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ABSTRACT: Several one-dimensional and three-dimensional
CdS@CeO, nanocomposites were synthesized by a solvothermal = o.5 um
route. A nanoflower-shaped CdS@CeO, nanocomposite (CdS-
NF@CeO,) was selected as the model catalyst after various
characterizations. It was, then, employed directly as a luminescent
sensor for Cr(VI) detection in an aqueous medium. A good linear
quenching was observed in the range of 0—0.5 M with a detection
limit of 0.04 uM. The quantum yield of the catalyst was found to ~ © =
be 73%. Moreover, our catalyst is highly selective toward Cr(VI) ero
and can be applied as an efficient sensor for real water analysis.

The efficiency of the catalyst was also tested in controlling the
photocatalytic activity for oxidation of benzylamine to N-
benzylidenebenzylamine under a domestic LED bulb with
molecular O, as a sole, green oxidant. Conversion (>99.9%) and selectivity as high as 100% were observed for the CdS-NF@
CeO, photocatalyst. These results show the potential applications of CdS-NF@CeO, nanocomposites as an efficient photocatalyst
for organic transformation and environmental remediation.

Turn Down
Fluorescence

1. INTRODUCTION

With the rapid consumption of nonrenewable fossil fuels
leading to energy shortage, the development of renewable
clean energy production for a sustainable human society
establishment has garnered immense attention in the 21st
century.'~* Considerable effort has been made toward
efficiently harvesting solar energy, which is abundantly

morphologies of CdS crystals using a hydrothermal process
and performed an in-detail analysis of the formation
mechanism.’> However, the influence of different CdS
morphologies on organic transformation reactions has been
rarely investigated. Despite its intriguing properties, pure CdS
suffers from the drawback of rapid recombination of
photogenerated electron—hole pairs and photocorrosion. To

available, green in nature, sustainable, cost-effective, and a
viable energy source.” Conversion of solar energy to chemical
energy via photocatalysis is an economically efficient, environ-
mentally friendly, and durable technology that relies on the
employment of semiconductor photocatalysts for harvesting
light of the solar spectrum to trigger chemical trans-
formations.”™”

CdS, a classical II-VI semiconductor, is one of the most
vital visible light photocatalysts owing to its narrow bandgap of
2.4 eV, which corresponds to the solar spectrum. This excellent
property of CdS led to its wide applications in several fields viz.
electrical, optical, light-emitting diodes (LEDs), lasers, solar
cells, and dye degradation, to name a few. 01! Considering the
fact that the properties of semiconductor nanomaterials largely
depend on their size and shape, altering the morphologies
results in interesting novel characteristics of the materials
leading them to find enormous applications.'”~"* Voluminous
research has been undertaken to synthesize several 1-D and 3-
D CdS nanostructures such as nanorods, nanowires, nano-
tubes, dendritic, nanotrees, sea-urchin shaped ones, etc. via a
solvothermal route.*’°">° Chen et al. synthesized various

© 2023 The Authors. Published by
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overcome this downside, researchers have devoted numerous
efforts by combining CdS with other materials having suitable
band structures. Previous reports have been particularly based
on the coupling of CdS with other transition metal oxides, such
as ZnO, TiO,, Fe,0;, etc. For instance, Yang et al. fabricated
CdS/ZnO nanoheterojunctions to prevent photocorrosion and
diminish the recombination rate while employing them for
photocatalytic solar water splitting.”’ Liu and co-workers
synthesized 1-D CdS@TiO, core—shell nanocomposites for
evaluating the selective oxidation—reduction efficiency under
visible light irradiation.” Little effort has been concentrated on
integrating CdS with rare-earth oxide, cerium dioxide (CeO,).
Among the various photocatalysts, CeO,with a wide bandgap
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of 32 eV is an emerging material, which is highly stable,
nontoxic, inexpensive, and benign to the environment yet it is
active only under ultraviolet (UV) light, restricting its
application in the visible light region.””** Hence, to overcome
this constraint and enhance the light-harvesting potentiality of
CeO,, ion or metal dopin§ and construction of heterojunctions
were usually employed.”*>° Theoretically, matched band
structures of CdS and CeO, enable their coupling, which
would provide a practical strategy to investigate the visible-
light-harvesting performance of the composites.””

Even though chromium (Cr) is an essential trace element in
humans, numerous anthropogenic activities mainly in the
industrial fields, such as coal burning, leather tanning, metal
smelting, etc. have led to the contamination of chromium in
groundwater.”® Cr(VI) is a highly toxic bioaccumulant, and
being a carcinogen, it can damage DNA even at ultratrace
levels.”” According to World Health Organization (WHO)
guidelines, the maximum contaminant level of Cr(VI) in
drinking water is 50 ug/ L.*° Hence, the detection of Cr(VI) at
the lowest amount possible has become hugely indispensable.
Costly techniques that are used traditionally for Cr(VI)
detection such as inductively coupled plasma-mass spectros-
copy and atomic absorption spectroscopy can be circumvented
by the use of a fluorometric technique tht is highly sensitive
and simple, as well as cost-effective and time efficient.

Selective oxidation of amines to imines is, in particular, a
fundamental yet significant chemical transformation because
imines have extensive applications in the production of
medicines and heterocyclic chemicals.”' ™** Very recently, Bai
et al. reported the oxidative coupling of benzylamine to its
corresponding imine using a Bi,O,CO; photocatalyst. While
they achieved >99% selectivity, high oxygen pressure (0.3
MPa) and unreasonable Xe lamps were necessary to their
reaction system.” Mon and co-workers reported the imination
of primary alcohols using very expensive Ru-catalysts.”* Among
all the methodologies for imine synthesis, oxidation of
secondary amine to imine,> alcohol, and amine coupling,36
and other approaches,””*® the photocatalytic dimerization of
primary amine using a simple, cost-effective process utilizing
molecular oxygen as the sole oxidant under ambient conditions
is highly desirable from a green chemistry view.

Considering the advantage of CdS@CeO, as a photo-
catalyst, the nanocomposites were synthesized via a simple
one-step solvothermal method free from any additional
surfactant or capping agent and by varying the solvent and
temperature. The as-synthesized materials were employed in
the visible-light-assisted highly selective oxidative coupling of
amines to imines in the presence of molecular oxygen and for
the detection of Cr(VI) in water. To the best of our
knowledge, synthesis of CdS@CeO, nanocomposites with
varied morphologies including rods, dandelions, spheres, and
flowers and applications in the photocatalytic study of the
oxidation of benzylamine as well as a fluorescent sensor for
Cr(VI) detection have been reported for the first time. In the
detection of Cr(VI), a good linear relationship between the
concentration of Cr(VI) ions and the photoluminescence (PL)
quenching efficiency of the flower-like CdS@CeO, nano-
composite was obtained in the ranges from 0.05 to 0.5 uM (R?
= 0.9853), and the limit of detection (LOD = 306/S) was
calculated as 0.04 uM. It was also observed that the flower-like
CdS@CeO, showed the highest photocatalytic activity with as
high as >99.9% conversion and 100% selectivity to N-
benzylidenebenzylamine. The use of molecular O, as the

sole oxidant, ambient reaction conditions, high atom economy,
absence of additives such as acid or base, green energy source,
no side product, and high conversion and selectivity make the
process advantageous over other studies. We also report the
mechanistic pathways and kinetic analysis of the oxidation
reaction comprehensively. Moreover, the recycling experiments
revealed the highly stable nature of the catalysts until the fifth
catalytic run.

2. EXPERIMENTAL DETAILS

2.1. Ceria (CeO,) Synthesis. CeO, was synthesized by
taking the required amount of Ce(NO;);.6H,O in a silica
crucible and maintained at 350 °C for 2 h in a muffle furnace.
The resulting creamy-white powder was collected, ground, and
kept for further use.

2.2. Synthesis of Cadmium Disulfide (CdS) and CeO,
Nanocomposites.

a. CdS nanorods (CdS-NR) were synthesized by a
solvothermal method. In a typical process, 1.5 M
CdCl, and 3 M CH,N,S were added to 30 mL of
ethylenediamine with continuous stirring at room
temperature for 6 h, transferred to a 100 mL autoclave,
and filled to 80% of the total volume. Yellow precipitates
were obtained after maintaining the temperature at 180
°C for 24 h. Finally, the precipitates were filtered,
washed, and dried at 60 °C for 13 h.

10 wt % CdS@Ce0,(10% CdS-NR@CeO,) was prepared
by first sonicating 50 mg of CdS-NR and 500 mg of CeO,in
100 mL distilled water for 30 min. The suspension was, then,
stirred strenuously for 12 h at room temperature before

evaporating the solvent in a rotavapor and consequently drying
them at 60 °C for 12 h.

b. Flower-shaped CdS@CeO, (CdS-NF@CeO,) was
synthesized by a similar solvothermal technique by
using S0 mL absolute ethanol +30 mL water as the
solvent and a temperature of 180 °C. All other
measurements remained unchanged as in CdS-NR. In
a similar technique, CdS nanoflowers (CdS-NF) were
prepared without adding CeO,.

c. Nanodandelion CdS@CeO, (CdS-HF@CeO,) syn-
thesis was similar to the flower-shaped one, which was
obtained by replacing distilled water with ethanol and
temperature to 110 °C and unvarying all other
parameters.

d. In a similar technique to (c), flat spherical flower-like
CdS@CeO, (CdS-RL@CeO,) was synthesized by just
changing the temperature to 130 °C and keeping other
conditions constant.

e. Another CdS@CeO, with irregular morphology (CdS-
S@Ce0,) was obtained by ethylene glycol as a solvent
and a temperature of 150 °C, other parameters remained
unchanged as (d).

2.3. Procedure for Fluorescence Sensing of Cr(VI) in
Water. The CdS-NF@CeO, suspension (5 mg/ mL) in
distilled water was prepared and employed directly as a
fluorescent sensor for Cr(VI) detection. A series of Cr(VI)
solutions were prepared (0—0.5 uM), and the fluorescence
(FL) intensities were recorded and evaluated by (F,— F)/F,,
where F, and F are the FL intensities in the absence and
presence of the target ion, respectively. To acquire the
calibration curve, different concentrations of Cr(VI) (0.05—
0.5 uM) were obtained. The selectivity of the sensor was
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assessed by recording the FL intensities of CdS-NF@CeO,
suspension (5 mg/ mL) in water containing 0.25 pM metal
ions (Cr*" Hg*" Fe**, Cu®*, Ni**, Pb*, Mn**, Ag*, AP**, As*,
Fe**, Au*, Zn**, and Co**) or anions (F~, CI~, Br~, I", CO;>,
PO,*", SCN7, SO,*, and MnO,"). The recovery of the sensor
was obtained by recording FL intensities of CdS-NF/CeO,
tap-water and groundwater suspensions (5 mg/ mL)
containing 0.05, 0.25, and 0.5 uM Cr(VI). All the samples
were excited at 330 nm, and the FL emission was recorded at
418 nm.

2.4. Procedure for Photocatalytic Oxidative Coupling
of Amines. 1 mmol of amine, 10 mg of catalyst, and 1.5 mL of
1,4-dioxane were added into a 10 mL round-bottomed flask
and stirred in the dark for 30 min. The mixture was, then,
purged with O, gas and finally connected with an O,-balloon.
It was irradiated with four domestic LED bulbs (9 W each)
having an intensity of 806 candela at room temperature and
magnetically stirred at 900 rpm. At certain time intervals, an
aliquot of the reaction mixture was taken and analyzed by gas
chromatography, GC (Thermo Scientific, TRACE 1300). The
conversion of amine and yield of imine were calculated as:

conversion (%) = [(C, — C,)/C,] X 100
yield (%) = [C,/C,] X 100

where C,, C, and C; denote the initial amine concentration, the
concentration of amine at the time “t’, and the imine
concentration, respectively. The progress of the reaction was
inspected by thin-layer chromatography as well as GC. On
completion of the reaction, the catalyst was centrifuged,
washed several times with ethanol, and dried overnight in a
vacuum desiccator for further characterization and successive
reactions.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. The crystallographic
properties of CdS@CeO, nanocomposites are depicted in the
powder X-ray diffraction (PXRD) patterns (Figure 1) where
the intense peaks reveal the high crystallinity of the materials.

(a) 10% CdS@CeO,
(b) CdS-S@CeO,
(¢) CdS-RL@CeO,
(d) CdS-HF@CeO,
(e) CdS-NF@CeO,

Intensity

m CeO,
o CdS

Intensity

20 30 40 50 60 70 80
20 (degree)

Figure 1. PXRD patterns of all the as-synthesized CdS@CeO,
nanocomposites, (a) 10% CdS@CeO,, (b) CdS-S@CeO,, (c) CdS-
RL@CeO,, (d) CdS-HF@CeO,, and (e) CdS-NF@CeO,. The inset
shows the PXRD patterns and crystal planes of bare CeO, and CdS-
NF.

The inset shows the XRD pattern of CeO, and CdS-NR. The
peaks of CeO, and CdS-NR are assigned to the cubic (JCPDS
Card No. 81-0792) and hexagonal (JCPDS Card No. 75-1545)
phases, respectively. In addition, the XRD patterns of
synthesized CdS@CeO, nanocomposites also matched with
CdS hexagonal structure. The high purity of the samples is
ascertained by the nonappearance of any diffraction peaks,
such as at 31.5° for the cubic blende phase of CdS.'” Peaks for
both CdS and CeO,were present in the diffractograms, which
obviously indicates the effective formation of CdS@CeO,
composites. However, the characteristic (111) peak of CeO,
at 28.4° overlapped with the (101) peak of CdS. The crystallite
sizes for CdS@CeO, nanocomposites considering the (002)
plane calculated by employing Scherrer’s equation evidently
specify the formation of nanocrystals and are reported in Table
1. Table 1 also reports the BET surface area, pore volume, and

Table 1. Results of Crystallite Size, BET Surface Area, Pore
Volume, and Pore Radius of CdS@CeO, Nanocomposites

pore
CdS@CeO, crystallite  BET surface pore volume radius
samples size (nm) area (ng_l) (cm3g_1) (nm)
10% 27.9 67.3 0.35 6.2
CdS-NR@CeO,
CdS-NF@CeO, 26.7 128.5 0.13 1.8
CdS-HF@CeO, 9.4 231.8 0.35 1.8
CdS-RL@CeO, 23.8 130.2 0.23 1.9
CdS-S@CeO, 8.7 342 0.08 8.4
CeO, 7.6 75.3 0.03 40.5
CdS-NR 44.2 20.4 0.11 19
—8— CdS-NF@CeO,
CeO,
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Figure 2. N,-sorption isotherm of CdS-NF@CeO, nanocomposite
and bare CeO,.

pore radius of the materials. From Figure 2 it is observed that
the synthesized CdS-NF@CeO, nanocomposite is porous in
nature indicated by the type IV isotherms, and the
mesoporosity can be established from the H3 hysteresis loop
according to IUPAC classification. The specific surface area
and pore volume of CdS-NF@CeO, increased in comparison
to CeO, (75.3 m’g™" and 0.031 cm®¢™"). This illustrates that
CdS-NFs were effectively dispersed over the CeO, surface
resulting in new pores. Furthermore, no noteworthy change is
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Figure 3. XPS spectra of CdS-NF@CeO, nanocomposites, (a) Survey spectra, (b) Cd 3d, (c) S 2p, (d) O 15, (e) Ce 3d, and (f) valence-band
spectra of CdS-NF and CeO,.

observed in the phase structure of CdS-NF@CeO, (Figure S1) synthesized CdS@CeO, nanocomposites are found to exhibit
confirming the stability and intact crystal structure of the higher surface areas than most of the reported ones (Table
material even after the catalytic process. Then again, the S1). Typical peaks for Ce—O stretching at 539, 892, and 1117

11771 https://doi.org/10.1021/acsomega.2c05811
ACS Omega 2023, 8, 11768—11781


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05811/suppl_file/ao2c05811_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05811/suppl_file/ao2c05811_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05811/suppl_file/ao2c05811_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05811?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05811?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05811?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05811?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

200 nm
————

Figure 4. FESEM images of (a) CdS-NR, (b) 10% CdS-NR@CeO,, (c, d) CdS-NF@CeO,, (e, f) CdS-HF@CeO,, (g) CdS-RL@CeO,, and (h)
CdS-S@CeO, nanocomposites.

cm™" for Cd-S bond and S—H stretching band at 2340 cm™ Evaluation of surface chemical composition and chemical
are observed in the FTIR spectra of CdS-NF@CeO, (Figure states of the synthesized CdS@CeO, nanocomposites were
§2).%9% done via the X-ray photoelectron spectroscopy (XPS)

11772 https://doi.org/10.1021/acsomega.2c05811
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Figure S. HRTEM images of (a) CeO,, inset shows the SAED pattern of (b) CdS-NF@CeO,, (c) SAED pattern of CdS-NF@CeO,, (d) HAADF-
STEM image of CdS-NF@CeO,, (e-h) elemental mapping of CdS-NF@CeO,, and (i) FFT of CdS-NF@CeO,.

technique. Figure 3a—e represents the XPS survey of the CdS-
NF@CeO, composite. As can be seen in Figure 3a, the typical
peaks of Cd, S, Ce, O, and C are detected, confirming the
successful composite formation of CdS and CeO,. The C
impurity may result possibly due to adventitious carbon as a
reference. The peaks present at 404.4 and 411.2 eV correlate to
3ds), and 3d,, of Cd** respectively (Figure 3b), wherein the
spin-orbit separation of 6.8 eV is representative of the Cd*"
state.”’ Satellite peaks of Cd**are visible at 407.4 and 414.1 eV.
The S 2p spectra (Figure 3c) exhibit peaks at 161.0 and 162.1
eV with an energy splitting of 1.1 eV imputed to the S*~ state
of CdS. The presence of lattice oxygen (O,) and oxygen
vacancies (Op) can be substantiated by the binding energy
peaks at 528.4 and 5312 eV respectively (Figure 3d).
Moreover, Burroughs labels are used to identify the XPS
peaks of Ce 3d spectrum, where “v” and “u” implies the spin-
orbit coupling 3ds,, and 3d,,.”” Figure 3e shows ten peaks for
Ce 3d core, which can be grouped accordingly: five
components assigned to 3ds/, as v, (880.7 eV), v(882.2 eV),

v/ (8852 eV), v// (889.4 €V), and v/// (897.4 eV), and five
features of 3d;, as u, (900.6 eV), u (903.8 €V), u’ (907.3 eV),
u’/ (915.8 €V), and v’/ (919.4 V). The Vo, V) v, v, and v/"/
can be designated to the Ce (4f*) O (2p°), Ce (4f*) O (2p*),
Ce (4f') O (2p°), Ce (4f') O (2p®), and Ce (4f°) O (2p°),
respectively. By similar means, the “u” structures can also be
explained. Then again, v,, v, u,, v’ are characteristic peaks of
Ce’* state and v, v/, v///, u, v/, /// are characteristics of Ce**
state. Peaks at binding energies 907.1 and 886.7 eV are
attributable to the satellite peaks (shake-up) corresponding to
Ce®* 3d;), and Ce®* 3d), states. A comparison of XPS spectra
of all the CdS@CeO, nanocomposites is given in Figure S3a—
d. The slight shifting of peaks for Cd 3d and S 2p visible in
Figure S3a,b in the case of 10% CdS-NR@CeO, may be
because of variation in the chemical environment. The valence-
band edge (Eyg) of CeO, and CdS-NF were evaluated too by
valence-band (VB) XPS (Figure 3f). The Eyg of CeO, and
CdS-NF was 1.11 and 0.28 eV, respectively.
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Figure 6. (a) UV—vis diffuse reflectance spectra and (b) Tauc plot of CeO,, CdS-NF, and CdS-NF@CeO, nanocomposite.

The structural morphology of the synthesized CdS@CeO,
nanocomposites was evaluated by field-emission scanning
electron microscopy (FESEM) analysis (Figure 4). The SEM
images verifies the formation of varied morphologies like
nanorods (a, b), flower-shaped (c, d), dandelion-shaped (e, f),
and spherical (g, h). The SEM analysis of blank CeO, was also
conducted (Figure S4). The image reveals the surface of the as-
synthesized CeO,. Uniformly formed CdS nanorods (CdS-
NR) with length (0.4—1.5 ym) and diameter (86—190 nm)
are visible in Figure 4a when ethylenediamine was used as a
solvent. The ethylenediamine forms a complex with Cd** and
then gets adsorbed onto the CdS surface. With time,
ethylenediamine dissociates from the surface to orient the
formation of nanorods. The presence of CdS nanorods on the
CeO, surface is clearly visible in Figure 4b upon loading 10 wt
% of CdS-NR onto CeO,. The role of water is the hydrolysis of
Cd** and the formation of the precursor. The chelating
behavior of thiourea controls the morphology in this case.
Then again, on using a mixed solvent system of 60% alcohol
and water, uniformly formed CdS-NF@CeO, nanoflowers
with hexagonal petals can be seen (Figure 4c). Over time,
several hexagonal petals stacked together to yield the
nanoflowers. Again, some individual nanoflowers fused
together to form larger aggregates (Figure 4d). The size of
the nanoflowers ranged between (2—3 ym) with a diameter of
0.3 pm. Dandelion-shaped CdS-HF@CeO, are visible in
Figure 4ef The CdS nanosheets assembled to form the
dandelion-shaped CdS particles of size (around 1 ym) over the
CeO, surface on changing the solvent to pure alcohol
(absolute ethanol) system. Since the chelating behavior of
thiourea is different in different solvents, hence this will lead to
a change in surface energy and consequently result in varied
morphologies. Likewise, on using the same ethanol system but
changing the temperature to 130 °C, spherical CdS distributed
over CeO,surface (CdS-RL@CeO,) were obtained (Figure
4g) with a diameter of 0.7 ym. This change may be due to the
temperature rise and as a result, the dandelions collapsed to
form flat spherical particles. Ethylene glycol as a solvent, also,
resulted in spherical particles of diameter (0.2—0.5 pm)
(Figure 4h). The strong chelating ability of ethylene glycol
renders the dissolution of inorganic materials yielding uniform
solutions. Its coordination with Cd** followed by nucleation
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with $*~ to finally grow into primary CdS crystals, which can
assemble into 3D aggregates resulting in the corresponding
structure. Thus, it can be said that the solvents and substrates
act as structure-directing agents in our synthesis technique,
which ruled out the need for additional templates. Although
variation of temperature also resulted in the increase of size in
the 3-D nanomaterials like CdS-S@CeO,, CdS-RL@CeO,,
CdS-HF@CeO,, CdS-NF@CeO, with increasing temperature
from 110 to 180 °C, its role in morphology changes might be
negligible considering the same temperature of 180 °C used in
nanorods (CdS-NR) and CdS-NF@CeO, synthesis process.
The stability of the morphology of CdS-NF@CeO, was also
studied after storing for 1 year under ambient conditions.
Figure S5 clearly shows that the catalyst morphology was intact
even after a year. Energy-dispersive X-ray spectroscopy (EDS)
analysis for CdS-NF@CeO,gavethe elemental compositions
(wt %) of Cd, S, Ce, and O to be 6.9, 2.1, 12.0, and 22.9,
respectively and the EDS spectrum is provided in Figure S6.
To further confirm the formation of CdS-NF@CeO,
nanocomposites, and evaluate the crystal facets HRTEM
analysis was effectuated. The HRTEM image (Figure Sa) of
bare CeO, reveals that the lattice plane (111) is repeatedly
found in the nanostructure. The inset shows the selected area
diffraction (SAED) pattern clearly depicting the polycrystalline
nature of CeQO,. The elemental distributions in CeO, were
evaluated by EDS elemental mapping (Figure S7). From
Figure Sb, the existence of two crystalline phases and their
interfaces having interplanar spacings of 0.31 and 0.33 nm
indexed to the (111) and (002) crystal facets of cubic CeO,
and hexagonal CdS respectively are evident. The polycrystal-
line nature of the nanocomposite was further confirmed by the
SAED pattern (Figure Sc). The SAED pattern verifies the
coexistence of the lattice planes of both CdS and CeO, in the
nanocomposite, which complies with the XRD findings. The
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image for the CdS-NF@CeO,
nanocomposite and the corresponding EDS elemental
mapping distinctly demonstrate the homogeneous distribution
of Cd and S over CeO, (Figure Sd—h). The inset in Figure Si
represents the FFT pattern observed for the marked area. The
FFT pattern further confirms the presence of the characteristic
(002), (200) planes of CdS, and (111) planes of CeO, with
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Table 2. Optical Band Gap of the As-Synthesized Samples

sample CeO, CdS-NF CdS-NR CdS-NF@CeO,
band gap (eV) 2.90 2.30 2.37 2.20

CdS-HE@CeO,

CdS-RL@CeO, CdS-S@CeO,  10% CdS-NR@CeO,
231 223 236

interplanar spacings 0.33, 0.17, and 0.31 nm, respectively.
Thus, the TEM findings positively established the successful
formation of the CdS-NF@CeO, nanocomposite.

UV-Vis diffuse reflectance spectroscopy (DRS) was
employed for studying the optical properties of the nano-
composites (Figure 6a). The direct band gap energy was
calculated by employing the Tauc plot (ahv vs hv), where a is
the absorption coefficient and hv is the photon energy (Figure
6b). Bare CeO, shows strong absorption in the UV region with
an absorption edge at 450 nm due to the charge transfer
transition from 2p to 4f orbitals of O(I) and Ce(IV),
respectively. Owing to the narrow band gap (2.3 eV) of CdS-
NF, a broad absorption is observed in a wavelength range
starting from UV region to ~560 nm. On the other hand, the
nanocomposite CdS-NF@CeO, displays a bathochromic shift
in the spectra (~590 nm), which signifies the further lowering
of the band gap and enhancement of visible light response. The
CdS-NF@CeO, nanocomposite exhibits two absorption edges
inferred to the successful merging of photoresponse properties
of both CeO, and CdS-NF. The absorbance spectra and Tauc
plot of all other composites are given in the Supplementary
Information (Figure S8ab). The optical band gap of the
samples is listed in Table 2. PL was performed to analyze the
photogenerated charge separation efficacy of CdS (Figure 7) at
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Figure 7. PL spectra of CeO, and CdS-NF@CeO, nanocomposite.

an excitation wavelength of 330 nm. It can be seen that bare
CeO, has a very strong and wide peak at around 420 nm due
to charge transfer between oxygen and cerium ions. However,
the pronounced depression in the intensity of CdS-NF@CeO,
confirmed the inhibition of photoinduced electron—hole pair
recombination. Hence, the photogenerated electron and hole
pairs could easily migrate between CdS and CeO, which
results in superior photocatalytic efficiency of the CdS-NF@
CeO, nanocomposite.

The photocatalytic activity of CdS@CeO, was evaluated by
selecting CdS-NF@CeO, as the model catalyst due to its
better characteristics as compared to the other morphologies.

3.2. FL Quenching of Cr(VI) in Water by the CdS-NF@
CeO, Nanocomposite. The CdS-NF@CeO, aqueous
suspensions (S mg/mL) were used as the fluorescent probe.
Upon introducing different concentrations of Cr(VI) to the
catalyst suspension, Cr(VI) gets adsorbed onto the catalyst
surface, which results in the quenching of FL intensity. This
adsorption is supported by XRD findings in Figure S9 which
clearly shows that all the peaks of the catalyst are intact but
with decreased intensities. This decrease in intensities is due to
the lowering of crystallinity or due to the filling of pores with
Cr(VI) which weakens the scattering contrast. The quenching
is clearly visible to the naked eye (Figure 8a). The FL intensity
gets quenched proportionately upon increasing the Cr(VI)
concentration. Furthermore, a calibration curve is plotted by
using the Stern-Volmer relation for Cr(VI) concentrations
from 0 to 0.5 uM (Figure 8b). A good linear correlation (R* =
0.9853) between (F, — F)/F, and Cr(VI) concentrations exist
in the range of 0.05—0.5 uM (inset of Figure 8b) and the limit
of detection,

LOD = 36/S

where ¢ and § are the standard deviation of blank and slope of
linearity, o = 0.02 and, S = 1.49, respectively is calculated to be
0.04 uM. This limit is sufficiently lower than WHO’s maximum
permissible limit of S0 pg/L in drinking water. This suggests
that the CdS-NF@CeO, is a highly efficient sensor and can be
directly applied for Cr(VI) detection in aqueous media.

The same experiment was repeated under identical
conditions by changing the catalysts for comparison. Figure
8¢,d represents the FL titration curve for bare CdS-NF and
CeO, catalysts, respectively. It can be concluded that although
quenching is observed in both spectra, the CdS-NF@CeO,
undergoes maximum quenching proportionately as compared
to bare CdS-NF and CeQ,. Thus, the FL quenching ability was
improved in the construction of the heterojunction between
CdS-NF and CeO,. The FL quenching percentage of Cr(VI)
in CdS-NF@CeO, was calculated to be 94.6%.

The selectivity of the sensor toward Cr(VI) was evaluated by
sensing various metal ions (Cr’** Hg*" Fe**, Cu®", Ni**, Pb*",
Mn*', Ag’, AP**, As**, Fe’’, Au*, Zn**, and Co’") and anions
(F-, CI', Br, I, CO.*, PO, SCN™, SO,*”, and MnO,")
under identical conditions and procedure. Figure 9 shows that
the cations and anions caused minimal FL intensity variation of
the CdS-NF@CeO, nanocomposite, which establishes its
promising sensing ability with superior selectivity toward
Cr(VI).

The determination of Cr(VI) in tap water was carried out to
validate the applicability of the proposed sensor in real
samples. The tap-water and groundwater samples obtained
from the Jorhat locality were spiked with 0.05, 0.25, and 0.5
uM Cr(VI) solutions under the optimized condition. As shown
in Table 3, the calculated recoveries range from 99.8 to
107.0%. These results indicate that the proposed sensor is
feasible and can be applied accurately for monitoring Cr(VI) in
real water samples.

Table S2 summarizes a comparison between our sensor and
other reported sensors. Evidently, this sensor possesses a
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Figure 8. (a) FL titration spectra of CdS-NF@CeO, in the presence of varying concentrations of Cr(VI) (0—0.5 um); (b) plot of (F,-F)/F against
Cr(VI) concentration, the inset is the linear calibration plot for Cr(VI) detection; (c) FL titration spectra of CdS-NF in the presence of varying
concentrations of Cr(VI) (0.05—0.5 ym); (d) FL titration spectra of CeO, in the presence of varying concentrations of Cr(VI) (0.05—0.5 ym).
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Table 3. Concentration of Spiked Cr(VI) in the Tap Water
Sample Analyzed by Using CdS-NF@CeO, as the Sensor (n

=3)
sample spiked (pm) found (um) recovery” (%)
tap water 0.1 0.105 + 0.011 105.0
0.2 0.214 + 0.024 107.0
0.3 0.310 + 0.051 103.3
0.4 0.399 + 0.050 99.8
0.5 0.501 + 0.071 100.2

simple synthetic method, good linearity, and a relatively lower
LOD value.

The quantum yield was calculated by the comparative
method employing eq 1 and by using quinine sulfate as the
reference standard.

¢ = ¢ x (I/Iy) x (ODR/OD) x (i*/n*y) (1)

where ¢, I, OD, and 7 represent the quantum yield, integrated
intensity, optical density, and refractive index, respectively. The
subscript R denotes the reference fluorophore (quinine sulfate)

SEHS
S
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of known quantum vyield.Here, ¢y = 0.54, Iy = 824,644.00, I =
1,119,753.97, ODg = OD = 0.05, n*/n% = 1.

Thus, the quantum yield was found to be 73%.

3.2.1. Mechanism of FL Quenching of Cr(Vl). Three types
of quenching are there viz. (a) static quenching, (b) dynamic
quenching, and (c) inner filter effect (IFE). The FL quenching
mechanism of CdS-NF@CEOQO, sensor was thoroughly studied.
From the XRD spectra of CdS-NF@CeO, and Cr(VI)
suspension (Figure S9), no change in 260 can be seen after
quencher (Cr(VI)) addition, which reveals the absence of
generation of any new phase in the sensor, ie, no Cr(VI)
bonding interaction occurs with the CdS-NF@CeO, sensor
and instead it gets well dispersed on to the pores of the sensor.
The static quenching involves the formation of a non-
fluorescent complex between the sensor (CdS-NS@CeO,)
and the quencher (Cr(VI)). Since, from the XRD study, no
new phase formation was observed, thus the Cr(VI) quenching
in our study does not involve the static mechanism.

When the excited state electron of the sensor returns to the
ground state through energy or charge transfer between the
quencher and the sensor, it is called dynamic quenching. In
order to evaluate the dynamic mechanism, the FL lifetime of
the sensor with and without the addition of quencher was
measured. From Figure S10, in the FL lifetime measurements
of the sensor (CdS-NF@CeO,) with and without Cr(VI)
addition, it can be seen that the lifetime remains constant at
4.64 ns, meaning that dynamic quenching is not the main
quenching mechanism for this Cr(VI) sensing. Thus, IFE may
be the main quenching mechanism.

IFE occurs when there is an overlap among the excitation or
emission spectrum of the sensor with the absorption spectrum
of the quencher. From Figure 10, it is clearly observed that a
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Figure 10. Mechanism of Cr(VI) quenching in the presence of the
CdS-NF@CeO, sensor.
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precise spectral overlap exists between the quencher’s
absorption band and the excitation and emission band of the
sensor. Hence, the FL quenching mechanism of the CdS-NF@
CeO,-based sensor can be confirmed as the IFE, which
accounts for the highly sensitive and fast response time of the
CdS-NF@CeO, sensor.

3.3. Oxidative Coupling of Benzylamine to N-
Benzylidenebenzylamine by CdS-NF@CeO, Nanocom-
posite with the Mechanistic Study. The photocatalytic
activity of CdS-NF@CeO, was further investigated in the

oxidative coupling of amine to imine by selecting benzylamine
as the model substrate (Scheme 1). As shown in Scheme 1, the

Scheme 1. Oxidative Coupling of Benzylamine to N-
Benzylidenebenzylamine

AN
NH, 0, N
2 OA /\@

Benzylamine N-benzylidenebenzylamine

oxidative coupling of benzylamine (1 mmol) was carried out in
the presence of CdS-NF@CeO, nanocomposites (10 mg), 1,4-
dioxane (1.5 mL) and molecular oxygen under irradiation by
four domestic LED bulbs (9 W each).
N-Benzylidenebenzylamine was obtained after 3 h of
reaction under ambient conditions (Table 4, entry 1).
However, in the absence of CdS-NF@CeO,, benzylamine
was hardly converted into the product, thus validating that the
catalyst is mandatory for the reaction to proceed (Table 4,
entry 2). Moreover, the reaction did not proceed in the
absence of light substantiating that light is indispensable for the
reaction and that the reaction is truly photocatalytic in nature
(Table 4, entry 3). However, under natural light, 66.7% of
benzylamine was converted to the desired product (Table 4,
entry 4). Additional experiments were performed to investigate
the mechanism of the reaction. When N, was purged into the
system to eliminate the O,, only a minimal amount of 16.2%
benzylamine was converted to the product (Table 4, entry S).
Similarly, when O, was replaced by H,0, and tert-Butyl
hydroperoxide (TBHP) as oxidants, 38.1, and 86.6%
conversions, respectively, were achieved. These results indicate
that molecular oxygen is a pivotal part of the oxidative coupling
reactions (Table 4, entries 6—7). Previous reports suggest that
molecular O, accepts an excited electron from the HOMO of a
photosensitizer and is converted to a superoxide radical.”** To
confirm the involvement of superoxide radicals in the reaction,
p-benzoquinone was added as a superoxide scavenger to the
reaction system (Table 4, entry 8). The substrate conversion
markedly decreased to 8.6% which clearly specifies that
superoxide formation is a crucial step in the reaction
mechanism. The involvement of holes from the VB in
oxidizing the benzylamine to yield a benzylamine radical
cation was examined by adding triethanolamine as a hole
scavenger (Table 4, entry 9). The pronounced decrease in
benzylamine conversion verified the vital importance of holes
in the reaction mechanism. Based on these findings, we
propose a plausible reaction mechanism for the oxidative
coupling of benzylamine to N-benzylidenebenzylamine
(Scheme 2). From the XPS VB spectra, it was observed that
the Eyg of CeO, (1.11 eV) is more positive than the Eyp of
CdS (0.28 eV). On the other hand, the Ecg of CdS (—2.02 V)
is more negative than CeO, (—1.87 eV). Thus, on the
illumination of the CdS-NF@CeO, nanocomposite, electrons
from the VB get excited to the conduction band (CB), thus
leaving holes in the VB. These excited electrons from the CB
of CdS get transferred to the CB of CeO, and the holes from
the VB of CeO, get transferred to the VB of CdS. In this way,
the recombination of electron—hole pairs gets diminished and
photocatalytic activity gets enhanced for the CdS-NF@CeO,
nanocomposite. The reduction potential of O,, E(0,/0,7) =
—0.33 eV, is less negative than the Ecp of CeO,. As a result, the
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Table 4. Oxidative” Coupling of Benzylamine to N-Benzylidenebenzylamine Using CdS-NF@CeO,

entry 1 2 3 4
CdS-NF@CeO, + — + +
Hv + + - +
0O, + + + +
conversion” (%) >99.9 2.3 0 66.7

@

d

S 6 7 8 9¢
+ + + + +
+ + + + +
- H,0, TBHP + +
16.2 38.1 86.6 8.6 0

“Reaction conditions: Benzylamme (1 mmol), CdS-NF@CeO, (10 mg), 3 h, 1,4-dioxane (1.5 mL), oxygen balloon. “Determined by GC. “In
presence of natural light. “In presence of p-benzoquinone. “In presence of triethanolamine.

Scheme 2. Proposed Mechanism for the Oxidative Coupling
of Benzylamine to N-Benzylidenebenzylamine

2

photoexcited electron from the CB of CeO, is accepted by the
molecular O, to form a superoxide radical. In addition, the Eyp
of CeO, is more positive than the oxidation potential of
benzylamine (1.08 eV); hence the holes from CeO, are
transferred to the primary amine, which yields intermediate
amine radicals. Furthermore, Ph—CH=NH is generated by
the reaction between the superoxide radical and intermediate
amine radical. As no benzaldehyde was detected in our work,
the Ph—CH=NH reacts with another benzylamine molecule
to form the intermediate (1). Finally, the desired product is
obtained by the hole-assisted elimination of the terminal amino
group. However, extensive interpretation is still required for
the complete exploration of this photocatalytic mechanism.
Next, several other reaction parameters were studied to
evaluate the optimization of reaction conditions. After carrying
out the reaction under optimized conditions in presence of the
CdS@CeO, nanocomposites (Table S, entries 1—5), it was
observed that all the catalysts show high conversion and
selectivity toward the benzylamine oxidations. When no
solvent was added to the system, only 3.8% benzylamine was
converted (Table 6, entry 1). Similarly, other organic solvents
with different polarities, such as toluene, acetonitrile,

Table 5. Evaluation of Several Reaction Parameters for
Photocatalytic Oxidative Coupling of Benzylamine to N-
Benzylidenebenzylamine Using CdS-NF@CeO,

entry catalyst (10 mg) conversion” (%)
1 CeO, 75.6

2 CdS-HE@CeO, 235

3 CdS-RL@CeO, 98.7

4 CdS-S@Ce0, 92

5 10% CdS-NR@CeO, 88

“Reaction conditions: Benzylamine (1 mmol); solvent (1.5 mL);
oxygen balloon; time (3 h); room temperature.
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Table 6. Evaluation of the Catalytic Activity of CdS@CeO,
Nanocomposites for Photocatalytic Oxidative Coupling of
Benzylamine to N-Benzylidenebenzylamine®

entry solvent oxidant  conversion” (%) selectivity® (%)
1 no solvent 0, 3.8 100
2 toluene 0, 6 100
3 acetonitrile 0, 27 100
4 THE 0, 162 100
S cyclohexane 0, 20.6 100
6 1,4-dioxane 0, >99.9 100
74 1,4-dioxane 0, 100 100
8¢ 1,4-dioxane 0, 2.4 100
o l,4-dioxane O, 49 100
10°% 1,4-dioxane 0, 100 100

“Reaction conditions: Benzylamine (1 mmol); CdS-NF@CeO, (10
mg); solvent (1.5 mL); oxygen balloon; time (3 h); room
temperature. “Conversions were determmed by GC peaks. “Selectivity
to N-benzylidenebenzylamine. 90.5 mmol substrate. 2 mmol
substrate. 7S mg catalyst. $15 mg catalyst.

tetrahydrofuran (THF), and cyclohexane, resulted in 6, 27,
16.2, and 20.6% conversion, respectively while 1,4-dioxane
resulted in >99.9% conversion (Table 6, entries 2—6). In all
cases, the selectivity was 100%. Thus, 1,4-dioxane was selected
as the best solvent.

Furthermore, when 0.5 and 2 mmol substrates were taken
while keeping all other conditions unvaried, 100% conversion
was obtained for 0.5 mmol whereas only 2.4% of 2 mmol
substrates was converted (Table 6, entries 7—8). This suggests
that on increasing the substrate amount there is a decrease in
the available surface area of the catalyst for substrate
adsorption. Similarly, the 5 mg catalyst resulted in a decrease
(4.9%) in conversion due to the decrease in active sites
provided by the catalyst (Table 6, entries 9—10). Table S3
summarizes a comparison between our catalyst and other
reported catalysts, which shows that the catalytic activity of
CdS-NF@CeO, for oxidative coupling of benzylamine to N-
benzylidenebenzylamine is much better than the reported
ones.

Thus, the CdS@CeO, nanocomposites possess superior
photocatalytic activity and can be utilized for other photo-
catalytic applications.

3.3.1. Time Profile and Kinetics Study of Oxidative
Coupling Reaction of Benzylamine to N-Benzylidenebenzy!-
amine. The time-profile study was conducted for the oxidative
coupling of benzylamine using CdS-NF@CeO, to evaluate the
reaction kinetics (Figure 11). At 30 min intervals, an aliquot of
the reaction mixture was drawn out, and the conversions were
determined by GC analysis. Formation of N-benzylideneben-
zylamine was observed during the course of the reaction and >
99.9 conversion was achieved at 3 h. Kinetic experiments
revealed that the reaction is a first-order reaction with respect
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Figure 11. Time profile of the oxidative benzylamine coupling
reaction by CdS-NF@CeO, catalyst. Reaction conditions: 1 mmol
benzylamine, 10 mg CdS-NF@CeO,, 1.5 mL 1,4-dioxane, 3 h, O,
balloon. Error bars denote standard error.

to benzylamine having a rate constant of 3.33 X 107* s7!

(Figure 12).
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Figure 12. Kinetics plot of the oxidative benzylamine coupling
reaction by CdS-NF@CeO, catalyst. Reaction conditions: 1 mmol
benzylamine, 10 mg CdS-NF@CeO,, 1.5 mL 1,4-dioxane, O, balloon.
Ay, A, denotes initial concentration and concentration at time ft,
respectively. K is the rate constant.

3.3.2. Recyclability. The most interesting property of a
heterogeneous catalyst is its reusability. Figure 13 presents the
recyclability graph of the CdS-NF@CeO, catalyst for 5
catalytic cycles of benzylamine oxidative coupling. It is evident
from the graph that CdS-NF@CeO, is active even up to the
fifth catalytic cycle giving a conversion of 98.3%.

4. CONCLUSIONS

In conclusion, several CdS morphologies loaded over the CeO,
surface were synthesized by following a simple solvothermal
route and were used as-synthesized. The CdS-NF@CeO,
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Figure 13. Recyclability test of the CdS-NF@CeO, catalyst.

catalyst exhibits exorbitantly improved photocatalytic activity
in the oxidative coupling of benzylamine to N-benzylidene-
benzylamine via molecular oxygen as the oxidant with as high
as >99.9% conversion and 100% selectivity. The versatility of
the CdS-NF@CeO, catalyst was also corroborated by using it
as a fluorescent sensor for the detection of Cr(VI) ions in
water with a quantum yield of 73% and a LOD of 0.04 yM.
This catalyst can be employed in a huge variety of
photocatalytic C—N bond formation reactions and is also
employed as an eflicient sensor for the detection of metal ions
with a very low detection limit.
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