented in Fig. 5b, and the obtained
correlation coefficient R? is 0.9891; the high R® indicated good
agreement of the Freundlich isotherm with our adsorption cases. In
addition, the value of n is 2.7 in terms of the slope; n > 1 predicts
favorable adsorption activity of the CdS NSs.

To sum up, the mesoporous CdS NSs can be prepared successfully
with the aid of PVP at room temperature. Based on the results, PVP
plays a crucial role in the formation of the mesoporous CdS NSs. The
synthetic strategy present here is facile, rapid, mild, and low-cost, and
the target product can be fabricated with high throughput, which
favors the scaled-up industrial applications and might shed new light
on the synthesis of functional materials. In addition, the mesoporous
CdS NSs exhibit excellent photocatalytic activity for the degradation
of the organic dyes under visible light irradiation and efficient
adsorption for Congo red. Hence, it is believed that the as-prepared
mesoporous CdS NSs will find potential applications in the treatment
of hazardous dyes through degradation or adsorption.
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