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nsitized hierarchical NiO p–n
heterojunction for effective photocatalytic
performance†
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Mehmet Egilmez, *cd Sadiq Aminf and Nadia Khang

A facile and low-cost pseudo successive ionic layer adsorption and reaction technique was used to deposit

cadmium sulfide quantum dots (CdS QDs) on hierarchical nanoflower NiO to form an effective and intimate

NiO/CdS p–n heterojunction system. The synthesized hierarchical p–n heterojunctions demonstrated

effective photocatalytic activity due to the enhanced separation and transport of photogenerated charge

carriers compared to standalone NiO. The dye degradation efficiency of optimized CdS QDs that form

p–n heterojunctions was examined by rhodamine B and methylene blue dyes under UV-vis irradiation.

The improved photocatalytic performance can be accredited to a large morphological surface, and the

successful deposition of CdS QDs to form an active p–n junction for efficient charge separation and

migration. The morphological, structural, optical, charge transfer and photocatalytic characteristics of

synthesized hierarchical p–n junction photocatalyst were studied by scanning electron microscopy, UV-

visible absorbance, X-ray diffraction, photoluminescence spectroscopy, electrochemical spectroscopy,

and Fourier transform infrared spectra. Additionally, scavenging experiments were performed to find out

the energetic species taking part in dye-degradation, and a rational reaction mechanism has been

proposed.
1. Introduction

The expansion in the utilization of various types of organic dyes
in certain industries such as textile and cosmetics rationally
increased the demand for water purication to reduce the
hazardous impacts on the environment and health.1,2 In order
to account for the problem, several materials have been
synthesized for the effective degradation of organic dyes, such
as polymeric bio adsorbents,3 multilamellar mesoporous
nanocomposites,4 carbohydrate polymeric sustainable adsor-
bents,5 encapsulation nanocomposites,6 sensitivity enhanced
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nanocomposites,7 nanosized metal oxides,8 para-aminobenzoic
acid modied activated carbon,9 nonporous aluminosilicate
monoliths,10 n–p–n heterojunctions,11 and several mechanistic
approaches.12 The utilization of all these materials effectively
degrades the dye molecules. Furthermore, it is well known that
the morphology, and surface area of the photocatalyst play
a signicant role in the photocatalytic performance to degrade
dye molecules efficiently.13 3D materials such as hierarchical
nanoower provide more coordination to the Ni atoms (in the
context of NiO), oxygen vacancies, as well as more defect sites on
the surface leading to large morphological surfaces. They will
have larger surface areas compared to 1-D and 2D materials
such as nanoparticles, nanorods, nanosheets, nanospheres,
nanotubes, etc. Large surface area characteristics play a vital
role in dye degradation.13,14

Hence, the conversion of low-dimensional nanostructures
(0D, 1D, 2D) into three-dimensional (3D) superstructures
acquires great attention because of their unique physical and
chemical characteristics compared with low-dimensional
nanostructures.15,16 The applications-driven optical, photo-
catalytic, and electronic properties of nanomaterials are directly
related to their morphology. In particular, a wide range of
tunability of such functionalities has been obtained through
developing various morphologies such as nanosheets,17 nano-
rods,18 hollow spheres,19 etc. These synthesized nanostructural
materials are widely used in photocatalysis, solar cell, and
RSC Adv., 2022, 12, 32459–32470 | 32459
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battery applications.20,21 Among many transition metal oxides,
nickel oxide (NiO) is gaining signicant attention nowadays due
to its applicability in many elds such as fuel-cell research,18

catalysis,22 gas sensing,23 magnetic studies,24,25 etc. Senobari
et al., synthesized p–n heterojunction NiO–CdS nanoparticles
degrading 82% MB dye. Similarly, Deng et al., synthesized 1D
hierarchical CdS NPs/NiO NFs heterostructures with enhanced
photocatalytic activity degrading 91.2% Congo red dye.2,26 Meng
et al., studied the degradation mode as well as features of
different pesticides via photolysis and hydrolysis techniques
and found that the decomposition or separation of molecules
by the irradiation of light through the photolysis process is
critically important for the applicability of a photocatalytic
material.27,28 Lin et al., studied the performance of the well-
dispersed CdS–NiO heterostructure under UV-visible and
visible light irradiation and found excellent characteristics.29

To date, several morphologies of NiO have been synthesized
by different groups e.g., Beach et al.30 prepared NiO micro-
spheres via a solvothermal technique. Similarly, Zeng et al.31

and Chen et al.32 synthesized hollow and owerlike NiO nano-
structures respectively. Among these synthesized nano-
structures owerlike NiO possesses large coordinate
unsaturated Ni atoms, large oxygen vacancies, and more defect
sites on the surface of NiO, making owerlike NiO more
attractive for catalytic reactions. However, pristine NiO is not
suitable for the photodegradation process due to its large
bandgap (∼3.4 eV) and prompt charge recombination rate. To
overcome these limitations and to effectively separate charges,
the photogenerated charge carrier p–n junction formation
method can be applied.33 For that purpose, n-type material has
been frequently used. Recently, cadmium sulde (CdS) due to
its distinguished characteristics such as visible light bandgap at
room temperature, and sufficiently negative at-band potential
has been suggested as a suitable candidate to form p–n junction
with NiO for effective charge separation and transport.29,34 In
CdS, the excitons Bohr radius is approximately 2.85 nm which
makes this material a promising material for quantum dots.
When the size of the CdS particles approaches to excitons Bohr
radius along with increased surface-to-volume ratio, CdS
exhibits excellent nonlinear optical properties which in return
give rise to rich luminescent properties. Furthermore, the
transport of photogenerated charge carriers from CdS enhances
its resistance against photo corrosion thus improving the
stability and reliability in different applications.35,36 For
example, Lin et al., synthesized the CdS–NiO heterostructure via
the hydrothermal method demonstrating enhanced hydrogen
evolution performance compare to pristine NiO and CdS.29

Moreover, Deng et al. synthesized 1D CdS/NiO heterostructure
by using a chemical bath technique demonstrating enhanced
visible-light photocatalytic activity.2 Such study motivated us to
fabricate the CdS quantum dot (QDs) sensitized hierarchical
NiO p–n heterojunction via pseudo-successive ionic layer
adsorption and reaction (p-SILAR) technique. In the present
work, we synthesized NiO/CdS p–n heterojunction for the rst
time by depositing an optimum amount of CdS QDs on hier-
archical NiO via the p-SILAR technique. Which is a facile,
simple, and cost-effective technique for the successful
32460 | RSC Adv., 2022, 12, 32459–32470
formation as well as deposition of CdS QDs compared to other
methods. On one hand, the synthesized nanocomposite
enhances the absorbance of pristine NiO while on the contrary
enhancing photo corrosion resistance of CdS QDs thus
improving the stability, reusability, and performance. The
improved photocatalytic performance can be accredited to the
large surface area, a large number of unsaturated vacancies
present on the surface acting as a reaction site, as well as
optimum deposition of QDs to form an effective p–n hetero-
junction for effective charge separation and migration. The
synthesized p–n heterojunction offers stability, reusability as
well as cost-effectiveness.

2. Experimental details
2.1. Synthesis of NiO hierarchical nanoower

The NiO hierarchical nanoower structures were synthesized by
the hydrothermal method. Simply 0.5 M solution of nickel
nitrate Ni(NO3)2 made in deionized (D.I) water and a specic
quantity of ethylene diamine (3.2 mL) added dropwise to it
under continuous stirring. Then 7 M solution of NaOH in D.I
water was poured into the above solution and stirred for 30
minutes. Next, the prepared solution was transferred to an
autoclave keeping the temperature at 150 °C for 4 h to synthe-
size the Ni(OH)2. The synthesized Ni(OH)2 was annealed at 400 °
C for 300 minutes to obtain the NiO hierarchical nanoower.

2.2. Synthesis of NiO/CdS p–n hierarchical heterojunction

Before the p-SILAR process, anionic and cationic precursors
were synthesized by the method reported by Naeem et al.14 For
CdS QDs deposition we have prepared 0.05 M solution of Cd
(NO3)2$4H2O in methanol as a cationic precursor as well as
0.05 M solution of Na2S$5H2O in D.I water and methanol
keeping 1 : 1 ratio to make sure it is acting as an anionic
precursor.13,14 In order to prepare hierarchical NiO/CdS QDs p–n
heterojunction we utilized already optimized recipes14 (0.15 g of
NiO powder) into the centrifuge tube and poured with 20 mL of
cationic precursor.13,14,37 Then it was centrifuged at 8000 revo-
lutions per minute (rpm) for 5 minutes. Later, 20 mL of meth-
anol was poured to remove loosely attached Cd-ions. Then 0.05
M S solution acting as an anionic precursor was added and
centrifuged at 8000 rpm for 5 minutes. Rinsing was repeated
once more time (20 mL of methanol) to eliminate additional S-
ions. Different numbers of QDs cycles were deposited on NiO to
make an effective p–n heterojunction by using this p-SILAR
technique.37

2.3. Structural and spectroscopical characterization

X-Ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (D/Max-2500/PC, Rigaku) to study the phase
purity and crystallinity of synthesized ternary nanocomposite. A
scanning electron microscope (FESEM, HITACHI, S4800)
coupled with energy-dispersive X-ray spectroscopy (EDS) was
utilized to study the morphological details as well as to acquire
associated compositional information. PL spectra were
acquired using HORIBA-Lab RAMHR to examine the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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recombination rate of the photogenerated charges carrier.
Electrochemical impedance spectra were obtained using (CHI
760 D, CH Instruments) within 100 Hz–1 MHz frequency range
with a constant bias of 0.2 V. UV-vis study was performed on
a UV-vis spectrophotometer (JASCO, V-650) using BaSO4 as
a reference. Fourier transforms infrared (FT-IR) data were ob-
tained by an FT-IR spectrometer (Thermo Fisher Scientic,
NICOLET iS10).
2.4. Photocatalytic performance evaluation

The photocatalytic performance of the synthesized samples was
estimated for dye degradation of rhodamine B (RhB) as well as
methylene blue (MB).38,39 Initially, 72 mg of RhB and 60 mg of
MB were dispersed separately in 1000 mL of fresh D.I water.
Then 0.03 g powder of each synthesized sample was mixed in
200 mL of dye solution followed by sonication and starring in
the dark for 1 h to accomplish the adsorption equilibrium.40

Next, the prepared dye solution was kept in UV-visible light for
120 min using a xenon arc lamp with a power of 3000 W at room
temperature. Furthermore, precise chemicals like p-benzoqui-
none (BQ), isopropyl alcohol (IPA), and ammonium oxalate (AO)
were added to the freshly prepared solution as scavengers of
superoxide radicals (cO2

−), holes (h+), and hydroxyl radicals
(cOH) respectively participate in dye degradation.
3. Results and discussion

Fig. 1 demonstrates a graphical illustration of the successful
formation of hierarchical NiO as well as NiO/CdS QDs p–n
heterojunction. For the successful formation of p–n hetero-
junction, we have utilized the p-SILAR technique which is facile
as well as cost-effective.13,41 Utilizing a vacuum oven for effective
dryness of the synthesized samples as well as to prevent
oxidation. To study the morphology of hierarchical NiO as well
as QDs sensitized p–n heterojunction SEM measurements were
performed. Pristine NiO demonstrates a nanoower
Fig. 1 Experimental diagram showing different steps in the synthesis of

© 2022 The Author(s). Published by the Royal Society of Chemistry
hierarchical structure as shown in Fig. 2 as well as in Fig. S1.†
The SEM image (Fig. 2a) indicates that the structure of pristine
NiO is collected from densely packed asymmetrical akes. DES
analysis of the pristine NiO demonstrates 45.80% Ni and
54.20% O matching well with previously reported literature as
shown in (Fig. 2b).2 Additionally, elemental area mapping was
performed to obtain information about the uniform distribu-
tion of the constituent elements over the mapped area of pris-
tine NiO as demonstrated in (Fig. 2c–e). Furthermore, SEM
images (Fig. 3a) as well as (Fig. S2†) of NiO/CdS possess the
same ower-like morphology as demonstrated by pristine
hierarchical NiO aer deposition of CdS QDs. Additionally, EDS
measurements were performed to demonstrate the presence of
every constituent element with the atomic ratios as shown in
Fig. 3b. EDS analysis data of p–n heterojunction gives the ratio
of 41.3% Ni, 53.3% O, 1.8% Cd, and 3.5% S for different
elements while Fig. S3† represents elemental atomic percent
ratios for Cd/Ni and S/Ni. Additionally, elemental area mapping
was executed to obtain information about the uniform distri-
bution of the constituent's element of p–n heterojunction as
shown in Fig. 3c–g. This demonstrates the uniform deposition
of CdS QDs on hierarchical NiO to form active and ultimate
heterojunctions for effective charge transfer. Such an effective
and ultimate deposition of CdS QDs on hierarchical NiO to form
p–n heterojunction was optimized by PL spectra as shown in
Fig. S6,† 6 SILAR cycle of CdS QDs deposited on hierarchical
NiO gives lowest PL intensity signifying the energetic charge
carrier's separation, migration as well as transport, which boost
the photocatalytic efficiency. Furthermore, to study the phase
purity of hierarchical NiO, as well as p–n heterojunction XRD
measurements, were executed as shown in Fig. 4a as well as
(Fig. S4 and S5†). Pristine NiO demonstrates the characteristic
peaks at 37°, 43°, 62.9°, and 75° assigned to (111), (200), (220),
and (311), demonstrating phase purity of synthesized sample
without the formation of any parasitic phases.42,43 Furthermore,
the XRD pattern of p–n heterojunction shows all the diffraction
peaks of NiO along with an additional peak at 26.3° assign to
NiO/CdS p–n heterojunction.

RSC Adv., 2022, 12, 32459–32470 | 32461
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Fig. 2 (a) SEM image (b) EDS spectrum, and (c)–(e) elemental area mapping of pristine hierarchical NiO.

Fig. 3 (a) SEM image (b) EDS spectrum and (c)–(g) elemental area mapping of hierarchical NiO/CdS QDS p–n heterojunction.
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the (111) plane of CdS,44 demonstrating the successful forma-
tion of p–n heterojunction. We have used the29,39 Scherrer

equation
�
d ¼ Kl

b cos q

�
to estimate the average crystallite size

from the broadening of the peaks (instrumental broadening is
eliminated). In this equation, K dimensionless shape factor
generally used as 0.9, l is the wavelength of the X-ray beam, b is
the line broadening at half maximum intensity and q is the
Bragg angle. Our analysis revealed that in our samples the
average crystallite size varies between 2.8 (2) nm and 3.0 (2) nm.
Furthermore, FTIR measurement was performed to nd the
bending vibration as well as functional groups attached to the
surface of synthesized samples as demonstrated in Fig. 4b.
32462 | RSC Adv., 2022, 12, 32459–32470
Pristine NiO demonstrates a characteristic peak at ∼573 cm−1

assigned to Ni–O stretching vibration mode.45,46 Furthermore,
a broad absorption band and surface-active groups at ∼3000–
3400 cm−1 were assigned to the OH stretching mode.47,48 Addi-
tionally, p–n heterojunction demonstrates all the characteristic
peaks of NiO along with characteristic stretching vibration at
1110 cm−1 indicating the presence of CdS single.49,50

Furthermore, the optical property of pristine NiO as well as
p–n heterojunction was evaluated using UV-vis spectroscopy as
shown in Fig. 5a. Compared to pristine NiO, the peak position
moved to higher wavelengths for the sample with CdS indi-
cating higher light absorbance which in turn generates a large
number of photogenerated charge carriers which is playing
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD pattern (b) FTIR spectra of NiO as well as NiO/CdS QDs p–n heterojunction.

Fig. 5 (a) UV-visible absorption (b) Tauc plot of pristine NiO and NiO/CdS.
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a signicant role in dye-degradation.51,52 Bandgap energy values
were extracted for corresponding samples using the equation
(ahn)n/2 = A(hn − Eg) in which a represents the absorption
coefficient, h for Planck's constant, n stand for light frequency,
Eg corresponding bandgap, and A represents a proportionality
constant as demonstrated in Fig. 5b. Furthermore, an equation
value of n is 1 and 4 for direct and indirect bandgap semi-
conductor respectively. UV-vis spectroscopy lead to a wide
bandgap value of 3.3 eV which is in line with the reported
bandgap (3.2–4.0 eV) values of NiO.34 On the other hand, the
spectrum of the NiO/CdS nanocomposite is very interesting: two
clear linear slopes are visible in the spectrum indicating strong
absorption at 2.4 eV and 3.3 eV.53 The lower energy one belongs
to NiO/CdS and it leads to a bandgap of 2.4 eV. Such a value of
bandgap is also within the reported range of bandgaps for QDs-
sensitized hierarchical nanocomposite.13

In semiconducting oxide nanostructures, the PL emission
from near band edge (UV) and deep level (DL) defect-related
visible regions have been typically observed. In this regard, UV
emission is related to the direct recombination of excitons
through an exciton–exciton scattering while the visible emis-
sion results from the radiative recombination of a photo-
© 2022 The Author(s). Published by the Royal Society of Chemistry
generated hole with an electron occupying a defect state like
an oxygen vacancy. To study the recombination, separation, and
migration mechanism of photogenerated charge carriers in
pristine NiO, as well as NiO/CdS QDs p–n heterojunction of all
the synthesized samples PL spectra, were executed at an exci-
tation wavelength of 360 nm as shown in Fig. 6a as well as in
Fig. S6.† Furthermore, PL spectra of pristine CdS QDs were
performed as shown in Fig. S7.† As PL is light emission from
any form of matter aer the absorption of photons. What why
the synthesized samples show a broad UV emission band
peaked at 390 nm (z3.25 eV) and a shoulder peak centered at
about 525 nm (z2.2 eV) in the visible region. The photo-
luminescence (PL) emission peak intensity is associated with
the recombination rate. The emission intensity increases, by
increasing the recombination rate of electron/hole pairs. As
expected, the PL emission peak intensity of NiO/CdS nano-
composite is lower than the spectrum obtained from bare NiO
which indicated the slowed nature of the recombination rate.
Such a slow recombination rate in nanocomposite structure is
the hallmark of increased photocatalytic efficiency of NiO/CdS
structure. Moreover, among different samples, 6 cycles of CdS
QDs deposited demonstrate effective charge separation and
RSC Adv., 2022, 12, 32459–32470 | 32463
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Fig. 6 (a) Photoluminescence spectra and (b) Nyquist plots of NiO and NiO/CdS p–n heterojunction.
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transport compared to other p-SILAR cycles number. The peak
intensity decreases with increasing p-SILAR cycles, which is
saturated aer 6 cycles as shown in Fig. S6.† This means that 6
cycles are sufficient to suppress the photogenerated charge
carriers via heterojunction formation for charge separation and
transfer to boost photodegradation efficiency. Such effective
Fig. 7 UV-visible light absorbance trend of RhB dye as a function of time
degradation of RhB in presence of (a) NiO (b) NiO/CdS (c) dye degradat

32464 | RSC Adv., 2022, 12, 32459–32470
charge separation, migration, and transfer indicate the strong
chemical makeup between the constituent's materials.29,39 To
further evaluate the charge transfer performance in detail we
use the Nyquist plot. The equivalent circuit tted in the EIS
measurement consisted of series resistance (Rs), a charge
transfers resistance (Rt) as well as a capacitor (C) as shown in
of UV-vis irradiation, elucidating UV-visible light induced photocatalytic
ion performance (d) reaction rate constant per sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 UV-visible light absorbance trend of MB dye as a function of time of UV-vis irradiation, elucidating UV-visible light induced photocatalytic
degradation of MB in presence of (a) NiO (b) NiO/CdS (c) dye degradation performance (d) reaction rate constant.
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Fig. 6b. In Nyquist plots, semicircles are corresponded to (Rt) at
the electrolyte/nanomaterial interface. The smaller the semi-
circle will be the (Rt), while higher will be the electro-catalytic
activities.54–56 Aer the deposition of CdS QDs, the diameter of
the semicircle became smaller indicating the effective charge
Fig. 9 (a) Results of dye degradation experiments carried out under the
variation in Kc.

© 2022 The Author(s). Published by the Royal Society of Chemistry
transfer as demonstrated in Fig. 6b (the values of Rs, Rt, and C
which are given in (Table S1†)). The reported values match well
with previously reported literature.57

To further evaluate the performance of photocatalyst dye-
degradation performance, RhB dye was used as shown in
presence of scavengers for optimal NiO/CdS p–n heterojunction (b)

RSC Adv., 2022, 12, 32459–32470 | 32465
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Fig. 10 Schematic representation of photogenerated charge transfer in NiO/CdS p–n heterojunction.
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Fig. 7. By increasing the irradiation time, the dye concentration
and/or peak intensity become less as shown in (Fig. 7a and b).
Furthermore, the plot C/C0 vs. t where C0 represents the initial
concentration and C as the concentration of dye aer irradia-
tion time (t) as demonstrated in Fig. 7c, indicates that a higher
concentration change occurs in the case of QDs sensitized
photocatalyst compare to pristine NiO. The QDs sensitized
photocatalysts demonstrate a higher reaction rate constant (Kc)
Fig. 11 Stability test of NiO/CdS nanocomposite using (a) RhB as well a

32466 | RSC Adv., 2022, 12, 32459–32470
value (Fig. 7d) compared to pristine NiO, under the same
temperature and pressure condition while degrading 86.5%
RhB dye in 2 h compared to pristine NiO which degrade 18%.

The performance of pristine NiO and QDs sensitized pho-
tocatalyst dye-degradation for MB dye were also examined and
shown in Fig. 8. By increasing the irradiation time, the dye
concentration and/or peak intensity is reduced as shown in
(Fig. 8a and b). Furthermore, the plot C/C0 vs. t as demonstrated
s (b) MB dyes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 8c, indicates that a higher concentration change occurs
in the case of QDs-sensitized photocatalyst compare to pristine
NiO. The QDs-sensitized photocatalyst demonstrates a higher
Kc value (Fig. 8d) compared to pristine NiO, under the same
temperature and pressure condition while degrading 90.9%MB
dye in 2 h compared to pristine NiO which degrade 20.1%.
Furthermore, scavenging experiments under UV-visible irradi-
ation were executed to evaluate the role of cO2

−, H+, and cOH,
respectively in dye-degradation.

Fig. 9a and b demonstrates that the addition of scavengers
such as BQ and AO greatly suppressed the photodegradation
process.2 Additionally, IPA slightly affects the photodegradation
rate. The above scavenger experiment ascertains that h+ and
cO2

− are key reactive species in dye degradation. A schematic
was constructed which illustrates the successful transformation
of charge carriers between p–n heterojunction for dye degra-
dation on a scavenger data basis as demonstrated in Fig. 10.2

Intrinsically, Fermi levels are positioned near CB and VB posi-
tions for n and p-type semiconductors, respectively.58 In
particular, the Fermi energy for NiO is about 5 eV, while for CdS
it is 0.1 eV below the conduction and energy level of 4.9 eV.
Upon the p–n heterojunction formation, their corresponding
Fermi energy level could be aligned under thermodynamic
equilibrium; consequently, it results in the shiing in energy
band level and intrinsic electric eld formation at the semi-
conductor interfaces.33,58 Thus, the formation of an internal
electric eld effectively separates the photogenerated charge
carriers which are also thermodynamically favorable. It has
been seen that the diffusion of electron–hole near the p–n
junction interface happens until the Fermi-level equilibrium
which creates ‘‘charged” space or the so-called internal electric
eld.33 Furthermore, upon light irradiation, photogenerated
electrons jump to the CB of CdS as well as NiO. Furthermore,
excited electron resides on the CB of NiO and also transfer to the
CB of CdS QDs due to thermodynamically favorable band gap
position. The excited electrons residing on CB of CdS convert
the absorbed O2 effectively to active cO2

− radical which plays
a signicant role in dye-degradation. Moreover, due to the
internal electric eld, the photo-induced holes are thermody-
namically favorable to transfer from VB of CdS to VB of NiO.
This special technique effectively minimizes the recombination
rate which boosted dye-degradation performance.59 Main
oxidation/reduction reactions take place due to (cO2

− and h+)
species which effectively decompose the RhB as well as MB dye
molecules. As a result of light irradiation, the following reaction
takes place eqn (2):

NiO/CdS + hv / CdS (h+ + e−)/NiO (1)

CdS (h+ + e−)/NiO / CdS (eCB
−)/NiO (hVB

+) (2)

CdS (eCB
−) + O2 / cO2

− (3)

MB/RhB + cO2
− / degradation product (4)

MB/RhB + NiO (hVB
+) / degradation product (5)
© 2022 The Author(s). Published by the Royal Society of Chemistry
The efficient photogenerated charge separation in synthe-
sized p–n heterojunction matches well with the previously re-
ported literature.26 Additionally, the photo as well as chemical
stability, selectivity, and reusability of synthesized nano-
composite play a crucial role in dye-degradation
performance.60–63 Fig. 11 indicates that aer 5 consecutive
cycles, very small photocatalytic performance changes were
observed for p–n heterojunction demonstrating the stability as
well as reusability of the photocatalyst. An interesting feature of
the degradation process is the response of the material to MB
and RhB dyes: both decayed similarly. Main oxidation/
reduction reactions take place due to (cO2

− and h+) species
which effectively decompose the RhB as well as MB dye mole-
cules. Note that such small differences in the performance of
the MB and RhB dyes were also observed by Hoseini. et al.64 on
the n-type CdS nanorods/p-type LaFeO3 heterojunction nano-
composite. We believe such behavior is associated with CdS and
its enhanced ability to convert the absorbed O2 effectively to
active cO2

− radicals.
4. Summary

In summary, in the present work, p–n heterojunctions were
realized by depositing an optimum amount of CdS QDs on
nanoower hierarchical NiO via the p-SILAR technique.
Detailed microstructural analysis based on SEM/EDX and XRD
revealed the successful and high-quality formation of NiO and
CdS nanostructures and more importantly NiO/CdS nano-
composites. XRD analysis revealed that in our samples the
average crystallite size of CdS quantum dots varies between 2.8
(2) nm and 3.0 (2) nm. Spectroscopic techniques such as pho-
toluminescence, FTIR, and UV-vis were used to evaluate surface
chemistry and electronic processes related to the p–n hetero-
junction formation. Moreover, the photocatalytic performance
of the synthesized structures was evaluated using RhB dye. The
synthesized photocatalyst demonstrates enhanced dye degra-
dation performance due to (i) a large surface area (ii) a large
number of unsaturated oxygen vacancies, and (iii) an optimized
number of p–n heterojunctions which effectively separate and
transfer the photogenerated charge carriers. In comparison to
the pristine NiO, the p–n heterojunction photocatalyst
demonstrate enhanced dye-degradation performance.
Author contributions

Junaid Khan: investigation, writing – original dra and formal
analysis, Gohar Ali: sofware, writing-original dra, writing –

review & editing and methodology, supervision, Ayesha
Samreen: conceptualization, formal analysis, writing – review &
editing, Shahbaz Ahmad: writing – review & editing, Sarfraz
Ahmad: soware, writing – review & editing, Mehmet Egilmez:
conceptualization, writing – original dra, formal analysis,
writing – review & editing and methodology, data curation,
supervision, Sadiq Amin; investigation, writing – review &
editing, Nadia Khan: investigation, writing – review & editing.
RSC Adv., 2022, 12, 32459–32470 | 32467

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05657g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

6:
40

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conflicts of interest

There are no conicts of interest to declare.

References

1 H. Kyung, J. Lee and W. Choi, Simultaneous and synergistic
conversion of dyes and heavy metal ions in aqueous TiO2

suspensions under visible-light illumination, Environ. Sci.
Technol., 2005, 39(7), 2376–2382. https://www.pubs.acs.org/
doi/abs/10.1021/es0492788.

2 C. Deng, H. Hu, H. Yu, M. Wang, M. Ci, L. Wang, et al., 1D
hierarchical CdS NPs/NiO NFs heterostructures with
enhanced photocatalytic activity under visible light
irradiation, Adv. Powder Technol., 2020, 31(8), 3158–3167.

3 M. M. Hasan, M. A. Shenashen, M. N. Hasan, H. Znad,
M. S. Salman and M. R. Awual, Natural biodegradable
polymeric bioadsorbents for efficient cationic dye
encapsulation from wastewater, J. Mol. Liq., 2021, 323,
114587.

4 H. Znad, K. Abbas, S. Hena and M. R. Awual, Synthesis
a novel multilamellar mesoporous TiO2/ZSM-5 for photo-
catalytic degradation of methyl orange dye in aqueous
media, J. Environ. Chem. Eng., 2018, 6(1), 218–227.

5 M. H. Munjur, M. N. Hasan, M. R. Awual, M. M. Islam,
M. A. Shenashen and J. Iqbal, Biodegradable natural
carbohydrate polymeric sustainable adsorbents for efficient
toxic dye removal from wastewater, J. Mol. Liq., 2020, 319,
114356.

6 M. B. Yeamin, M. M. Islam, A. N. Chowdhury and
M. R. Awual, Efficient encapsulation of toxic dyes from
wastewater using several biodegradable natural polymers
and their composites, J. Cleaner Prod., 2021, 291, 125920.

7 K. T. Kubra, M. S. Salman, M. N. Hasan, A. Islam,
M. M. Hasan and M. R. Awual, Utilizing an alternative
composite material for effective copper(II) ion capturing
from wastewater, J. Mol. Liq., 2021, 336, 116325.

8 M. A. Islam, M. R. Awual and M. J. Angove, A review on
nickel(II) adsorption in single and binary component
systems and future path, J. Environ. Chem. Eng., 2019, 7(5),
103305.

9 M. Naushad, A. A. Alqadami, A. A. Al-Kahtani, T. Ahamad,
M. R. Awual and T. Tatarchuk, Adsorption of textile dye
using para-aminobenzoic acid modied activated carbon:
kinetic and equilibrium studies, J. Mol. Liq., 2019, 296,
112075.

10 S. A. El-Say, A. Shahat and M. Rabiul Awual, Efficient
adsorbents of nanoporous aluminosilicate monoliths for
organic dyes from aqueous solution, J. Colloid Interface
Sci., 2011, 359(1), 9–18.

11 S. Rajendran, T. K. A. Hoang, M. L. Trudeau, A. A. Jalil,
M. Naushad and M. R. Awual, Generation of novel n–p–n
(CeO2–PPy–ZnO) heterojunction for photocatalytic
degradation of micro-organic pollutants, Environ. Pollut.,
2022, 292, 118375.

12 M. A. Islam, M. J. Angove, D. W. Morton, B. K. Pramanik and
M. R. Awual, A mechanistic approach of chromium (VI)
32468 | RSC Adv., 2022, 12, 32459–32470
adsorption onto manganese oxides and boehmite, J.
Environ. Chem. Eng., 2020, 8(2), 103515.

13 M. Khan, M. H. Irfan, M. Israr, N. Rehman, T. J. Park and
M. A. Basit, Comparative investigation of ZnO
morphologies for optimal CdS quantum-dot deposition via
pseudo-SILAR method, Chem. Phys. Lett., 2020, 744, 137223.

14 H. M. Naeem, S. Ijaz, M. H. Abbas, Y. Ahmed, N. Rehman,
T. J. Park, et al., HF-based surface modication for
enhanced photobiological and photochemical performance
of ZnO and ZnO/CdS hierarchical structures, Mater. Chem.
Phys., 2020, 252, 123190.

15 M. Li, H. Schnablegger and S. Mann, Coupled synthesis and
self-assembly of nanoparticles to give structures with
controlled organization, Nature, 1999, 402(6760), 393–395.
https://www.nature.com/articles/46509.

16 J. Yu and X. Yu, Hydrothermal synthesis and photocatalytic
activity of zinc oxide hollow spheres, Environ. Sci. Technol.,
2008, 42(13), 4902–4907. https://pubs.acs.org/doi/abs/
10.1021/es800036n.

17 Q. Xiang, K. Lv and J. Yu, Pivotal role of uorine in enhanced
photocatalytic activity of anatase TiO2 nanosheets with
dominant (0 0 1) facets for the photocatalytic degradation
of acetone in air, Appl. Catal., B, 2010, 96(3–4), 557–564.

18 S. G. Kim, S. P. Yoon, J. Han, S. W. Nam, T. H. Lim, I. H. Oh,
et al., A study on the chemical stability and electrode
performance of modied NiO cathodes for molten
carbonate fuel cells, Electrochim. Acta, 2004, 49(19), 3081–
3089.

19 J. Yu, S. Liu and H. Yu, Microstructures and photoactivity of
mesoporous anatase hollow microspheres fabricated by
uoride-mediated self-transformation, J. Catal., 2007,
249(1), 59–66.

20 J. Yu, W. Wang and B. Cheng, Synthesis and Enhanced
Photocatalytic Activity of a Hierarchical Porous Flowerlike
p–n Junction NiO/TiO2 Photocatalyst, Chem.–Asian J., 2010,
5(12), 2499–2506. https://onlinelibrary.wiley.com/doi/full/
10.1002/asia.201000550.

21 J. Yu, H. Guo, S. A. Davis and S. Mann, Fabrication of Hollow
Inorganic Microspheres by Chemically Induced Self-
Transformation, Adv. Funct. Mater., 2006, 16(15), 2035–
2041. https://onlinelibrary.wiley.com/doi/full/10.1002/
adfm.200600552.

22 T. Sreethawong, Y. Suzuki and S. Yoshikawa, Photocatalytic
evolution of hydrogen over mesoporous TiO2 supported
NiO photocatalyst prepared by single-step sol–gel process
with surfactant template, Int. J. Hydrogen Energy, 2005,
30(10), 1053–1062.

23 M. Matsumiya, F. Qiu, W. Shin, N. Izu, N. Murayama and
S. Kanzaki, Thin-lm Li-doped NiO for thermoelectric
hydrogen gas sensor, Thin Solid Films, 2002, 419(1–2), 213–
217.

24 M. A. Choudhury and J. Rahman, The inuence of NiO
addition on the magnetic properties of polycrystalline
yttrium iron garnet, J. Magn. Magn. Mater., 2001, 232(3),
147–150.

25 H. S. Alagoz, M. Egilmez, J. Jung and K. H. Chow,
Temperature-dependent time relaxation of ON and OFF
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://www.pubs.acs.org/doi/abs/10.1021/es0492788
https://www.pubs.acs.org/doi/abs/10.1021/es0492788
https://www.nature.com/articles/46509
https://pubs.acs.org/doi/abs/10.1021/es800036n
https://pubs.acs.org/doi/abs/10.1021/es800036n
https://onlinelibrary.wiley.com/doi/full/10.1002/asia.201000550
https://onlinelibrary.wiley.com/doi/full/10.1002/asia.201000550
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.200600552
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.200600552
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05657g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

6:
40

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
states in NiOx-based crossbar memory arrays, Appl. Phys. A:
Mater. Sci. Process., 2022, 128(11), 1–7, DOI: 10.1007/
s00339-022-06120-9.

26 S. Senobari and A. Nezamzadeh-Ejhieh, A p–n junction NiO-
CdS nanoparticles with enhanced photocatalytic activity:
a response surface methodology study, J. Mol. Liq., 2018,
257, 173–183.

27 X. Meng, Y. Guo, Y. Wang, S. Fan, K. Wang and W. Han, A
Systematic Review of Photolysis and Hydrolysis
Degradation Modes, Degradation Mechanisms, and
Identication Methods of Pesticides, J. Chem., 2022, 2022.

28 Q. Ma, C. Zhong, J. Ma, C. Ye, Y. Zhao, Y. Liu, et al.,
Comprehensive Study about the Photolysis of Nitrates on
Mineral Oxides, Environ. Sci. Technol., 2021, 55(13), 8604–
8612. https://pubs.acs.org/doi/abs/10.1021/acs.est.1c02182.

29 Y. Z. Lin, K. Wang, Y. Zhang, Y. C. Dou, Y. J. Yang, M. L. Xu,
et al., Metal–organic framework-derived CdS–NiO
heterostructures with modulated morphology and
enhanced photocatalytic hydrogen evolution activity in
pure water, J. Mater. Chem. C, 2020, 8(29), 10071–10077.
https://pubs.rsc.org/en/content/articlehtml/2020/tc/
c9tc07042g.

30 E. Beach, S. Brown, K. Shqau, M. Mottern, Z. Warchol and
P. Morris, Solvothermal synthesis of nanostructured NiO,
ZnO and Co3O4 microspheres, Mater. Lett., 2008, 62(12–13),
1957–1960.

31 S. Zhang and H. C. Zeng, Self-assembled hollow spheres of b-
Ni(OH)2 and their derived nanomaterials, Chem. Mater.,
2009, 21(5), 871–883. https://pubs.acs.org/doi/abs/10.1021/
cm8028593.

32 B. Zhao, X. K. Ke, J. H. Bao, C. L. Wang, L. Dong, Y. W. Chen,
et al., Synthesis of Flower-Like NiO and Effects of
Morphology on Its Catalytic Properties, J. Phys. Chem. C,
2009, 113(32), 14440–14447. https://pubs.acs.org/doi/abs/
10.1021/jp904186k.

33 J. Low, J. Yu, M. Jaroniec, S. Wageh and A. A. Al-Ghamdi,
Heterojunction Photocatalysts, Adv. Mater., 2017, 29(20),
1601694. https://onlinelibrary.wiley.com/doi/full/10.1002/
adma.201601694.

34 Z. Khan, M. Khannam, N. Vinothkumar, M. De and
M. Qureshi, Hierarchical 3D NiO–CdS heteroarchitecture
for efficient visible light photocatalytic hydrogen
generation, J. Mater. Chem., 2012, 22(24), 12090–12095.
https://pubs.rsc.org/en/content/articlehtml/2012/jm/
c2jm31148h.

35 X. Li, J. Yu, J. Low, Y. Fang, J. Xiao and X. Chen, Engineering
heterogeneous semiconductors for solar water splitting, J.
Mater. Chem. A, 2015, 3(6), 2485–2534. https://pubs.rsc.org/
en/content/articlehtml/2015/ta/c4ta04461d.

36 S. Hotchandani and P. V. Kamat, Charge-transfer processes
in coupled semiconductor systems. Photochemistry and
photoelectrochemistry of the colloidal CdS-ZnO system, J.
Phys. Chem., 1992, 96(16), 6834–6839. https://pubs.acs.org/
doi/abs/10.1021/j100195a056.

37 F. Mughal, M. Muhyuddin, M. Rashid, T. Ahmed,
M. A. Akram and M. A. Basit, Multiple energy applications
of quantum-dot sensitized TiO2/PbS/CdS and TiO2/CdS/PbS
© 2022 The Author(s). Published by the Royal Society of Chemistry
hierarchical nanocomposites synthesized via p-SILAR
technique, Chem. Phys. Lett., 2019, 717, 69–76.

38 F. Wu, X. Li, W. Liu and S. Zhang, Highly enhanced
photocatalytic degradation of methylene blue over the
indirect all-solid-state Z-scheme g-C3N4-RGO-TiO2

nanoheterojunctions, Appl. Surf. Sci., 2017, 405, 60–70.
39 W. J. Kim, E. Jang and T. J. Park, Enhanced visible-light

photocatalytic activity of ZnS/g-C3N4 type-II heterojunction
nanocomposites synthesized with atomic layer deposition,
Appl. Surf. Sci., 2017, 419, 159–164.

40 D. Neena, K. K. Kondamareddy, H. Bin, D. Lu, P. Kumar,
R. K. Dwivedi, et al., Enhanced visible light
photodegradation activity of RhB/MB from aqueous
solution using nanosized novel Fe–Cd co-modied ZnO,
Sci. Rep., 2018, 8(1), 1–12. https://www.nature.com/articles/
s41598-018-29025-1.

41 M. A. Basit, F. Raza, G. Ali, A. Parveen, M. Khan and
T. J. Park, Nanoscale modication of carbon bers with
CdS quantum-dot sensitized TiO2: photocatalytic and
photothermal evaluation under visible irradiation, Mater.
Sci. Semicond. Process., 2022, 142, 106485.

42 A. Kotta and H. K. Seo, Facile Synthesis of Highly Conductive
Vanadium-Doped NiO Film for Transparent Conductive
Oxide, Appl. Sci., 2020, 10, 5415. https://www.mdpi.com/
2076-3417/10/16/5415/htm.

43 K. Chen, W. Li, X. Li, A. T. Ogunbiyi and L. Yuan, Irregularly
Shaped NiO Nanostructures for Catalytic Lean Methane
Combustion, ACS Appl. Nano Mater., 2021, 4(5), 5404–5412.
https://pubs.acs.org/doi/abs/10.1021/acsanm.1c00732.

44 A. Kumar and R. K. Dutta, CdS quantum dots immobilized
on calcium alginate microbeads for rapid and selective
detection of Hg2+ ions, RSC Adv., 2015, 5(93), 76275–76284.
https://pubs.rsc.org/en/content/articlehtml/2015/ra/
c5ra14638k.

45 F. Basharat, U. A. Rana, M. Shahid and M. Serwar, Heat
treatment of electrodeposited NiO lms for improved
catalytic water oxidation, RSC Adv., 2015, 5(105), 86713–
86722. https://pubs.rsc.org/en/content/articlehtml/2015/ra/
c5ra17041a.

46 M. Sivagami and I. V. Asharani, Phyto-mediated Ni/NiO NPs
and their catalytic applications-a short review, Inorg. Chem.
Commun., 2022, 145, 110054.

47 B. Chai, T. Peng, J. Mao, K. Li and L. Zan, Graphitic carbon
nitride (g-C3N4)–Pt–TiO2 nanocomposite as an efficient
photocatalyst for hydrogen production under visible light
irradiation, Phys. Chem. Chem. Phys., 2012, 14(48), 16745–
16752. https://pubs.rsc.org/en/content/articlehtml/2012/cp/
c2cp42484c.

48 M. N. Hasan, M. A. Shenashen, M. M. Hasan, H. Znad and
M. R. Awual, Assessing of cesium removal from wastewater
using functionalized wood cellulosic adsorbent,
Chemosphere, 2021, 270, 128668.

49 P. Devendran, T. Alagesan, T. R. Ravindran and K. Pandian,
Synthesis of Spherical CdS Quantum Dots Using Cadmium
Diethyldithiocarbamate as Single Source Precursor in Olive
Oil Medium, Curr. Nanosci., 2014, 10(2), 302–307.
RSC Adv., 2022, 12, 32459–32470 | 32469

https://doi.org/10.1007/s00339-022-06120-9
https://doi.org/10.1007/s00339-022-06120-9
https://pubs.acs.org/doi/abs/10.1021/acs.est.1c02182
https://pubs.rsc.org/en/content/articlehtml/2020/tc/c9tc07042g
https://pubs.rsc.org/en/content/articlehtml/2020/tc/c9tc07042g
https://pubs.acs.org/doi/abs/10.1021/cm8028593
https://pubs.acs.org/doi/abs/10.1021/cm8028593
https://pubs.acs.org/doi/abs/10.1021/jp904186k
https://pubs.acs.org/doi/abs/10.1021/jp904186k
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201601694
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201601694
https://pubs.rsc.org/en/content/articlehtml/2012/jm/c2jm31148h
https://pubs.rsc.org/en/content/articlehtml/2012/jm/c2jm31148h
https://pubs.rsc.org/en/content/articlehtml/2015/ta/c4ta04461d
https://pubs.rsc.org/en/content/articlehtml/2015/ta/c4ta04461d
https://pubs.acs.org/doi/abs/10.1021/j100195a056
https://pubs.acs.org/doi/abs/10.1021/j100195a056
https://www.nature.com/articles/s41598-018-29025-1
https://www.nature.com/articles/s41598-018-29025-1
https://www.mdpi.com/2076-3417/10/16/5415/htm
https://www.mdpi.com/2076-3417/10/16/5415/htm
https://pubs.acs.org/doi/abs/10.1021/acsanm.1c00732
https://pubs.rsc.org/en/content/articlehtml/2015/ra/c5ra14638k
https://pubs.rsc.org/en/content/articlehtml/2015/ra/c5ra14638k
https://pubs.rsc.org/en/content/articlehtml/2015/ra/c5ra17041a
https://pubs.rsc.org/en/content/articlehtml/2015/ra/c5ra17041a
https://pubs.rsc.org/en/content/articlehtml/2012/cp/c2cp42484c
https://pubs.rsc.org/en/content/articlehtml/2012/cp/c2cp42484c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05657g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

6:
40

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
50 Y. Li, E. C. Y. Liu, N. Pickett, P. J. Skabara, S. S. Cummins,
S. Ryley, et al., Synthesis and characterization of CdS
quantum dots in polystyrene microbeads, J. Mater. Chem.,
2005, 15(12), 1238–1243. https://pubs.rsc.org/en/content/
articlehtml/2005/jm/b412317d.

51 A. Islam, S. H. Teo, M. R. Awual and Y. H. Tauq-Yap,
Assessment of clean H2 energy production from water
using novel silicon photocatalyst, J. Cleaner Prod., 2020,
244, 118805.

52 M. F. Chowdhury, S. Khandaker, F. Sarker, A. Islam,
M. T. Rahman and M. R. Awual, Current treatment
technologies and mechanisms for removal of indigo
carmine dyes from wastewater: a review, J. Mol. Liq., 2020,
318, 114061.

53 I. Ali, M. Muhyuddin, N. Mullani, D. W. Kim, D. H. Kim,
M. A. Basit, et al., Modernized H2S-treatment of TiO2

nanoparticles: improving quantum-dot deposition for
enhanced photocatalytic performance, Curr. Appl. Phys.,
2020, 20(3), 384–390.
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56 V. González-Pedro, X. Xu, I. Mora-Seró and J. Bisquert,
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