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Facile preparation and characterization of NiO/Ni2O3-decorated nanoballs and
mixed phase CdS nano rods (CdS&NiO/Ni2O3) for effective photocatalytic
decomposition of Congo red under visible light irradiation

Ali _Imran Vaizo�gullar

Vocational School of Health Care, Medical Laboratory Programme, Mu�gla Sıtkı Koçman University, Mu�gla, Turkey

ABSTRACT
This study reports the preparation of a new CdS&NiO/Ni2O3 photocatalyst having efficient and sta-
ble photocatalytic performance. The aim was to block the photocorrosion of CdS with maintaining
photocatalytic activity. The prepared CdS and NiO/Ni2O3 particles were in the form of nanorods
and nanoballs, respectively. Diffuse reflectance spectra (DRS), X-ray diffraction (XRD), ultraviolet-vis-
ible light (UV–vis), scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS),
Raman analysis, electrochemical impedance and photoluminescence analysis were performed to
evaluate structural, morphological and optical properties and their effect on photocatalytic activity.
CdS&NiO/Ni2O3 catalysts absorbed visible light and enhanced charge separation than that of CdS
and NiO/Ni2O3. The catalytic performance of the samples was tested on Congo red. The optimal
content of CdS&NiO/Ni2O3 was observed in CN3 sample. XPS results of defective NiO with differ-
ent oxygen species showed powerful photocatalytic activities. These prepared photocatalysts need
to be explored further in the decomposition of various environmental pollutants.
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1. Introduction

Synthetic dyes are being used in the preparation of various
industrial products such as rubber, plastic, leather, and so on.
Most of the times, these dyes are not only toxic but non-degrad-
able when go to sewage in addition to creating environmental
and health problems.[1] These pollutants can lead to aesthetic
pollution and perturbations in aquatic systems.[2] Consuming
polluted water can cause allergy, skin irritation, liver problems,
and so on. Well-known industrial pollutants are methyl orange,
methylene blue, Congo red and rhodamin-B dyes.

Congo red is a carcinogenic organic pollutant that is chem-
ically stable enough to eliminate from the environment.[3]

There are physical, chemical and biological methods reported
to remove Congo red and similar harmful pollutants.
Membrane filtration, flocculation, ion exchange,

electrochemical destruction, electro-kinetic coagulation, ozona-
tion, adsorption, biodegradation, photocatalytic degradation
and Fenton’s oxidation have been also used for the same pur-
pose.[4] From last 20 years, photocatalysis is dominating as it is
cheap and feasible. Photocatalysts, which can be activated
under sunlight or visible light, lead to the formation of oxida-
tive radicals such as hydroxyls and/or superoxides. These radi-
cals can easily degrade organic pollutants.[5]

Certain semiconductor oxides with suitable band gap
energy have been studied for photodegradation of organic
pollutants. Nickel oxide is an important transition metal
oxide that has been used in photo-electrodes, gas sensors,
lithium ion batteries, electrochemical capacitors and adsorp-
tion of water pollutants.[6] However, to apply it as a nano-
fibrous NiO catalyst, it must be improved to overcome
strong quantum confinement effect that is lower inhibition
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of photogenerated electron and hole species.[7] For this pur-
pose, their incorporation over an effective catalyst support is
reasonable. For example, NiO/SiO2,

[8] NiO/TiO2,
[9] NiO/ZnO[10]

are based on NiO that has been synthesized and studied for
catalytic applications. Incorporation of NiO onto TiO2 can
cause an inner electric field to become p-n heterojunction. The
inner electric field modifies band structure at the interface that
meets the impulsion of charge carriers. It also separates the
electron-hole pairs by increasing the light absorption ability and
extended the lifetime of charge carriers.[11] CdS is mostly used
in the preparation of H2 from water due to its strong reductive
capacity.[12] CdS has some limitations such as fast recombin-
ation of charge carriers and photocorrosion that makes it diffi-
cult to be used in practical/industrial applications.[13] Therefore,
a fruitful CdS-based material would be the one that separates
charge carrier property and has higher utility in photocatalytic
activity. For example, CdS can be used with a noble metal as s
co-catalyst. However, considering the low and high cost of the
noble metals, it has become imperative to develop a photocata-
lyst that is cheaper and can be applied on a wide scale.[14]

Recently, various studies have been reported on the composite
photocatalysis for example, ZnO/CdS/Ag2S,

[15] CdS/SiO2,
[16]

ZnO/Ag2S,
[17] and so on. These composite structures possesses

photochemical stability during the photocatalytic reactions. In
addition, electrons exited by visible light produces electron-hole
pairs after charge separation that enhances the inhibition of
recombination and quantum efficiency of the composite struc-
ture.[18] Up-to-date, there are no reports on CdS&NiO/Ni2O3

heterojunction and its photocatalysis. Therefore, it is necessary
that the electronic case of a composite must be enlightened to
enhance the CdS&NiO/Ni2O3.

In the present study, CdS&NiO/Ni2O3 composites were pre-
pared using precipitation method. By adding different amounts
of Ni2O3 on CdS, various CdS&NiO/Ni2O3 composites were
obtained and labeled as CN1 (1/5 mass ratio), CN2 (1/2 mass
ratio) and CN3 (1/1 mass ratio), respectively. This study was
aimed to explore the relationship between NiO/Ni2O3 and CdS
in addition to the investigation of photoelectrochemical proper-
ties and photocatalytic activity. Congo Red dye was used to
evaluate the photodegradation as it has azo groups where p-p�
transition occurs. It has also been widely used in textile, leather
and paper industries. There are several important areas of
chemical sciences where this study contributes to the photo-
catalytic and photoelectrochemical studies.

2. Experimental sections

2.1. Synthesis

Chemical precipitation method was used in the synthesis of
CdSi, NiO and CdS&NiO/Ni2O3. For bare CdS, 1mL
of ethylene glycol and 0.78 g NaS were dissolved in 150mL
of methanol/water mixture (2:3 v/v) and stirred for 3 h
(Solution A). 0.51 g of Cd(NO3)2 was dissolved in 60mL of
water, poured into solution A and stirred for 3 h. The
obtained precipitates were filtered and centrifuged for
30min at 5000 rpm. The obtained mixture was dried in an
oven at 80 �C for 3 h to obtain CdS. To prepare NiO/Ni2O3,
1.12 g of Ni(NO3)2 was dissolved in 100mL of water

(Solution A). 25mL of 0.3mol L�1 NaOH solution was
added to solution A. The resulted precipitates were filtered
and washed with distilled water thrice. The residual sample
was dried at 90 �C for 12 h followed by calcination at 350 �C.
Ni(OH)2 was converted to Ni2O3. To synthesize Ni2O3/CdS
photocatalysts, 0.5 g of CdS was dispersed in 100mL of water
and into it, 1.125 g of Ni(NO3)2 was added slowly. KspðNiOÞ ¼

Figure 1. SEM images of CdS (a) NiO/Ni2O3 (b) CN3 (c) EDS results (d)
Elemental mapping images of CN3 sample (e).
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1�10�22 and KspðCdSÞ ¼ 8�10�28Þ: 0.1mol L�1 of sodium
hydroxide (NaOH) solution was dropped into the above mix-
ture and stirred for 6 h. The obtained precipitates were filtered
and dried at 90 �C for 120min. The obtained CdS/Ni(OH)2
solids was calcined at 300 �C for 2 h. This reaction is repre-
sented as follows:

CdS=Ni OHð Þ2 ��������������!Calcined at 300 Co
CdSdNiO=Ni2O3

Synthesized composite materials with various amounts of
Ni2O3 were identified as CN1, CN2 and CN3, respectively.

2.2. Characterization

Morphology of the synthesized particles were investigated
using SEM (JEOL JSM-7600F). The crystalline structures
were investigated by x-ray diffraction (XRD: Rigaku D/MAX
350) using copper K radiation (k¼ 0.154 nm). X-ray photo-
electron spectroscopic (XPS) measurement was performed

using a PHI 5000 Versa Probe. The optical properties of the
solid samples (UV–vis DRS) were performed using a Lambda
35 UV–vis spectrophotometer. The photoluminescence (PL)
spectra of photocatalysts were measured using spectrofluoro-
metric (Spex 500M, USA) PL emission by 532nm lasers. The
electrochemical impedance spectra (EIS) were analyzed by an
impedance analyzer (Gamry Potantiostate/Galvanostat/ZRA
Reference 3000) using a standard three-electrode system with
the samples as the working electrodes, a saturated calomel elec-
trode (SCE) as the reference electrode, and a Pt wire as the
counter electrode. Frequency operating range was
1 kHz–107Hz. Raman analyses were performed at room tem-
perature using Raman spectrophotometer (Bruker IFS 66/S,
FRA 106/S, HYPERION 1000, RAMANSCOPE II).

2.3. Photocatalysis

Photocatalysis was performed under sunlight to decompose
Congo red. In this experiment, 0.25 g of photocatalyst was added

Figure 1. Continued.
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to 100mL of Congo red dye solution (10ppm). The solution
was stirred for 30min to achieve adsorption/desorption equilib-
rium. After irradiation, 3mL of aliquot was taken to measure
absorbance in a UV–Vis spectrophotometer. Congo red shows
kmax at 495nm. Each measurement for residual Congo red dye
and absorbance was carried out after every 30min. Degradation
efficiency was calculated using the following formula:

%Degradation ¼ C0 � C
C0

�100 ¼ A0 � At

At
�100

where A0 and At are the initial and final absorbencies of
Congo red at 495 nm. According to Beer–Lambert law, the
initial and final absorbencies are directly proportional to the
initial and final concentrations, respectively.

3. Results and discussion

3.1. SEM analysis

Figure 1 shows the results of SEM analysis of the synthe-
sized particles. CdS particles have an irregular rod structure
(Figure 1a) with approximately 30 nm wide and 100 nm
long. On the other hand, Ni2O3 particles were microball-
shaped with 510 nm diameter (Figure 1b). Furthermore,
these particles were regularly decorated with no gaps
between them. SEM analysis of composite particles clearly
shows that both components have formed the composite
structure with their characteristic features (Figure 1c).
However, micro-ball Ni2O3 particles were not regularly dec-
orated within the composite structure. Furthermore, one
part of Ni2O3 is decoratively dispersed on the CdS probably
due to their applomeration as the temperature increases. In
addition, due to the small dimensions and rough surfaces,
the resulting CdS&NiO/Ni2O3 composites could have a large
specific surface area that is useful for adsorption and
photocatalysis.[19]

The elemental composition of CN3 was investigated by
EDS. The target elements that is, Cd, Ni, O and S are clearly
seen in EDS spectra (Figure 1d). Although the changes in
the morphological structures of CdS and Ni2O3 affects the
catalytic performance, this study did not cover the effect on
photocatalytic performance as the morphology did not
changed. SEM images also present the formation of binary
hybrid composite (Figure 1e). The elemental analysis shows
the homogenous distribution of Cd, O, Ni and S atoms in
CN3. Also, the SEM elemental mapping analysis shows less
color intensity of Cd than that of Ni. It means that NiO is
more disperse on CdS. The same is true for oxygen and sul-
fur atoms.

3.2. XRD analysis

One can easily get the structural properties of various mate-
rials using XRD analysis. Figure 2 presents the XRD results
of all photocatalysts. From Figure 2a (NiO/Ni2O3), the dif-
fraction peak at 31.67�, 45.41� and 75.29� degree attributes
to (202), (111) and (311) plane of Ni2O3. Also, 37.67�,
43.22�, 62.80� and 79.36� corresponds to (111), (200), (220)
and (222) plane, respectively. These results confirm the
cubic structure of Ni2O3 and hexagonal structure of NiO.
For CdS, the diffraction peaks at 23.46�, 26.58�, 38.19�,
47.31�, 55.26�, 62.76�, 69.11� and 74.98� corresponds to
(100), (002), (101), (102), (202), (104), (211) and (105)
planes of the wurtzite hexagonal structure (JCPDS 41–1049),
respectively.[20] One peak at 31.16� corresponds to (220)
plane of cubic CdS confirming the mixed phase of cubic
and hexagonal CdS.

Figure 2c–e shows XRD diffraction peaks of composite
samples where the characteristic diffraction peaks of both
NiO/Ni2O3 and CdS are clearly seen. However, some diffrac-
tion peaks such as �23�, �38�, �47�, �69� were not

Figure 2. XRD pattern of bare and composite photocatalysts.
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observed in CN2 and CN3 composites probably due to the
dispersion of NiO/Ni2O3 on CdS. Considering the XRD
peaks of composites, even though all composites were cal-
cined at the same temperature, the CN2 sample has sharper
peaks. This indicates that not only CN2 sample is better
crystallized, but also the optimum amount of NiO/Ni2O3

affects the crystal structure of the composite. The absence of
characteristic peak of the cubic CdS at �31.16� supports this
explanation. Considering that the figure is examined, the
characteristic 2h degree of Ni2O3 at 31.68 did not change in
the composite samples, while the characteristic main peak of
the NiO which was present at 37.18� have shifting toward
lower angles. On the other hand, the characteristic CdS
peaks in the composite samples were shifted to slightly
higher angles. As well known, XRD peak due to strain and
planer stress or changing in the composite stoichiometry
can increase of decrease, which corresponds the compressive
and tensile stress.[21] According to obtained data, we can
infer that both stresses are available in the composite sam-
ple. This finding, while preliminary, also suggests that an
effective photocatalytic performance should be obtained with
composite materials.

The crystalline size of catalysts was calculated with
Scherrer equation referenced using the most intense peak
using the following equation:

d ¼ 0:9�k
FWHMðRadianÞ�Cosh

[1]

The crystalline size of the composites decreased with
loading NiO/Ni2O3 on CdS (Table 1)These findings must
help us to understand that decreasing particle size made it
difficult to see the characteristic peaks of CdS in XRD dif-
fraction pattern.[22]

3.3 Raman spectra

Figure 3 shows the Raman analysis of all catalysts. The con-
finement of phonon, strain, defect and broadening signifi-
cantly affects the Raman spectra of nanostructure. In Figure
3a, the band seen at 488 cm�1 is probably the Ni3þ and
overlapping 1LO phonon peak of Ni2þ.[23] In Figure 3b,
CdS shows two Raman active peaks. The peaks appeared at
290 and 613 cm�1 are attributed to the first and second
order longitudinal (LO) modes. The absence of a change in
the 1LO and 2LO modes also indicates that there is no
change in the shape of CdS particles (Figure 3c). In this
case, multi-phonon scattering occurs and weak Raman
bands at �340 can be observed.[24] As seen from Figure 3b,
3LO mode of CdS is observed at 913 cm�1. Furthermore, 1
LO and 2 LO modes of CdS are much fainter than 3 LO
mode of CdS. A possible explanation for this might be that,
phonon confinement occurs in the transverse directions
while elementary excitation has occurred in the longitudinal
direction. In this case, enhanced exciton-LO phonon cou-
pling in the CdS sample has been observed significantly.[25]

After composition of CdS with NiO/Ni2O3, Raman scattering
presents a magnon peak (2M) behind 1LO and 2LO phonon
of CdS. 2M peak at 994 cm�1 shows a 3-dimensional, cubic
and antiferromagnetic material that is supported by XRD
results. 2M peak also exhibits the anti-ferromagnetic property
of the material, which is the same as ferro-magnetism that

Figure 3. Raman spectra of NiO/Ni2O3 (a), CdS (b) and CN3 composites (c).

Table 1. d value of photocatalysts sample as Angstrom unit.

Sample d(Å) NiO/Ni2O3 CdS

NiO/Ni2O3 2.09 – –
CdS 2.91
CN1 2.95 3.79
CN2 2.41 1.65
CN3 2.09 1.62
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explains the attraction of materials toward the external mag-
net.[26] The band at 994 cm�1 is sharper while the other 1LO
and 2 LO peaks are broader. These results confirmed the pro-
duction of CdS&NiO/Ni2O3 composites, partial changes in the
crystalline structure and reduction of defect. Previous studies
have presented that 1 LO, 2LO and 3LO vibrational mode of
CdS occurs at 300, 600 and 900 cm�1, respectively. The LO
phonons observed in the Raman bands shows the fracturing of
selection rules because of the electronic resonance where elec-
trostatic forces dominates over the anisotropy.[27] Furthermore,

due to the confinement effect, 1LO and 2LO bands have
broadening and downward shift confirming the tensile or com-
pressive strain that causes red or blue shift in the Raman spec-
tra. In the present study, all LO bands in bare CdS and CN1
composite shows lower frequency (Figure 3c). This observation
may support the hypothesis that there is a higher phonon con-
finement and strong electronic coupling at the interface or
large number of defect sites (compressive stress) in the compo-
sites.[28] Surprisingly, the characteristic Ni2þ/Ni3þ bands
observed in Figure 3a were not observed in the Raman spectra

Figure 4. XPS analysis of CN3 photocatalyst: (a) Survey spectrum; (b) Cd 3d; (c) S 2p; (d) O 1 s; (e) Ni 2p.
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of CN3 composite. Similarly, the 2M magnon bands were not
observed in Figure 3a.

3.4. XPS analysis

To explain the chemical states of the elements in CdS&NiO/
Ni2O3 (CN3), XPS analysis was performed. Figure 4a shows
the XPS results of CN3 between 200 and 1000 eV binding
energy. Target elements that is, Cd, S, Ni and O were
observed in CN3. Figure 4b shows Cd 3d peaks at 405.2 and
411.9 eV binding energy that represents the Cd 3d5/2 and Cd
3d3/2, respectively. A spin orbit coupling of 6.7 eV signifi-
cantly confirms the presence of Cd in the photocatalysts in
the form of Cd2þ.[29] Figure 4c displays S 2p binding energy
at 164-169 eV corresponds to 2p3/2 and 2p1/2. This indicates
S2- form bridging S atoms.[30] Figure 4c shows O 1 s binding
energy at 530.7 eV in the CN3 photocatalyst. It is clearly
attributed to O2- oxidation state in the NiO/Ni2O3. The
binding energy at 525 eV in the O 1 s of XPS results shows
the formation of new oxygen species due to a change in the
oxygen coordination.

Figure 4edisplays Ni 2p spectra where the peaks at 853.5
and 874.4 eV corresponds to Ni 2p3/2 and Ni2p1/2, respectively.
In addition, when the XPS spectra of Ni 2p showed both Ni2þ

and Ni3þ species. These results indicate a defective NiO in the
CN3 sample that is also supported by O 1 s XPS spectra.[31]

3.5. UV–Vis analysis

To explain the optical properties of bare and composites
(CN3), UV-DRS studies were performed between 200 and
800 nm (Figure 5). Bare CdS and NiO/Ni2O3 samples
showed broad and sharper absorption peaks, respectively, in
the UV–visible spectra (Figure 5a and b). For composite

CN3, broad absorption peak can be seen in the visible
region (Figure 5c). The band gap of each catalyst was esti-
mated with the following formula:

Eg ¼ 1240
k

[2]

The absorption peaks of CdS, NiO/Ni2O3 and CN3 are
426, 372 and 405 nm that corresponds to the band gap of
2.91, 3.34 and 3.06 eV, respectively. After loading CdS on
NiO/Ni2O3, the absorption peak shifted to visible area in
case of CN3 composite that confirms the spread and incorp-
oration of CdS into the crystalline structure of CN3. Thus,
composite samples are expected to increase the photocata-
lytic degradation under visible light. The ECB and EVB val-
ues can be calculated from the following equations:

ECB ¼ d� EE � 0:5�Eg and EVB ¼ ECB þ Eg [3]

where d is the electronegativity of CdS (5.18 eV)[32] and EE

is the energy of free electron on the hydrogen scale (NHE,
4.5 eV). ECB, EVB and Eg are conduction band, valence band
and band gap values, respectively. The ECB, and EVB values
were calculated as �0.775 and 2.135 eV for CdS while
�0.405 and 2.925 eV for NiO/Ni2O3, respectively. When
CdS&NiO/Ni2O3 sample is irradiated by visible light, the
EVB electrons of CdS excites to ECB level. To form a new
Fermi level equilibrium, electrons flows from CdS to NiO/
Ni2O3. In this case, the electric field forms by electrostatic
induction can quickly drive the electron/hole pairs by
absorbing the suitable photons of CdS&NiO/Ni2O3.

[33]

The redox potential of superoxide O2=O2
�� is aprox. �is

aprox Transferring of electrons from NiO can produce
superoxide (O2

��) radicals with O2 as it is more negative
than the potential of O2/O2��. However, EVB potential of
CdS is more negative than the standard redox potential of
OH�/OH� (2.40 eV). The transferred holes (hþ) from EVB

Figure 5. UV-DRS spectra of the synthesized photocatalysts.

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY 7@ 

50 
40 1- ctsl 
30 (a) a:: 20 

-;:R_ 
0 10 

0 
15250 300 350 400 450 500 550 600 650 700 750 800 

j - No, ~o. I 
10 

(b) a:: 
-;:R_ 5 
0 

0 

30 0 275 300 325 350 375 400 

25 I - CdS& ,ON ip ,(C J> 

20 (c) a:: 15 
-;:R_ 
0 

10 
5 
0 
250 275 300 325 350 375 400 425 450 

Wavelength (nm ) 



level of CdS could reveal OH� radicals. It is possible that,
the lower photocorrosion occurs on CdS in CdS&NiO/
Ni2O3 composite. It further confirms the transfer of photo-
generated holes to EVB level of NiO/Ni2O3.

The possible degradation mechanism was also investi-
gated. As well known, NiO is p-type while CdS is the n-type
semiconductor. The possible degradation mechanism is pre-
sented in Scheme 1.

3.6. Photoluminescence (PL)

To explain the photoexcited charge transfer process in the
NiO/Ni2O3&CdS composites, PL analysis of bare and com-
posite samples were performed. PL spectra (Figure 6) of
NiO/Ni2O3 (Red line) show three emission peaks at 458, 497
and 527 nm, respectively. The peak at 458 and 491 attributed
to the presence of Ni interstitial sites as well as the surface
defects.[34] The red emission peak at 527 nm reveals the oxi-
dation of Ni2þ to Ni3þ.[35] In case of CdS, spectra (Blue
line) presented four emission broad peaks at 356, 456, 498
and 523 nm. The visible emissions of CdS can be related to
different intrinsic defects such as sulfide and cadmium
vacancies, and interstitials. The peak at around 523 nm has
originated from recombination of donor-acceptor pairs.[36]

The peaks around 356 and 456 nm are due to high energy
photons that can be related to the higher level of emission
from quantum confinement.

All synthesized photocatalysts showed similar spectra
where three peaks appeared at near 456, 487 and 523 nm are
the peaks corresponding to purple, blue and green light in
the visible region, respectively. The band at 523 nm can be
attributed to the near-band emission that is derived from
the recombination of electrons. The other bands at 456 and
487 nm usually attributed to excitons connected ionized
donors and/or the shallow trapped electron-hole pairs. This
is also indicating the intrinsic properties and defect level
that is particularly from the grain defects or different mor-
phological structures of CdS. These findings are consistent
with the study published by Cai et al. [37] As previously
reported, lower PL intensity means the inhibition of recom-
bination of charge carriers. The PL intensity of CN3 is
much lower than that of CN1 and CN3 indicating the for-
mation of p-n heterojunction and higher inhibition of elec-
tron-hole pairs at the surface of the catalyst.[38] Surprisingly,
the PL intensity of CN2 catalyst was higher than that of
CN1 (Figure 6). Generally, lower PL intensity shows a lower
recombination, however, there are exceptions. Sometimes, as
the number of oxygen surface defects and oxygen vacancies
increases on the surface of the catalyst, high photocatalytic
activity can be observed with an increase in the PL intensity.
As there is a possibility, CN2 catalyst showed higher
PL intensity.

Scheme 1. The proposed mechanism of photocatalytic degradation.

Figure 6. PL spectra of the synthesized photocatalysts.

Figure 7. Electrochemical analysis of CdS, NiO/Ni2O3 and CN3 sample: (a
Nyquist plots; b) dielectric constants.
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3.7. Electrochemical impedance and dielectric properties

EIS was investigated under visible light to understand the
charge separation behavior. As, known, the real and imagin-
ary Z values of the electrochemical impedance spectrum are
obtained depending on the capacitance and resistance values
of the components in the electrochemical cell. In general, a
Nyquist plot presents more semicircular arcs with diameter
along the Zreal axis. The smaller arc radius specifies the

faster rate of interface charge carrier transfer. CN3 compos-
ite showed the least semicircle arc (Figure 7a) as compared
to the bare CdS and NiO/Ni2O3 samples. This confirms an
improved transfer behavior of CN3 for the photoexcited car-
riers.[39] Comprehensively, small arc radius displays lower
electron transfer resistance at surface.

Figure 7b shows the dielectric constants with frequency
at room temperature. The dielectric constant linearly
decreased with frequency at a constant working temperature.
Dielectric constant of CN3 was higher than that of CdS and
NiO/Ni2O3; probably due to the defect level, that magnifies
polar centers in the CN3. This also supports the electronic
interactions between the electro-active metal centers that
can reinforce electron transport in the composites and sub-
sequently elevate electro-catalytic activity and electronic
properties.[40,41]

3.8. Photocatalytic degradation of Congo red

Figure 8a shows the degradation spectra of Congo red using
the CN3 sample at kmax 495 nm. Effective degradation has
been achieved within 120min. The photocatalytic degrad-
ation activity of Congo red solution under visible light
irradiation using the NiO/Ni2O3, CdS and composite sam-
ples (CN1, CN2, CN3) has been plotted as Ct/C0 in Figure
8b and c, respectively. There are three possible degradation
ways for organic dyes that is, photosensitization, photolysis,
and photocatalysis.[42] The decomposition of Congo red in
the presence of NiO/Ni2O3 and CdS within 120min under
visible light irradiation is very tenuous (Figure 8b) that is 28
and 31%, respectively. On the other hand, CN3, CN2 and
CN1 showed 82, 60 and 44% photodegradation, respectively.
These results are higher than some of the reported oxide-
based metals. Results showed that CdS&NiO/Ni2O3 compo-
sites have higher degradation performance than that of bare
CdS and NiO/Ni2O3. Moreover, the photocatalytic degrad-
ation increased with increasing the molar content of CdS.
We can infer that there is an optimal content of the compo-
nents in the catalyst structure.

The pseudo first-order kinetic rate is plotted as a function
of time (Figure 8c). The kinetic rate constant (k) was calcu-
lated from the slope of –ln(C/C0) versus time. The calcu-
lated k values were 0.019min�1 for CN3 sample presenting
the highest photocatalytic activity compared to other sam-
ples. This is also 6 and 9 times higher than that of NiO/
Ni2O3 and CdS, respectively. This higher degradation per-
formance can be explained as follows; (i) An effective inhib-
ition of photogenerated electron/hole pairs (ii) Optimal
content of CdS in the composite structure with light absorp-
tion ability (iii) effective active sites of cadmium interstitials
or oxygen vacancies.

As well known, the Fermi levels for p and n semicon-
ductor heterojunctions are close to the VB and CB band lev-
els, respectively. It also supports the formation of an
internal electrical field. After contact, the energy bands of
NiO shifts upward while the energy band of CdS shifts
downward. This fact indicates the separating of charge car-
ries thermodynamically. Scheme 1 shows a proposed

Figure 8. UV–Vis spectra of Congo red for 120min with (a) CN3 sample; (b)
Degradation yield of catalysts; (c) Pseudo first-order kinetic rates.
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degradation mechanism of CN3. A heterojunction was
obtained between CdS and NiO/Ni2O3. A new Fermi level
was formed due to the flow of electrons from CdS to NiO/
Ni2O3. When visible light is irradiated on CN3, the electric
field is formed by electrostatic induction in the electron-hole
diffusion near the p-n interface reveals until the Fermi level
equilibrium is achieved; also called as internal electric field.
After contact, the excited electrons of CdS, which are more
electronegative can produce H2 or superoxide radicals ðO:�

2 Þ
while VB electrons of NiO/Ni2O3 can be excited to CB level
by two Ni species (Ni2þ, Ni3þ). In this case, the electrons in
the CB level of NiO/Ni2O3 can be transferred to CB level of
CdS. The photoinduced holes are transferred from VB level
of NiO/Ni2O3 to block the photocorrosion of CdS whereas
hydroxyl radicals are obtained due to more electropositive
band level under the influence of internal electric field.
These mechanisms result the spatial separation of charge
carriers and significantly extend their lifetime. In the light of
these statements, more active catalytic performance of CN3
can be attributed to the following points. (i) Extended light
absorption caused the yield of charge collection. In addition,
more charge carriers can be produced upon visible light
irradiation. (ii) An excellent band alignment in the
CdS&NiO/Ni2O3 (CN3) photocatalyst increased the inhib-
ition and recombination of electron hole pairs. From
another perspective, the excited electrons can be captured by
Ni3þ due to more electronegative redox potential and irre-
versible reaction Ni3þ þ e� ! Ni2þ ¼ �2:94 Vð Þ:

4. Conclusion

It this study, the CdS&NiO/Ni2O3 photocatalyst was success-
fully fabricated via facile precipitation and calcination meth-
ods. CdS&NiO/Ni2O3 composites were characterized and
used for photodecomposition of Congo red under visible
light irradiation. The structural properties and p-n hetero-
junction phenomenon plays a major role in photocatalytic
degradation. The composite CdS&NiO/Ni2O3 sample
showed better photocatalytic activity than that of bare CdS
and NiO/Ni2O3. Also, CN3 sample presented more catalytic
performance than that of other CN1 and CN2 that was
attributed to the optimal content of NiO/Ni2O3 onto CdS
and excellent band alignment among them. This work shed
a beneficial light on the future studies based on nickel and
cadmium photocatalysts.
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