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ABSTRACT: Expanding the light-harvesting range and suppressing
the quick recombination of photogenerated charge carriers are of
paramount significance in the field of photocatalysis. One possible
approach to achieve wide absorption range is to synthesize type-II
core/shell heterostructures. In addition, this system also shows great
promise for fast separation of charge carriers and low charge
recombination rate. Herein, following the surface functionalization
method using 3-mercaptopropionic acid (MPA) as a surface
functionalizing agent, we report on designing NaNbO,/CdS type-II
core/shell heterostructures with an absorption range extending to
visible range and explore the opportunity toward degradation of -
methylene blue (MB) dye as a model pollutant under visible light |
irradiation. Characterizations including X-ray diffraction (XRD), field-
emission scanning electron microscopy (FESEM), UV—vis diffuse reflectance spectrum (DRS), transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), and Raman spectroscopy support the growth of CdS shell onto
NaNbO; nanorods. The resulting core/shell heterostructures unveiled high surface areas, enhanced light harvesting, and
appreciably increased photocatalytic activity toward MB degradation compared to individual counterparts and the photocatalytic
standard, Degussa P25, under visible light irradiation. The remarkably enhanced photocatalytic activity of core/shell
heterostructures could be interpreted in terms of efficient charge separation owing to core/shell morphology and resulting type-II
band alignment between NaNbO; and CdS, which creates a step-like radial potential favoring the localization of one of the
carriers in the core and the other in the shell. A plausible mechanism for the degradation of MB dye over NaNbO;/CdS core/
shell heterostructures is also elucidated using active species scavenger studies. Our findings imply that hydroxyl radicals (OH®)
play a crucial role in dictating the degradation of MB under visible light. This work highlights the importance of core/shell
heterostructures in leading toward new paradigms for developing highly efficient and reusable photocatalysts for the destructive
oxidation of recalcitrant organic pollutants.
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B INTRODUCTION (NaNbO;), an intriguing material with a typical pervoskite

Semiconductor photocatalysis has gained international emi-
nence as a vanguard solution for the destructive oxidation of
recalcitrant organic pollutants to mitigate the deterioration of
environment."” Following the landmark work by Fujishima and
Honda, the semiconductor photocatalyst, TiO,, has received
intense scrutiny owing to its unsurpassed stability and
efficiency. This milestone research opens up a new chapter in
the field of photocatalysis and attempts to outperform TiO,,
having generated a large array of novel photocatalytic materials
such as ZnO, SnO,, BiVO,, SrTiO;, NaNbO;, ZrO,, WO, and
so forth.*™"!" Among the explored semiconductor photocatalyst
systems, perovskite based metal oxides'>™** such as SrTiO; and
NaNbO; have garnered noticeable attention in alleviating
noxious pollutants and are touted as an environmentally benign
and viable alternative to TiO,. In this regard, sodium niobate
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structure and rich pool of useful properties including good
chemical stability, high crystallinity, low cost, abundance, and
low environmental impact has spurred a great deal of scientific
and technological interest.">”'” Nevertheless, the prospect of
efficient photocatalysis has not been reached primarily due to
the wide band gap associated with NaNbO; that precludes
significant activity under visible light.'"®'® Another daunting
issue still remains with NaNbO; in suppressing the rapid
recombination of photoexcited charge carriers.”® Thus,
strenuous efforts have been devoted to push the absorption
onset of NaNbO; toward longer wavelengths and to accelerate
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the separation of charge carriers for improving the degradation
of pollutants under visible illumination."®*' > In this context,
of particular note is the construction of one-dimensional
nanostructures (e.g,, nanotube, nanowire, nanobelt, nanorod,
etc.) which render a continuous electron-transport pathway for
the fast collection of photoexcited carriers, thus retarding the
recombination of charges leading to enhanced absorption and
efficiency under visible light irradiation.”*** Another booming
strategy to surmount the issue of high energy photons of wide
band gap metal oxides is to integrate with low band gap
semiconductors in a single nanostructured material**~>® Low
band gap semiconductors such as metal chalcogenides (e.g.,
CdS, CdSe, PbSe, CdTe) exhibit discrete energy levels and size-
tunable band gaps, which allow the design and tailoring for
efficient light harvesting.”® Such light harvesting capability
coupled with the possibility of multiple exciton generation
through size and composition modulation makes these
semiconductors strong contenders for sensitizing wide band
gap materials.>*™>* To date, as a well-known metal
chalcogenide and II-VI semiconductor, CdS has been
ubiquitously employed in light harvesting owing to its favorable
band gap (2.4 eV), corresponding well with the spectrum of
sunlight and suitable band edge positions and high extinction
coefficient.>*3¢ Thus, it is speculated that the sensitization
property of CdS not only extends the response of NaNbO,
nanostructures to the visible region but may also facilitate the
charge suppression process. An additional potentially effective
approach to modulate the spectral response of NaNbOj; using
CdS sensitizer is by adopting the core/shell strategy, which
creates a step-like radial potential favoring the localization of
one of the carriers in the core and the other in the shell.>”?*
The growth of CdS shell on NaNbO; core nanostructures
results in a type-II band structure configuration of core/shell
heterostructures,™* which confers a platform for the
separation of carriers through core/shell interface and allowing
access to longer wavelengths. Thus, the judicious integration of
NaNbO; with CdS sensitizers in core/shell systems offering
enhanced charge separation and significantly improved photo-
catalytic activity through the deployment of a type-II band
structure configuration is highly desired.

By building from these ideas, for the first time, type-II
NaNbO,;/CdS core/shell heterostructures were synthesized
using the surface functionalization route. Evaluated by the
degradation of methylene blue (MB), these core/shell
heterostructures offer superior photocatalytic activity compared
to the corresponding single component and the photocatalytic
standard, commercial TiO, (Degussa P2S) under visible light
irradiation. This enhancement could be related to the eflicient
transfer of photogenerated carriers and wide absorption range
resulting from the type-II band gap structure and core/shell
configuration. The stability of the as-synthesized core/shell
heterostructures is further examined by monitoring the
photocatalytic activity for three successive cycles of degrada-
tion. No appreciable loss in photocatalytic activity is observed
and structural integrity is retained, as evidenced by X-ray
diffraction studies even after three cycles of degradation, which
predicts the stability and reusability of these core/shell
heterostructures for practical use in environmental applications.
To the best of our knowledge, this work is the first report of the
synthesis and exploration of the photocatalytic activity of
NaNbO;/CdS core/shell heterostructures. We envisioned that
our work may provide a straightforward paradigm for
developing highly efficient, stable, and reusable core/shell

heterostructures for environmental sustainability and energy-
harvesting applications.

B EXPERIMENTAL SECTION

Preparation of NaNbO; Nanorods. The utilized NaNbO,
nanorods were fabricated by following the hydrothermal route.** In
a typical synthesis, niobium pentoxide (Nb,O;) was dispersed in
deionized water. The resulting solution was then mixed with 10 N
NaOH solution and allowed to stir at room temperature for 2 h. The
reaction mixture was then transferred to a 100 mL Teflon-lined
stainless steel autoclave and heated at 150 °C for 48 h. Subsequently,
the autoclave was allowed to cool down to room temperature
naturally. The resulting products were collected by centrifugation,
washed several times with deionized water and absolute ethanol, and
finally dried at 70 °C for 4 h.

Preparation of CdS Nanoparticles. We have also conducted the
hydrothermal method for the synthesis of CdS nanoparticles using
cadmium nitrate tetrahydrate and thiourea as precursors.* Typically,
cadmium nitrate tetrahydrate and thiourea were separately dissolved in
50 mL of ethylene glycol. Subsequently, the cadmium solution and the
thiourea solution were mixed together and loaded in a 100 mL Teflon-
lined stainless steel autoclave. The reaction mixture was heated at 180
°C for 2 h and then air-cooled to room temperature. The resulting
yellow product was separated by centrifugation and washed repeatedly
with deionized water and absolute ethanol.

Preparation of NaNbO3/CdS Core/Shell Heterostructures.
For the growth of CdS shell onto NaNbO; nanorods, we adopted a
surface functionalization route using 3-mercaptopropionic acid (MPA)
as the functionalizing agent.46 20 uL of MPA was added to the
NaNbO; nanorods dispersed in water and the reaction mixture was
allowed to stir for 4 h at room temperature to completely functionalize
the surface of nanorods. Afterward, Cd(NO;),-4H,0 solution was
added gradually drop by drop to the above reaction mixture under
constant magnetic stirring at room temperature. Finally, Na,S-9H,0
was added slowly to the system and stirred constantly at room
temperature. The solution gradually turned to a faded yellow color,
suggesting the formation of CdS layer over NaNbO; nanorods. The
resulting yellow colored product was extracted by centrifugation and
washed repeatedly with water and absolute alcohol.

Characterization. X-ray Diffraction (XRD). The crystallinity,
phase composition, and purity of the resulting products were assessed
through X-ray diffraction (XRD) analysis on a Bruker D8 Advance
diffractometer equipped with Ni-filtered Cu Ko radiation (4 = 1.5418
A) in the 20 range of 10—70° at a scanning rate of 0.02° per second.

The strain developed during the shell formation was estimated by
Williamson-Hall plot using the following equation*’

Pcos@/A =1/D + nsinO/A (1)

where £ is the full width at half-maximum (fwhm) of the —260 peak, 6
is the diffraction angle, A is the X-ray wavelength, 5 is the effective
strain, and D is the crystallite size. The strain (77) is calculated from the
slope and the crystallite size (D) is calculated from the intercept of a
plot of  cos 6/4 against sin 6/1.

The crystallite sizes obtained using Williamson-Hall plot were
corroborated with the crystallite sizes (Dgy, in A) calculated by the
application of the Scherrer’s formula (eq 2) to the PXRD data:*®

Dy, = KA/ cos 0 2)

where 1 is the wavelength of Cu Ka radiation, f is the corrected half-
width of the diffracted peak, € is the diffraction angle, and K is equal to
0.9.

Raman Spectroscopy. Raman spectra of the as-synthesized samples
in the powder form were recorded at room temperature with a Horiba
Xplora micro-Raman system equipped with a 532 nm Ar" ion laser. To
avoid excessive heating during measurements, the powder samples
were recorded at a laser power of 3 mW.

Field-Emission Scanning Electron Microscopy (FESEM). The
surface morphologies of all the synthesized samples were analyzed
with the aid of field-emission scanning electron microscopy (FEI
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QUANTA 3D FEG) operating at an accelerating voltage of S kV
equipped with an energy dispersive X-ray spectroscopy (EDS)
detector for elemental mapping. A small amount of dry sample was
put on carbon tape adhered to an aluminum stub and sputter-coated
by an ultrathin layer of gold prior to inspection to prevent sample-
charging effects and observed at magnifications 20 000 times their
original size.

Transmission Electron Microscopy (TEM), High Resolution TEM
(HRTEM), and Point EDS. TEM and HRTEM studies were employed
to gain detailed insight into the morphology of the as-synthesized
core/shell heterostructures. Specimens for TEM investigations were
prepared by first dispersing the as-synthesized samples in ethanol
under the assistance of ultrasonication and then dropping one drop of
the suspension onto a 400-mesh copper grid, coated with a holey
carbon film. Images were recorded on a FEI Technai G* 20 operated at
an accelerating voltage of 200 kV. This instrument was equipped with
an energy dispersive X-ray spectroscopy (EDS) system with the
potential of performing point EDS scan from the edge and the center
of the heterostructures to further substantiate the core/shell formation
in NaNbO,/CdS heterostructures.

UV—vis Diffuse Reflectance Spectra (UV—vis DRS). The optical
properties of as-synthesized samples in the pressed disk form were
analyzed by UV—vis diffuse reflectance spectroscopy recorded on a
Shimadzu UV-2450 spectrometer equipped with an integrating sphere
assembly, over a wavelength range of 250—700 nm employing BaSO,,
as a reflectance standard. A convenient way of displaying the optical
absorption spectrum of a material and to define its optical band gap is
using Tigc plot. The following relational expression proposed by Tauc
is used:

(aho)'" = A(ho — Eg) (3)

where h is the Planck’s constant, v is the frequency of vibration, a is
the absorption coefficient, E, is the band gap of the material, n denotes
the nature of the electronic transition, for direct transition, n = 1/2,
and for indirect transition, n = 2, and A is the constant.*® The acquired
reflectance data was converted to F(R,,) values by the application of
the Kubelka—Munk algorithm and the function F(R,,) = (1 — R)*/
2R, is used as the equivalent of absorbance, wherein R, is the diffuse
reflectance of an infinitely thick sample layer and F(R,,) is usually
termed the Kubelka—Munk (K-M) function. Thus, a in the Tauc
equation (eq 3) is substituted with F(R,,) and the Tauc equation can
be rewritten for diffuse reflectance calculations as

(ER )" = Alhv — E,) @)

A curve that plots the value of hw on the horizontal axis and (F(R,,)
hv)/" on the vertical axis is drawn. The linear extrapolation of [F(R,)
hv]"/" to the abscissa at zero F(R,,) permits estimation of the band gap
energies of these samples.

N, Adsorption—Desorption Isotherms. To determine the Bruna-
uer—Emmett—Teller (BET) surface area of the as-synthesized
samples, nitrogen adsorption—desorption measurements were per-
formed at the temperature of liquid nitrogen (~77 K) using a Quanta
Chrome (Nova 2000e) surface area analyzer. Prior to N, adsorption,
the samples (~100 mg) were degassed in vacuum at 70 °C for 8 h to
clean the unwanted adsorbants from the surface. The BET surface area
was determined by a multipoint BET method using the adsorption
data in the relative pressure (P/P,) range of 0.05—0.30.

Photocatalytic Activity Tests. The photocatalytic performance of
the as-synthesized samples was evaluated by observing their abilities to
degrade the methylene blue (MB) dye, which is adopted as a
representative organic pollutant of dye wastewater, in aqueous solution
under simulated visible irradiation induced by a 100 W tungsten lamp
equipped with UV cut off filter to remove the radiation below 420 nm.
The photocatalytic tests were performed in a reactor equipped with a
cooling water cycle system to keep the temperature stable. In a typical
visible-light photocatalytic experiment, the catalyst (20 mg) was
dispersed in a 50 mL aqueous solution of methylene blue (1 X 107°
M) and the obtained catalyst suspensions were magnetically stirred at
300 rpm in the dark for 1 h to ensure adsorption/desorption

equilibrium between catalyst and organic dye. The catalyst suspension
was subsequently irradiated with a 100 W tungsten lamp, placed at a
working distance of 10 cm from the light source to initiate the
photocatalytic reaction. Adequate aliquots (2 mL) of the suspension
were extracted and centrifuged at 10 000 rpm after every S min during
the course of 60 min irradiation to remove the residual catalyst
particulates for analysis. Analogous control experiments were
performed either without catalyst or in the dark to attest that the
degradation reaction is solely driven by a photocatalytic process. The
photodegradation efficiency was monitored by measuring the change
in intensity of the characteristic absorbance of MB at 664 nm using
Shimadzu UV-2450 spectrometer with 10 mm path length quartz cells.
The photodegradation efficiency (D) of each catalyst was computed
using the following equation™

D(%) = 100 x (C, — C)/C, (5)

where C is the concentration of MB at the time interval t and C, is the
concentration after the adsorption equilibrium is reached before
irradiation.

Identification of Reactive Species Generated during Photo-
catalysis. To gain an understanding of the mechanism of photo-
catalytic degradation of MB over NaNbO,/CdS core/shell hetero-
structures under visible light irradiation, trapping experiments using
active species scavengers were performed. Controlled photoactivity
experiments using different active species scavengers were conducted
similarly to the above photocatalytic degradation of MB except that
active species scavengers (10 mM) were added to the MB solution
prior to the addition of the photocatalyts. Ammonium oxalate as
scavenger for photogenerated holes (h*), AgNO; as the scavenger for
electrons (e’), benzoquinone as the scavenger for superoxide radical
anions (0,*7), and tert-butanol for hydroxyl radicals (OH®) were
introduced to examine the predominant active species participating in
the photodegradation of MB over NaNbO,;/CdS core/shell
heterostructures.

Photoluminescence (PL) Spectra. The photoluminescence (PL)
spectra of the as-synthesized samples in the powder form were
investigated at room temperature on a Fluoromax-4 fluorescence
spectrophotometer (Horiba Jobin Yvon Japan) with an excitation
wavelength (A,) of 340 nm and the width of the excitation and
emission slit were 2 and S nm, respectively. The emission spectrum
was monitored over a wavelength range of 300—700 nm.

Stability and Reusability of the Photocatalysts. Additionally, the
recycling experiments were performed for three consecutive cycles to
test the stability and reusability of the photocatalysts. At each cycle
interval, the photocatalysts were recycled using a high speed centrifuge
and washed thoroughly with water and ethanol several times to
remove residual dye impurities, and subsequently dried at 60 °C for
the next photocatalytic test. Cycling experiments and X-ray diffraction
studies were utilized to access the evaluation of stability and reusability
of the core/shell heterostructures.

B RESULTS AND DISCUSSION

By suitably modulating the experimental parameters such as
cadmium and sulfur precursor concentration as well as by
varying the amounts of MPA, a controlled shell thickness of
NaNbO;/CdS heterostructures was achieved. The present
NaNbO;/CdS core/shell heterostructures are thoroughly
characterized by XRD, FESEM, TEM, EDS, and DRS studies
and provide an ideal platform to study the photodegradation of
organic pollutants such as methylene blue. The results of
NaNbO,;/CdS core/shell heterostructures obtained with
optimized conditions, accompanied by comparison with the
individual counterparts (NaNbO; nanorods: diameter ~100
nm and CdS nanoparticles: diameter 40 nm) are discussed
here.

XRD Analysis. Information regarding the phase composi-
tion, purity, and crystallinity of the as-synthesized samples were
procured by X-ray diffraction (XRD) analysis, and the results
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Figure 1. (a) XRD patterns of NaNbO; nanorods and NaNbO,/CdS core/shell heterostructures, and (b) XRD patterns of NaNbO; nanorods and
NaNbO;/CdS core/shell heterostructures showing shift in the peak position due to core/shell formation.

obtained are shown in Figure 1. Qualitative analysis of the XRD
patterns (shown in Figure 1a) indicates that all the diffraction
peaks of NaNbO; correlate closely with the documented
orthorhombic phase of NaNbO; (JCPDS card no. 895173),
with some additional peaks at 26 values of 26.90° and 43.84°
are undisputedly indexed to (111) and (220) crystallographic
planes of cubic CdS (JCPDS card no. 751546), respectively. An
interesting finding scrutinized from the XRD patterns is that
the diffraction peaks corresponding to NaNbO; in NaNbO,/
CdS core/shell heterostructures shifts toward a higher 20 values
(Figure 1b). Based on Bragg’s law,>' the observed shift of the
diffraction peaks to larger angle directly reflects the lattice
shrinkage of the NaNbO; with the growth of CdS shell and
implies the existence of strain between the core and shell
material. Evidence of strain in these core/shell heterostructures
is supported from the Williamson-Hall (W—H) plot using the
following equation*’

pcos@/A=1/D + nsin8/A (1)

where f is the full width at half-maximum (fwhm) of 8 — 20
peak, O is the diffraction angle, 4 is the X-ray wavelength, 7 is
the effective strain, and D is the crystallite size. The strain (7) is
calculated from the slope and the crystallite size (Dyy) is
calculated from the intercept of the plot of f cos /4 against sin
0/2. Consideration of slope of the fitted line in W—H plots
shown in Figure 2 would lead to a conclusion that the bare
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Figure 2. Williamson-Hall plot for NaNbO; nanorods and NaNbO;/
CdS core/shell heterostructures.

13224

NaNbO; experiences a net expansive strain (positive strain,
+0.0089), while as the shell is grown, NaNbO; experiences a
net compressive strain (negative strain, —0.0076). The
expansive strain in NaNbO; nanorods developed itself during
the preparation method.>> The negative strain existing in
NaNbO; is the consequence of the CdS shell which compresses
the lattice planes of NaNbOj; and shifts the diffraction peaks
toward larger angle.>> The crystallite size that takes strain into
account can be estimated from the intercept of the fitted line
shown in Figure 2. Concerning the crystallite sizes, a calculation
based on both Williamson—Hall plot (Dyy) and Scherrer
formula (Dgg,) are consistent with each other. The calculated
lattice paramters, Dgy, 7, and Dyy values have been
summarized in Table 1. Thus, XRD investigations conclude
the existence of orthorhombic NaNbOj; along with the cubic
CdS in NaNbO;/CdS heterostructures and also hints at the
possibility of formation of core/shell morphology between
NaNbO; and CdS through Williamson-Hall analysis; however,
the confirmation of core/shell morphology is substantiated by
additional results as discussed below.

Raman Studies. Raman spectroscopy, a more surface
sensitive technique, was utilized as an additional tool to probe
the phase composition in core/shell heterostructures. As
follows in Figure 3, Raman measurements of NaNbO;/CdS
core/shell heterostructures, NaNbO; nanorods, and CdS
nanoparticles were probed. Our Raman characterization of
NaNbO, and CdS is in accord with the previous work®*®
indicating the defect-free synthesis of NaNbO; nanorods, which
were utilized in the synthesis of core/shell heterostructures.
Interestingly, subsequent to the growth of CdS shell onto
NaNbO;, the core/shell heterostructures manifest the Raman
teatures of NaNbOj; and CdS. However, the intensity of Raman
band at 600 cm™' is remarkably enhanced and the peak is
broadened owing to the overlap of Raman band of NaNbO;
with CdS. The observed mode wavenumbers and proposed
assignments are summarized in Table 2. Thus, the results
acquired through Raman measurements show the existence of
NaNbO; and CdS in the core/shell heterostructures and
support the XRD results.

FESEM Analysis. To probe the surface morphology of
NaNbO; before and after growth of CdS shell, we performed
the field-emission scanning electron microscopy (FESEM)
measurements. Apparently, the initial NaNbO; has uniform
rod-like morphology manifesting an average length of 1 + 0.02
um and uniform diameter in the range of 100 & S nm along the
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Table 1. Crystallite Size, Cell Parameters, and Lattice Strain of NaNbO; and NaNbQ;/CdS Core/Shell Heterostructures

shell thickness  crystallite size (Scherrer equation) Dgg,

crystallite size (Williamson and Hall method)

cell parameter  lattice strain

sample (nm) (nm) Dyy (nm) (A) (%)
NaNbO, - 49.7 493 a = 5502 (6) +0.89
b=15562(3)
¢ =15.518 (5)
NaNbO,/ 40 444 442 a = 5.498 (4) -0.76
Cds b = 5.557 (6)
¢ =15514 (1)
- rougher surface, indicating the successful deposition of CdS
g e outlayer on NaNbO; nanorods.
o FESEM-EDS Elemental Mapping Analysis. To unravel
NaNbO,/CdS the elemental composition and the amount of distribution of
S elements present in NaNbO;/CdS core/shell heterostructures,
g cas energy dispersive X-ray spectroscopy (EDS) elemental

Raman Intensity (a. u.)

L) M I v L) v L) v
200 400 600 800 1000
Raman Shift (cm™)

Figure 3. Raman Spectra of NaNbO;/CdS core/shell heterostructures,
NaNbOj; nanorods, and CdS nanoparticles.

Table 2. Observed Wavenumbers of NaNbO,, CdS, and
NaNbO;/CdS Core/Shell Heterostructures in the Raman
Spectra

NaNbO,/
NaNbO; (cm™) CdS (ecm™) CdS (ecm™)
60, 84 (translational modes involving 300 (first-order 65, 87 (from
Na" cation motion against NbOg longitudinal optical NaNbO;)
octahedra) phonon)
115, 135 (NbOy libration) 600 (second-order 303 (from

longitudinal optical CdS)

phonon)
180, 244, 274, 600, 868 (internal 602 (from
modes of NbOj ions) NaNbO,
and CdS)

entire length with smooth surfaces, as shown in Figure 4a.
Following the addition of Cd and S precursors, it is discerned
from Figure 4b that the overall alignment of the nanorods is
still preserved. However, compared to NaNbO; nanorods, the
NaNbO;/CdS heterostructures exhibit a larger diameter and

(€)) . )
4 FAv e >
Average length ¥ dpm =~ / . q
P ot B r =

Average diameter ~ 100.0m
&

Figure 4. FESEM images of (a) NaNbO; nanorods and (b) NaNbO,/
CdS core/shell heterostructures.

mapping was conducted. The mapping results (Figure Sb—f)
of the selected rectangular area of FESEM image of a single
NaNbO,/CdS core/shell nanorod (Figure Sa) clearly depicted
the coexistence of Na, Nb, O, Cd, and S elements in the
heterostructures. Noticeably, the distribution of all the elements
is homogeneous and uniform, however, the distribution of Cd
and S elements exhibits a much larger area than the other
elements,*® endorsing that NaNbO; nanorod cores are densely
and uniformly encased by CdS nanoparticles and results in
formation of core/shell heterostructures.

TEM Analysis. Convincing proof of the core/shell
formation in NaNbQO,;/CdS heterostructures is revealed by
TEM and HRTEM studies. Analysis of the TEM results
manifested in Figure 6a shows NaNbOj core nanorod with a
diameter of ~100 nm and the surrounding CdS shell with an
average thickness of ~40 nm. The brightness difference
between the core and the shell in the magnified TEM image
portrayed in the inset of Figure 6a clearly substantiates the
existence of a core/shell configuration of the heterostructures.
Shown in Figure 6b is a HRTEM image of the NaNbO;/CdS
core/shell heterostructures. By analyzing the interface of the
core and the shell in HRTEM taken from the selected
rectangular region of NaNbO;/CdS heterostructures (as
marked in Figure 6a), we observe that the lattice fringes are
continuous from the core to the shell. Due to the thickness, the
lattice fringes of NaNbO; core are not observed and only one
set of lattice fringes of 0.33 nm corresponding to (111) planes
of CdS is discerned in the core and the shell region, which is
accredited to the thick shell’” Thus, TEM and HRTEM
analysis explicitly validates the core/shell morphology of
NaNbO;/CdS heterostructures.

Synthesis of the CdS nanoparticles (of average size 40 nm) is
supported from the TEM results as displayed in Supporting
Information Figure S1.

TEM Point EDS Analysis. Additional support for the core
being made up of NaNbOj; and the shell consisting of CdS was
finally provided by point-EDS. Figure 7 displays a comparison
of point-EDS acquired by positioning the electron beam
through the center (core/shell) and only through edge (shell).
The copper and carbon signals came from the TEM grid. It can
be vividly seen from Figure 7 that on positioning the electron
probe through the center of the material and focusing on the
core, unveiled significantly intense signals of Na, Nb, and O and
weaker signal of Cd and S elements while stronger Cd and S
signals are detected in the shell region, accompanied by weaker
signal of Na, Nb, and O elements, which unambiguously
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Figure S. (a) Magnified FESEM image of single NaNbO;/CdS core/shell nanorod, and EDS mapping of (b) Na, (c) Nb, (d) O, (e) Cd, and (f) S

element in NaNbQO,;/CdS core/shell nanorod.

Figure 6. (a) TEM image and (b) HRTEM image of NaNbO,/CdS core/shell heterostructures. The inset in (a) shows the magnified TEM image of

NaNbQO;/CdS core/shell heterostructures.

confirms the core/shell configuration of the as-synthesized
NaNbO;/CdS heterostructures. Thus, combinatorial techni-
ques of FESEM, FESEM-EDS elemental mapping, TEM,
HRTEM, and point-EDS analysis make it possible to
unanimously conclude the core/shell morphology of
NaNbO;/CdS heterostructures.

UV—vis DRS Analysis. The light absorption properties of
the as-synthesized samples were analyzed by UV—vis diffuse
reflectance spectroscopy (UV—vis DRS). Figure 8 portrays the
UV—vis diffuse reflectance spectra of NaNbO; CdS, and
NaNbO,;/CdS core/shell heterostructures. As expected,
NaNbO; nanorods exhibit a pronounced absorption band in
the UV region at 371 nm, which is ascribed to electron
promotion from the valence band to conduction band.*®
Integrating CdS onto NaNbO; nanorods results in considerable
red shift in the absorption onset of NaNbO; which is implicit of
the interfacial interaction between the NaNbO; nanorods and

CdS shell.>® This revolution is easily discernible from the color
change from white to yellow as shown in the inset of Figure 8a,
and can be underpinned by the band gap estimation using the
Kubelka—Munk equation. Assuming the core/shell catalysts to
be direct semiconductors, like NaNbO; and CdS (as a
reasonable linear behavior is observed for NaNbO; and CdS
with exponent 1/2, corresponding to direct transition), a plot
of the modified Kubelka—Munk function versus the energy of
photon energy (as reflected in Figure 8b) affords band gap
energies of 3.35, 2.95, and 2.60 eV for NaNbO;, NaNbO,;/CdS,
and CdS, respectively. To sum up, the DRS result mirrors
substantial visible light photoactivity of NaNbO;/CdS core/
shell heterostructures, and therefore, core/shell heterostruc-
tures are expected to possess visible-light driven photocatalytic
abilities.

BET Surface Area Analysis. Before moving toward the
photocatalytic study of the as-synthesized samples, analysis of
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Figure 7. EDS analysis of the marked region in Figure Sa corresponding to (a) core/shell and (b) shell of NaNbO;/CdS heterostructures.
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samples.

surface area, a vital factor influencing the photocatalysis, is
indispensable. In general, a larger surface area can render more
adsorption and reaction sites for photocatalytic reactions and
improved transport of charge carriers, leading to an enhance-
ment in the rate of degradation of organic pollutants.” To
ascertain the surface area of the as-synthesized samples,
nitrogen adsorption—desorption isotherms are measured. The
Brunauer—Emmett—Teller (BET) surface area measurements
give a surface area value of about 7.18, 9.61, and 77.03 m*> g~*
for the NaNbO; nanorods, CdS nanoparticles, and NaNbO;/
CdS core/shell heterostructures, respectively. The results of
BET surface area analysis (as displayed in Figure 9 and
Supporting Information Figure S2) revealed that the growth of
CdS shell onto the NaNbO; nanorods greatly enhances the
surface area of the resulting core/shell heterostructures. The
enhanced surface area stemming from the rough surface of
core/shell heterostructures could facilitate more surface active
sites, and thus we anticipate that these NaNbO;/CdS core/
shell heterostructures are conducive to enhancing the photo-
catalytic performance.

Visible-Light-Driven Photocatalytic Activity. Dyes are
pervasive commercial chemicals that manifest unique environ-
mental problems.®"% The largest discharge of dyes into the
environment occurs via the dye effluents from textile mills and
confers an acute problem for municipal waste treatment
facilities. Quite apart from the aesthetic desirability of colored
streams resulting from dye waste, these dyes can undergo
natural anaerobic degradation to potentially carcinogenic
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Figure 9. Nitrogen adsorption—desorption isotherms of the NaNbO;/
CdS core/shell heterostructures.

amines. Treatment of dye-based effluents is considered to be
one of the more challenging tasks in environmental fraternity.
Technologies involving physical or biological treatments®>** do
not achieve significant organic dye pollutant degradation.
However, semiconductor photocatalysis, an alternative treat-
ment strategy can successfully oxidize notorious organic dye
pollutants existing in wastewater. Thus, to investigate the merits
of NaNbO;/CdS core/shell heterostructure photocatalyst
under visible light irradiation, we have utilized methylene
blue (MB) dye as a target pollutant of dye wastewater. The
characteristic absorption peak of MB at 664 nm was pursued to
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Figure 10. (a) Photocatalytic performance and (b) degradation efficiency of NaNbOj; nanorods, CdS nanoparticles, Degussa P25, and NaNbO,/
CdS core/shell heterostructures for the degradation of MB solution under visible light irradiation.

monitor the photocatalytic degradation process at different
time intervals of visible-light exposure. Blank experiments (i.e.,
without catalyst or visible light; not shown here) evince
negligible photocatalytic activities, thus corroborating that the
degradation reaction are truly driven by a photocatalytic
process. As evident from Figure 10 and color contrast of the
MB dye solution after 60 min (as shown in the inset of Figure
10a), the photocatalytic performance of NaNbO;/CdS core/
shell heterostructures to degrade MB under visible light
irradiation surpasses that of its individual counterparts. The
photodegradation efliciency curve disclosed in Figure 10b
unveiled that the MB was almost degraded after 60 min in the
presence of core/shell heterostructures, whereas ~99% and
45% of the MB remained in the presence of NaNbOj; nanorods
and CdS nanoparticles, respectively.

The photocatalytic decomposition of organic pollutants in
water generally follows the Langmuir—Hinshelwood mecha-
nism

kKC
=
1 + KC (6)

where r is the photocatalytic reaction rate (mol L™ min™"), k is
the photocatalysis rate constant (mol L™ min™"), K is the
equilibrium adsorption coefficient (L mol™), and C is the
reactant concentration (mol L™!) at time t. At low substrate
concentrations, the term KC (eq 6) in the denominator can be
neglected with respect to unity and the reaction kinetics exhibit
first-order behavior, i.e., r = kKC. This kinetic equation may be
written in the integral form
C

=0 = =
In c kKt kappt @)

where C, is the initial reactant concentration (mol L") and Kapp
is the apparent photocatalysis rate constant (min™') of the
pseudo-first-order reaction. To make a more convenient
comparison, the reaction kinetics of core/shell heterostructures
and its individual counterparts were fit into a pseudo-first-order
model. Calculations showed that the logarithmic plots of MB
concentration versus time for NaNbO;/CdS core/shell
heterostrcutures were approximately linear, indicating that the
overall catalytic kinetic of MB degradation accord with a first-
order reaction. However, ultimate validation of our premise
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that NaNbO,;/CdS core/shell heterostructures are eflicient
photocatalysts requires comparative investigation with photo-
catalytic standard, commercial TiO, (Degussa P25). As noted
from Figure 10, Degussa P25 showed relatively poor photo-
catalytic activity due to its limited photoresponding range and
only 11% of the MB was diminished in 60 min which could be
rationalized with high surface area of the P25 sample. The
apparent rate constants calculated from the slope of the linear
plots of In(Cy/C) versus irradiation time ¢ illustrated in Figure
11 were utilized to compare the photocatalytic activities of the

5

B NaNbO,/CdS k= 6.33E-2 (+4.5E-3) min”
A CdS  k=1.07E-2 (x1.3E-3) min"
“|® Degussa k=4.46E-3 (+4.8E-4) min"
® NaNbO, k=9.15E-5 (21.8E-5) min"

In(C,/C) of MB
T

0 10 20 30 40 50 60
Irradiation Time (min)

Figure 11. Plot of In(C,/C) as a function of visible irradiation time for
photocatalysis of MB solution containing: NaNbO; nanorods, CdS
nanoparticles, Degussa P25, and NaNbO;/CdS core/shell hetero-
structures under visible light irradiation.

as-synthesized samples are summarized in Table 3. The best
apparent degradation rate constant (6.33 X 107> (+4.5 X
107%)), which was higher than that of pure NaNbO; and
Degussa P25 by a factor of 692 and 14, respectively, was
obtained for NaNbO,;/CdS core/shell heterostructures. Thus,
unquestionably, NaNbO;/CdS core/shell heterostructures
display impressive photocatalytic activity under visible light
irradiation toward MB degradation relative to pure NaNbOj;
and benchmark material Degussa P25. Now, it is important to
clarify the intrinsic root causes of the enhanced photocatalytic
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Table 3. Optical Properties, Photocatalytic Acitivities, and
Surface Area of NaNbO;, CdS, and NaNbO;/CdS Core/
Shell Heterostructures

surface
shell band area
thickness ap (m* photocatalytic  rate constant
sample (nm) geV) g™ efficiency (%) (min™!)
NaNbO, - 3.35 7.18 1.1 9.15 X 107°
(=
1.8 X 107°)
Cds - 2.60 9.61 55.2 1.07 X 1072
(=
1.3 X 1073)
NaNbO,/ 40 295 77.03 98.1 6.33 X 107
Cds (=
4.5 X 1073)

mean of the absolute electronegativity of the constituent atoms.
Following the above equation, the calculated values of CB and
VB potential of NaNbO; and CdS are summarized in Table 4.

Table 4. Calculated Values of Conduction Band (CB) and
Valence Band (VB) Positions of NaNbO;, CdS, and
NaNbO;/CdS Core/Shell Heterostructures

shell band
thickness ap conduction band valence band
sample (nm) éV) (ev) (ev)
NaNbO; - 3.38 —0.60 2.75
Cds - 2.60 —0.70 1.90
NaNbO,/ 40 295  —0.60 (NaNbO,;) 275 (NaNbO,)
Cds —0.70 (CdS) 1.90 (CdS)

ability of the NaNbQO,;/CdS core/shell heterostructures. We
credit this markedly enhanced photocatalytic efficiency to the
following three factors:

1. Enhanced Adsorption. One of the factors accounting for
the remarkably enhanced photocatalytic efficiency of core/shell
heterostructures is the enhanced adsorption of dye molecules,
which results from the high surface areas of heterostructures.
The large surface area renders more surface active sites and
offers more opportunity for the diffusion and mass trans-
portation of MB dye molecules, leading to significantly
enhanced photocatalytic efficiency of core/shell heterostruc-
tures compared to its individual counterparts.

2. Expanded Visible Light Absorption. Another origin for
the outstanding photocatalytic performance of core/shell
heterostructures is the expanded visible light absorption. As
mirrored in DRS studies (Figure 8) that integrating CdS onto
NaNbO; nanorods results in an extended photoresponse range
of approximately 370 to 420 nm (corresponding to visible
region of electromagnetic spectrum) and a noticeable reduction
of band gap energy, implying a high potential for the utilization
of solar light and thus imparting superior photocatalytic activity
to the core/shell heterostructures.

3. Efficient Separation of Photogenerated Carriers. The
third and most crucial factor encouraging the significantly
enhanced photocatalytic performance of core/shell hetero-
structures is the facile transportation and separation of
photogenerated charge carriers. This efficient separation of
charge carriers in core/shell heterostructures could be
explained by “staggered type-II configuration” formed at the
core/shell interface of NaNbO,;/CdS heterostructures. The
proposed type-II band alignment in NaNbO;/CdS core/shell
heterostructures is ideal for photocatalytic applications where
charge separation is desirable. To explain the type-II band
alignment, the relative band edge positions of the two
semiconductors are investigated using the following empirical
formula®

Ecg = X + Ey — 0.5E, (8)

and

Eyg = Ecp + E,

where E, refers to the band gap energy of the semiconductor,
Ecp is the conduction band potential, Eyp is the valence band
potential, E, is scale factor relating the reference electrode
redox level to the absolute vacuum scale (E, = —4.5 eV for
normal hydrogen electrode), and X is the electronegativity of

the semiconductor, which can be expressed as the geometric

From the obtained values, it is evident that the CB and VB
potential of CdS is at higher potential than that of NaNbO,
correlating with the type-II band alignment, in which both the
conduction and valence bands of shell are either lower or
higher than those in the core. The type-II band alignment in
NaNbO;/CdS core/shell heterostructures is delineated in
Figure 12. From the band alignment diagram of core/shell

Figure 12. Schematic diagram showing separation of photogenerated
charge carriers in NaNbO;/CdS core/shell heterostructures.

heterostructures it is discerned that when CdS is irradiated by
photon energy surpassing its band gap energy, electrons are
photoexcited from the VB to the CB leaving holes in the VB
and then electron transfer from the CB of CdS to the CB of the
NaNbO; driven by the decreased potential energy, and
conversely, holes transfer from the VB of NaNbO; to the VB
of CdS under visible light irradiation. Consequently, the
photogenerated electrons and holes were separated at the
NaNbO,;/CdS core/shell interfaces, which reduced their
recombination probability and authorized them to migrate
effectively to the surfaces of NaNbO; and CdS. These
photogenerated charge carriers immediately join in the redox
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reactions and result in the formation of active species, which
participate in the degradation of MB. Organic dye pollutants
(MB) are eventually oxidized by these highly active species to
stable inorganic compounds. Thus, the above factors involving
extended light absorption, core/shell morphology, and high
surface areas taken together result in remarkably enhanced
photocatalytic activity of NaNbO,/CdS core/shell hetero-
structures.

Mechanism of Photocatalysis. Subsequent to identifying
the band alignment in NaNbO;/CdS core/shell heterostruc-
tures, it is imperative to understand the mechanism of
photocatalysis of MB under visible light irradiation. To unfold
the mechanism of photodegradation of MB using NaNbO,/
CdS core/shell heterostructure photocatalyst, a series of
quenchers were employed to ascertain the ruling active species.
Benzoquinone (BQ) as a scavenger for O,%, ammonium
oxalate (AQ) for h*, AgNO; for e, and t-BuOH for OH® were
introduced to the MB solution prior to the addition of core/
shell photocatalyst.”” As an outcome of quenching, the more
photocatalytic efficiency is reduced by the scavengers, the more
pivotal the corresponding oxidizing species is in the photo-
degradation. Presented in Figure 13 is the photodegradation of
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Figure 13. Effects of a series of scavengers on the photodegradation
efficiency of MB using NaNbO;/CdS core/shell heterostructures.

MB over NaNbO;/CdS core/shell heterostructure photo-
catalyst in the presence of active species scavengers. The
addition of AgNO; (electrons scavenger) and BQ (superoxide
radical anions scavenger) substantially reduced the photo-
degradation of MB. A similar inhibition phenomenon is
observed with the introduction of t-butanol (hydroxyl radicals
scavenger) on the photodegradation of MB. However, the
addition of AO (holes scavenger) only caused a small decrease
in the photocatalysis of MB.

Directed by the above findings from the active species
trapping experimental results, we concluded that OH®, ensuing
through the involvement of photogenerated electrons and
superoxide radical anions, is the predominant contributor to the
photocatalysis of MB over NaNbO;/CdS core/shell hetero-
structures and that photogenerated holes play an assistant role.
On the basis of the above conclusion, we propose below a
plausible mechanism for the photodegradation of MB over
NaNbO;/CdS core/shell heterostructures.

CdS + hv — CdS(e cphityp)

13230

CdS(e”¢p) + NaNbO, — CdS + NaNbO, (e ¢p)
NaNbO,(e ) + O, — NaNbO; + O,

0,"” + H,0 —» HO; + OH"

HOS + H,0 — OH® + H,0,

H,0, — 20H"

OH® + MB - CO, + H,0

CdS(h'yy) + MB — Degraded products

where e ¢ and h*yy stand for the electron in the conduction
band and hole in the valence band, respectively.

Under the irradiation of visible light, the electrons are excited
from the valence band (VB) of CdS in NaNbO,/CdS core/
shell heterostructures to its conduction band (CB), thereby
forming the photoactive species, electron and hole. Simulta-
neously, the photogenerated electrons can fleetly transfer to the
CB of NaNbO; driven by the decreased potential energy which
can be further trapped by molecular oxygen in the reaction
system to activate molecular oxygen (e.g, the formation of
superoxide radical anion), thus efficiently inhibiting the
recombination of electron—hole pairs and prolonging the
lifetime of charge carriers. The formed superoxide radical anion
sequentially results in the generation of hydroxyl radicals, which
are found to be the ruling active species in the photo-
degradation of MB. The photogenerated holes are also involved
in the degradation of MB to some extent as evidenced by the
active species trapping experiments. Thus, combining the effect
of hydroxyl radicals and photogenerated holes results in
degradation of MB over NaNbO;/CdS core/shell hetero-
structure photocatalyst under visible light illumination.

PL Analysis. The prolonged lifetime and lower recombina-
tion rate of photogenerated charge carriers in NaNbO;/CdS
core/shell heterostructures could be corroborated by photo-
luminescence (PL) analysis. Considering that PL emission
signals result from the recombination of free carriers, we have
employed photoluminescence studies to understand the fate of
photogenerated charge carriers. As portrayed in Figure 14, the
emission peak in bare CdS and NaNbOj at 505 and 387 nm is
assigned to the band gap transition correlating well to the band
gap energy of CdS and NaNbOj;, respectively. However, after
the growth of CdS shell onto NaNbO; nanorods, almost

A, 340 nm = NaNbO,

505

- CdS

@ NaNbO,/CdS

PL Intensity (a.u.)

400 500 600
Wavelength (nm)

700

Figure 14. Photoluminescence (PL) spectra of the NaNbO,/CdS
core/shell heterostructures, NaNbO; nanorods, and CdS nano-
particles.
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patterns of NaNbO;/CdS core/shell heterostructures before and after photocatalytic reaction.

immediate quenching of the emission of NaNbOj is observed
and a new emission peak at 460 nm appears. The significant
shift to the longer wavelengths in the absorption and emission
spectra also substantiates the growth of the shell. In addition,
the PL intensity of NaNbO;/CdS core/shell heterostructures
shows a pronounced decrease compared to the NaNbO; and
CdS, accredited to efficient separation of photogenerated
charge carriers driven by the type-II band alignment between
NaNbO; and CdS. As evident from the band diagram of
NaNbO;/CdS core/shell heterostructures, both the valence
and conduction band of CdS lie above that of NaNbO;, thus
forming a staggered type-II band alignment, which allows the
transfer of photogenerated electrons from the conduction band
of CdS to the conduction band of NaNbO; and conversely,
holes transfer from the valence band of NaNbOj to the valence
band of CdS, under visible light irradiation. As a result, the
electrons accumulate in the conduction band of NaNbO,
nanorods and the holes gather in the valence band of CdS,
thereby resulting in efficient suppression in recombination of
charge carriers and longer lifetime of carriers. Thus, the results
drawn from the PL analysis support the fact that the growth of
CdS shell onto NaNbOj; could efficiently slow down the
recombination of photogenerated carriers and prolong the
lifetime of carriers, and thus are accountable for the superior
visible light driven photocatalytic activity of the resulting
NaNbO;/CdS core/shell heterostructures.

Stability and Reusability of NaNbO;/CdS Core/Shell
Heterostructures. The possibility of catalyst reuse and
stability in photocatalytic processes is of paramount importance
since it could contribute significantly to lowering the
operational cost of the process, thus making photocatalysis a
captivating approach for dye wastewater treatment. To this end,
three consecutive cyclic photodegradation experiments were
performed for core/shell heterostructures, each time using the
same catalyst and a fresh dye solution. Cycling experiments and
X-ray diffraction studies were utilized to access the evaluation of
stability and reusability of the core/shell heterostructures. The
results of the cycling experiments of the NaNbO,/CdS core/
shell heterostructures for photodegradation of MB under
visible-light irradiation are depicted in Figure 15a and indicate
a trivial decline (~10%) in photocatalytic activity after three
cycles, which could originate from the unavoidable loss of the
sample during recycling. The photostability of the catalysts was
monitored by using X-ray diffraction and TEM studies during
the course of photocatalytic reactions and the results in Figure
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15Sb and Supporting Information Figure S3 showed that the
recovered catalysts after three photodegradation cycles reveal
intact phase of the NaNbO; and CdS, and no discernible
change in morphology, implying that the core/shell hetero-
structure photocatalyst maintains its structural integrity even
after three photocatalysis reactions. Thus, analysis of cycling
experiment results reflects the stability and viable potential of
the synthesized core/shell heterostructures for practical use in
environmental applications.

Thus, the results of this study suggest strongly that control of
morphological design and appropriate band alignment allows
achievement of highly efficient and reusable visible-light
photocatalysts. Further, our results offer broad implications
for steering the design and development of novel core/shell
heterostructures for wastewater treatment, air purification, and
separation technology, among others.

B CONCLUSIONS

This work represents the comprehensive study of novel type-II
NaNbO,;/CdS core/shell heterostructures synthesized by
adopting a simple wet chemical approach. Collectively, all of
our acquired data, including PXRD, FESEM, TEM, EDS, DRS,
and Raman studies, unambiguously support the existence of the
reported core/shell heterostructures. We have explored the
possibility of photocatalysis in these core/shell heterostructures
and found that NaNbO;/CdS core/shell heterostructures
manifested superior photocatalytic activity toward methylene
blue (MB) degradation under visible light irradiation compared
to its counterparts and photocatalytic reference, Degussa P2S.
It turns out that the core/shell morphology and type-II band
alignment resulting from the judicious combination of NaNbO;
and CdS are responsible for the onset of photocatalysis in
NaNbO;/CdS core/shell heterostructures. The synergistic
effect of the as-synthesized NaNbO;/CdS core/shell hetero-
structures enlarges the photoresponse of the band gap of
NaNbO; and effectively retards the recombination of photo-
generated charge carriers, thus finally inducing the UV-filtered
visible light photocatalytic activity in NaNbO;. Moreover, the
core/shell heterostructures possesses admirable photostability
and reusability even after three consecutive cycles of
degradation. Our findings evince that the control of
morphological design and appropriate band alignment should
be the main thrust of photocatalyst design. We envision that
our results open up a new avenue for exploring novel core/shell
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heterostructures for environmental remediation and energy-
harvesting applications.
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Figure S1: TEM image of CdS nanoparticles. Figure S2:
Nitrogen adsorption—desorption isotherms of the uncoated
NaNbOj; nanorods. Figure S3: TEM image of NaNbO;/CdS
core/shell heterostructures after 3 photocatalytic cycles. This
material is available free of charge via the Internet at http://
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