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ABSTRACT

The activated carbon (AC) supported sulphur-based Ni/Co photocatalysts were prepared using
the simple chemical precipitation method. The prepared samples were characterized with
advanced scanning electron microscope, x-ray diffraction, Raman, UV-DRS, PL analyses. SEM
images presented that AC-supported NiS and CoS nanocomposites were spherical and had
rod-like morphologies. To determine photocatalytic performance and the kinetic model, the
decomposition of Methyl Violet (MV) was carried out on all the photocatalyst samples. The
synergetic effect was performed by comparing NiS/AC, CoS/AC and Ni/CoS/AC composites.
The photocatalytic yield of the Ni7Co3/AC nanocomposite sample towards (MV) was found to
be 98% in 90 min also under the same experimental conditions other AC-supported samples
which CoS/AC, NiS/AC, and Ni3Co7/AC showed 56%, 74% and 78% photodegradation efficiency,
respectively. The obtained results showed that the optimal content of component affects the
degradation ability and also composites with increased NiS content displaying better photo-
catalytic performance. Ni7Co3/AC inactivation performance against S. aureus and E. faecalis was
outstanding; nearly 100% inactivation was attained in less than 2 h. S. aureus and E. faecalis are
both Gram positive (Gr+) bacteria. The Ni7Co3/AC composite deactivated Gr+ bacteria but had
no effect against Gr— bacteria during the incubation period.
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1. Introduction

Disinfection is recognized as an effective technique
for reducing pathogens and protecting people against
waterborne infectious diseases. Chemical disinfection,
especially chlorination is the most popular steriliza-
tion technique used for water purification [1-3] How-
ever, evidences show that the chlorine residue poses
a serious public health risk [4]. Traditional disinfection
methods such as chlorination, UV irradiation and ozona-
tion can produce serious problems such as insufficient
wastewater treatment, incomplete removal of colours,
high energy requirement, phase production containing
secondary pollutants and fluctuations [5-7]. Recently,
industrial waste waters or other samples/contaminants
such as toxic heavy metals which are mutagenic, car-
cinogenic and toxicity depend strongly on their oxida-
tion stat and colour [8]. This contamination will become
a major problem for human health [9]. Many industrial
wastes originating from the textile, food, leather indus-
try, etc. contain azo dyes or toxic organic compounds.
These compounds also show durability in degrada-
tion processes due to their chemical structure [10].
The colour removal from waste water has attracted
more attention than other colourless wastes since it
is toxic and an indicator of polluted water [11]. There

are many different azo dyes. However, some dyes are
extremely toxic, stable and too difficult to degrada-
tion such as Methyl Violet (MV) which contains some
mixtures of tetramethyl, pentamethyl and hexamethyl
pararosanilins. This substance is found in wastewa-
ter of textile or other industrial sectors. MV requires
high chemical oxygen demand (COD) in aqueous envi-
ronment. Furthermore, chemicals such as benzamine
that result from chemical reactions can cause cancer
in humans [12]. Physical, chemical or biological meth-
ods are used in the treatment of wastewater. How-
ever, these methods either create secondary pollution
or cannot provide adequate removal. In this respect, it
becomes necessary to implement an advanced treat-
ment process of MV. The advanced oxidation process
(AOP) can be thought in two subgroups as homoge-
neous and heterogeneous. Based on hydroxyl radicals,
it provides the complete mineralization of organic com-
pounds. The radicals formed on semiconductors by the
effect of light attack organic compounds and oxidize
them to CO; and H;0 [13]. The degradation of organic
toxic dyes with an advanced oxidation technique has
recently attracted the attention of researchers due to
its low cost, continuity and ease of application. This
advanced oxidation technique is a chemical method
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that provides the oxidation of toxic components to non-
toxic carbon dioxide or other inorganic molecules with
the help of a semiconductor photocatalyst. Recently
some materials have been synthesized for the degra-
dation of MV. These materials showed degradation
efficiency up to 95% [14,15]. However, sulphur-based
materials have also been used very frequently due to
their unique properties such as solar energy storage cell,
high electrical conductivity, sensors, photocatalysis and
chemical sensing ability [16]. For example, NiS can be
used in a wide variety of fields such as optical and mag-
netic properties energy storage and sensors since it has
a wide absorption feature in the solar spectrum. Due
to the low band gap energy, which is an important cri-
terion especially in photocatalytic reactions, it can also
be applied under visible light. However, low band gap
energy cannot be a positive effectimmediately. Because
the rapid recombination of excited electrons and holes
shows an inefficient photocatalytic performance. Mate-
rials must be subjected to some modifications to over-
come such difficulties. Similarly, CoS, which has differ-
ent chemical formulas such as CoS or Co3Sy, is used in
various fields due to its optical and electronic proper-
ties. As known, in a semiconductor material, an impor-
tant drawback is the electron/hole recombination caus-
ing to consume the energy as heat and a major decrease
in the photocatalytic degradation [17]. Supporting or
coupling of p-n, p-p and n-n composite photocatalysts
are an effective process to destroy toxic compounds.
Where the excited electrons can migrate to the CB level
of other semiconductor to decrease recombination rate
of electron/hole pairs. Also, the holes are moved in the
opposite direction between VB levels. This charge trans-
ferring strongly inhibits the electron/hole pairs result-
ing in a major increase in the photocatalytic degrada-
tion activity [18-20]. Also, supporting of a semiconduc-
tor material onto a clay mineral fine disperses them and
inhibits their aggregation. The obtained high surface
area provides more quantitative photons resulting in
higher charge carries. This also prevent the collisions of
semiconductors with ground state to enhanced recom-
bination of electron/hole blocking [21,22]. Consider-
ing some working examples of sulphur-based nickel
and cobalt composites Borthakur and Das [23] synthe-
sized the NiS;/CoS/AC material by the hydrothermal
method and used it in the degradation of MV. They
reported the use of graphite oxide to prevent aggre-
gation of the material. In addition, they investigated
the effects of the surface load of the material on the
catalytic activity. Yang and co-workers [24] synthesized
NiS/CoS/AC composites and used it in hydrogen evalu-
ation reactions. From the findings/according to results,
they stated that three-dimensional composites have
longer diffusion efficiency and electronic conductivity.
In addition, pathogenic species such as bacteria, viruses
and protozoa have been a major environmental and
human health risk [25]. Therefore, an effective method
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with high performance, low energy has become manda-
tory for disinfection of bacteria.

Until now, there is no report of sulphide-based
NiS/CoS/AC composites for the decomposition of organic
pollutants and disinfection studies. Also, in photocat-
alytic studies of sulphur-based nickel and cobalt, acti-
vated carbon (AC) was presented for the first time in
this study. In the present study, the degradation per-
formance of NiS/CoS/AC composites for MV dye was
studied. The photocatalytic degradation performance
of composites (NiS/AC, CoS/AC and composites which
contain different amounts of NiS and CoS) was com-
pared between NiS/AC, CoS/AC and composites. The
composites are defined as Ni3Co7/AC and Ni7Co3/AC.
Also the most photocatalytic active composite sam-
ple Ni7Co3/AC was chosen for the disinfection process
against four different microorganisms (Staphylococcus
aureus ATCC 25923, Escherichia coli ATCC 25922, Pseu-
domonas aeruginosa ATCC 27853, and Enterococcus fae-
calis ATCC 29210). This study also aims to develop a
selectively sensitive composite material for photocat-
alytic applications. With this effect, a controllable chem-
ical reaction will play a major role in the synthesis and
application of materials with the desired physicochem-
ical properties with a simple method.

2. Materials and methods
2.1. Preparation of photocatalysts

All materials were synthesized using chemical precip-
itation and a co-precipitation method. Simply, 5.69g
of Ni(Cl);-6H,0 was dissolved in 50 ml of water and
then 1.12g of Na,S was added to this solution slowly
and stirred for 1h. The obtained black powder was
filtered and dried at 80°C for 2h. Similarly, 5.1g of
Co(NO3);,-2H,0 was dissolved in 50 ml of water. Then
1.16 g of NayS was added to this solution slowly to
obtain black CoS powders for 1h. The powders were
then dried at 80°C for 2 h. To prepare the NiS/CoS/AC
composite samples 2 g of AC and 2.4 g of NiS (aqueous
suspension, where the concentration was estimated on
the basis of dry powders) and a desired amount of
Co(NO3),-2H,0 was dissolved in 50 ml of distilled water
and then stirred for 2 h. After that a stoichiometric cal-
culated amount of Na,S was added into the solution
with vigorous stirring. Finally, the obtained black pow-
ders were collected and washed with distilled water five
times. The obtained composites were filtered and then
dried at 80°C for 2 h. In the synthesis of all photocat-
alysts, the amount of activated carbon (AC) used was

24q.

2.2. Characterization

The morphological structures of the particles were
investigated using scanning electron microscope (SEM)
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(JEOL JSM-7600F). The crystalline structures were inves-
tigated by x-ray diffraction (XRD: Rigaku D/MAX 350)
using copper K radiation (k = 0.15401 nm). X-ray pho-
toelectron spectroscopic (XPS) measurement was per-
formed using a PHI 5000 Versa Probe. The optical prop-
erties of the samples (UV-vis DRS) were performed
using a Lambda 35 UV-vis spectrophotometer in the
solid state. The photoluminescence spectra of photo-
catalyst samples were observed using spectrofluoro-
metric (Spex 500 M, USA) photoluminescence (PL) emis-
sion spectra. The recorded spectra were obtained using
532 nm lasers. The electrochemical impedance spectra
(EIS) were analysed on an impedance analyzer (Gamry
Potansiyostat/Galvanostat/ZRA Reference 3000) using
a standard three-electrode system with the samples
as the working electrodes, a saturated calomel elec-
trode as the reference electrode and a Pt wire as the
counter electrode, respectively. The frequency operat-
ing range was specified as 1 kHz-107 Hz. Raman anal-
yses were studied at room temperature using a Raman
spectrophotometer (Bruker Ifs 66/S, Fra 106/S, Hyperion
1000, Raman scope II).

2.3. Photocatalytic performance studies

All photocatalytic degradation studies were performed
in a beaker (100 ml) at ambient temperature. For irradi-
ation sources, 400 nm of LED lamps (9 W and 3 number)
were used. Three different lights were positioned on
the beaker at an angle of 120° at a distance of 3cm
from the beaker. To decompose of MV dye under visible
light irradiation, 0.5 g of the photocatalyst was added
to 100 ml of the MV dye solution (10 ppm). The solution
was stirred for 30 min to achieve adsorption/desorption
equilibrium. After irradiation, 3 ml of the aliquot was
taken to observe the absorption value in a UV-Vis spec-
trophotometer. MV shows a maximum peak at 528 nm
wavelength. Each measurement for residual MV dye and
absorbance was carried out once in 30 min. Degrada-
tion efficiency was calculated using the below formula;

Co—C Ag — A
0 x 100 = =2
0 At

%Degradation = x 100 (1)

where Ap and A; are the initial and final absorbencies
of MV at 528 nm. According to the Lambert Beer law,
the initial and final absorbance values are directly pro-
portional to the initial and final concentrations, respec-
tively.

2.4. Determination of minimum inhibitory
concentrations (MIC)

Antibacterial activities against the four bacteria (S.
aureus ATCC 25923, E. coli ATCC 25922, P. aeruginosa
ATCC 27853 and E. faecalis ATCC 29210) were deter-
mined by the micro broth dilutions technique using

the Clinical Laboratory Standards Institute (CLSI) rec-
ommendations. Mueller-Hinton broth for bacteria were
used as the test media. Serial two-fold dilutions of dif-
ferent concentrations were prepared in the medium.
Bacteria were adjusted to a turbidity equivalent to the
0.5 McFarland standard, diluted in broth media to give
a final concentration of 5 x 10° cfu/ml for the bacteria
in the 96-well plates. The plates were incubated at 37°C
for 24 h. The MIC was defined as the lowest concentra-
tion of the test that produced the complete inhibition
of visible growth (CLSI M7-A7, 2006) [26].

2.5. Bacterial strains and growth conditions

Nutrient agar for bacteria (S. aureus ATCC 25923, E.
coli ATCC 25922, P. aeruginosa ATCC 27853, and E. fae-
calis ATCC 29210) was prepared and diluted to 25 ml
in petri dishes for the purpose of studying the sur-
viving microorganisms. The material was weighed at
4000 ng/ml and incubated with microorganisms. At
the 2nd and 4th hours samples were taken, incubated
in daylight, specimens taken, transferred to new petri
dishes and incubated for 24 h at 37°C, then the colony
was counted [27].

3. Results and discussion
3.1. SEM analysis

Figure 1 shows typical SEM images of NiS/AC, CoS/AC
and Ni7Co3/AC. As seen from Figure 1, NiS/AC and
CoS/AC display uniform spherical and very thin mor-
phology with diameters of 30-50 and 50-10nm,
respectively. The nanostructure of the NiS/AC sample
takes shape by the assembly of spherical NiS and AC
(Figure 1(a)). For the CoS/AC sample, CoS has a nanos-
tructure of nanosheets onto AC (Figure 1(b)). As a result
of supporting NiS and CoS on activated carbon (AC), the
morphological structure of the materials did not change
significantly (Figure 1(c)). Furthermore, the composite
Ni7Co3/AC sample is composed of a large amount of
bush-like sub units confirming a hierarchical structure.
This property is useful for the intimate contact of active
sites with the electronic structure to enhance the effec-
tive photo electrochemical activity of Ni7Co3/AC [1].
In addition, the use of activated carbon enables the
materials to have a larger surface area. Compared to
materials with low surface area, it will allow a more effi-
cient photocatalytic reaction by preventing the absence
of inter-pore connections that allow percolation to
occur [28].

3.2. XRD analysis

To determine phase purity of the composite materi-
als XRD analysis which gives effective information for
the crystallite defects, strain and size distribution was
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— 100nm JEOL 2/28/2020
X 75,000 15.0kV SEI SEM WD 8.2mm 1:54:05

- 100nm JEOL 2/28/2020
X 30,000 15.0kV SEI SEM WD 7.5mm 2:05:11

- 100nm JEOL 2/28/2020
X 40,000 15.0kV SEI SEM WD 8.2mm 2:20:05

Figure 1. SEM images of all NiS/AC (a) CoS/AC, (b) and Ni7Co3/AC (c) photocatalyst sample.
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performed. Figure 2 exhibits XRD pattern of all pho-
tocatalysis samples. As seen, the diffraction peaks at
approximately 260 = 23.4° can be assigned to the tur-
bostratic graphite structure [29]. Also, five diffraction
peaks at 20 = 32.20° 36.44°, 40.45°, 48.52° and 60.42°
are attributed to (300), (021),(221), (131) and (330) plane
of the hexagonal phase of NiS, respectively (JCPDS 75-
0613) [30]. In addition, the XRD diffraction peaks of CoS
were seen at 20 = 30.7°, 34.6°, 53.42° which matched
with (1 00), (1 0 1), and (1 1 0) planes for the hexago-
nal CoS structure ((JCPDS 65-3418) [31]). These results
present an effective AC-supported NiS/CoS composite
for MV degradation.

The Williamson-Hall (W-H) method was used to cal-
culate the crystallite size of the NiS and CoS nanoparti-
cles. According to the below formula, 8 is the full width
at half maximum, 1 is the Cu-ka radiation wavelength
(1.5406 A), 6 the angle, d the crystallite size and p repre-
sents the strain in the crystallite structure.The kvalue is
generally 1 butit can be vary between 0.8 and 1.4. When
the strain value is zero, the W-H method converts to the
Scherer equation (Equation (2))

B.CosH = <I%> ~+ (w.Sind) (2)

According to the W-H method, the slope of the obtained
linear line can be positive or negative. When it is
positive, the tensile strain, which can be caused by
the relative shift in the peak position by the contact
and coherency stresses, grain boundary, triple junction
and tacking faults are revealed [32,33]. In the absence
of those described above, a negative slope with the
present pressure strain is obtained.

If the plot of B.Cosf versus u.Sind is plotted, a
straight line must be obtained and the strain from the
slope and the crystal size at the intercept are calcu-
lated. The obtained W-H plot and intercept in Figure
2(b) shows that the grain size was 21.9 nm.

kA
d=
BCosH

3)

The Scherrer equation is presented in Equation (2).
Where the grain sizes of nanocomposites are d, k
is about 0.9, A is the Cu-ka radiation wavelength
(1.5406 A) and 6 the angle. Based on the information
and calculated data, the grain size of Ni7Co3/AC sample
is 28.9nm.

3.3. XPS analysis

The chemical states and surface composition of the
Ni7Co3/AC sample was evaluated by XPS. The survey
spectra of the composite showed the presence of Ni, Co,
S, 0 and C (Figure 3(a)). Spectral areas of the Ni7Co3/AC
sample were fitted by the Gaussian method, and are
presented in Figure 3. The peaks located at 860.58 and

878.68 eV correspond to the Ni2p3,, and Ni2p1 ; states
of Ni?* respectively (Figure 3(a)) [34].

For S2p spectra, as seen, the S2p spectra display three
signals. The peak at 161.25 eV assigned to S>~ in NiS. The
S 2p core level shows large chemical shifts; the peaks
at 167.14 and 172.57 eV possibly show other oxidized
species such as sulphate or sulphide which are S+ and
S** respectively [35].

For Co2p XPS spectra, three are two main peaks at
785.24 and 801.25 eV indicating the 2p3/; and 2pq,;
Co?* statein the Ni7Co3/AC sample [36]. Figure 3(d) dis-
plays the C1s spectrafor AC. Itis clearly seen that the C1s
spectra for AC present two strong peaks at 284.45 and
288.59 ascribed to the sp2 carbon and epoxide groups,
respectively [37]. All XPS spectra strongly indicate that
the high-purity NiS/CoS/AC heterojunction composite
was successfully prepared.

3.4. Electrochemical impedance studies

Typical electrochemical impedance results of NiS/AC,
CoS/ACand Ni7Co3/ACsamples are presented in Figure
4. As known, the arc radius of on the EIS spectra displays
resistance of the interface layer at the catalysts’ surface
resulting in a smaller arc radius confirming the higher
charge transfer [38]. It is possible to interpret the data
of an electrochemical system (Rs, R, and Cy) in a certain
frequency range. The equation for a simple impedance
expression can be written as follows:

R
Zy =Rs + <—" (4)

Nyquist and the Bode plots can be significantly used for
theimpedance data. In the Nyquist plotimaginary num-
bers Z(w) are plotted versus real numbers Z(w). In the
Bode plot, the absolute values of impedance or phase
angle are plotted versus the frequency. The frequency-
dependent term of the above equation is neglected at
very high frequencies. In this case, Z (w) = Z'(w) = R;s
occurs. When o 0, in this case, Z(w) = Rs + Ry, equality
occurs. If the following equation is taken into account
at the maximum Z(w) frequency, a parameter related
to the time constant of the electrochemical reaction
emerges. This parameter shows the rate of the reaction.
Hence, the Ry, R, and Cy values can be obtained from
the Nyquist plot. On the Nyquist plot, the frequency
decreases to the left of the x-axis (Equation (5))

1 1

RpCy=—=
pd Wmax 27 fnax

= kreaction (5)

Athigh and low frequencies, the Rs and R, values esti-
mated from the Nquist plot can be found from the Z(w)
versus log(w). When Equation (4) is taken into account,
it is verified that the slope is —1 by taking the logarithm
of the absolute Z(w) versus Log(w). Usually a straight line
with a slope of —1 in the mid-frequency region can be
observed. The intercept point of the line gives the value
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Figure 2. XRD pattern of the Ni7Co3/AC photocatalyst sample. (a) Based on the XRD data of the composite W-H (Williamson-Hall)

curve plotted.

of Cy4. So the Nygiust and the Bode plots produce similar
results [39].

EIS with the Nyquist plot is displayed in Figure 4. As
seen, the semicircle radius of the Ni7Co3/AC photocat-
alyst sample is smaller than that of other photocatalysts
samples in the middle-frequency region. It indicates
the more efficient inhibition of electron/hole pairs and

faster transportation of photogenerated charge carriers
in the Ni7Co3/AC composite [40].

3.5. Raman analysis

Raman studies were evaluated to further reveal the
structure characteristics of NiS/AC, CoS/ACand Ni3Co7/AC
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photocatalyst samples. As seen from Figure 5 two
strong peaks at 1357 and 1576 cm ™' are observed indi-
cating well D and G bands, respectively. The D band is
attributed to the aromatic structure of sp> bonded car-
bons. Also the G band is attributed to the first-order
scattering of the stretching vibration mode of Eyq for
sp? carbon atoms. The peak at 286 cm ™" is ascribed to
the A vibration mode of 8-NiS. Also the vibration peak
at 495 cm™" defines the Ni(OH), mode [41].
Furthermore, some vibrational modes cannot be
observed. We can infer that the small size of materi-
als caused this result since Raman vibrational modes
strongly depend on the vibration of the lattice structure.
In Raman spectra of the CoS/AC sample the characteris-
tic peaks at 455, 508 and 652 cm~ ! show the Eg, F2g and

A14 modes of CoS, respectively [42]. Also, as seen in the
NiS/AC sample, the characteristic Raman spectrum of
ACis observed in the CoS/AC sample. When considering
the Raman spectra of the Ni7Co3/AC sample, both char-
acteristic peaks of CoS and NiS were found. It is pointed
out that the peaks attributing of NiS at 286 cm~" and of
CoS at 652 cm™" are slightly shifts to 288 and 653 cm ™'
respectively. It can thus be suggested that these oppo-
site shifts definitely show opposite charge transfer due
to the formation of heterojunction [43].

3.6. UV-DRS evaluation

The band gap potentials of the samples were estimated
by the Kubelka-Munk (Equation (7)). It is shown in

120000 e
<P (a) ‘ Survey
100000 4
Co2p O1s
80000 4
£ 60000
L
= C1s
o
O 40000
S2p
20000 -
0 -
1 L) 1 1 ¥ 1 L 1 L
1200 1000 800 600 400 200 0
Wavelength (nm)
10000
Ni2
(b) Bbu.50 878,68

9000 -

Counts/s
co
o
o
o
1

7000

Satellite

T ¥ T
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T Y T v
870 880 890

Wavelength (nm)

Figure 3. XPS results of Ni7Co3/AC sample.
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Figure 3. Continued.
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Figure 5. Raman spectra of NiS/AC, CoS/AC and Ni7Co3/AC photocatalyst samples.

Figure 6

(6)

K is the reflectance transformed and R is the reflectance
(%). In addition, the Tauc plots of direct and indirect
band gap values are plotted with (¢hv)? and (ahv)'/?
respectively [44]. The obtained band gaps for the direct

transition was used to find the band edge potentials of
the photocatalysts samples using the below equation
[45].

Ecg =8 —Eg — 05 x EgandEyg = Ecg + Eg  (7)

On the basis of the Pearson Absolute Electronega-
tivity, (8) is the electronegativity of CoS (5.76 eV) and
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Figure 6. (a and b) Typical Tauc plots for indirect and direct transitions of CoS/AC, NiS/AC and Ni7Co3/AC samples.

NiS (5.71eV) and Eg is the energy of free electron on
the hydrogen scale (NHE, 4.5eV). Ecg, Eyg and Eg4 are
conduction band, valence band and bad gap values,
respectively. The calculated band gap values of Ecg, Evs
and Eq for CoS and NiS are 0.045, 2.475, 2.42 and 0.32,
2.1, 1.78 eV, respectively. According to these band gap
values, the band edge potential scheme is Type 1. For
Type 1 heterojunction photocatalysts, the CB and VB
levels of CoS are higher than the NiS. Under light irra-
diation, both electrons and holes will transfer from CoS
to NiS.

Figure 7 presents the possible degradation mecha-
nism of the Ni7Co3/AC sample. Firstly, CoS and NiS in
the composite structure can be excited by visible light
due to its lower band gap energy (2.43 and 1.78eV

respectively). When the visible light is irradiated onto
the composite, both CoS and NiS were excited. The
CB band potential of CoS is more electronegative than
NiS. Therefore, the excited electrons of CoS could eas-
ily transfer to NiS due to intimate contact. Similarly, the
holes from CoS can transfer to the VB of NiS band poten-
tial level. Where Type | heterojunction had occurred, the
redox potential of superoxide radical is —0.33 eV. The
CB band potential of the composite is suitable to form
superoxide radicals (O3) by reacting with (O,). However,
the transferred holes from CoS to NiS could not reveal
hydroxide radicals due to less electropositive nature
(OH™/0OH = 2.40 eV). This finding is unexpected but
suggested that hydroxyl radicals (OH®) may form from
superoxide radicals, which are found in the reaction
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Figure 7. The possible charge transfer pathway in the degrada-
tion/disinfection reaction for Ni7Co3/AC.

medium due to both NiS and the transferred electrons
of CoS [46]. However, even in small amounts, holes in
the VB level of CoS have the potential to generate some
hydroxyl radicals. Also, the photon generated electrons
in the reaction medium can transfer to the AC surface.
Two different electron transfers on this ternary material
make a great contribution in blocking recombination of
electron/hole pairs, which plays a major role in the pho-
tocatalytic degradation. Here, the importance of AC for
CoS/NiS, which are a Type | heterojunction composite,
emerges. The type 1 heterojunction structure has more
recombination rate than the other structures (Type Il or
Z-Scheme) [47]. In order to make this effective distinc-
tion, AC has been considered as the composite within
the CoS/NiS structure.

3.7. Photocatalytic degradation of MV

The change in the MV absorbance during irradiation
time is presented in Figure 8(a,b). The absorbance of
MV under dark conditions increased after remining con-
stant. After that MV concentration decreased within
90 min, implying the effective degradation for MV. The
photocatalytic performance of MV degradation was as
follows CoS/AC < NiS/AC < Ni3Co7/AC < Ni7Co3/AC,
respectively. As the surface area of AC is high, it is
expected that a high absorbance value will be formed in
the dark. Under light conditions all photocatalysts sam-
ples can absorb photons in the visible light area and
also since the band gap energies of the catalyst com-
ponents are low, very high efficiency degradation has
been achieved in the visible region. As seen from Figure
8(a), almost 40-50% of MV is adsorbed on the photo-
catalyt sample. Some researchers have expressed that
the dark adsorption of a dye is attributed to homoge-
nous monolayer adsorption. However, adsorption in
dark environment can not attributed the real adsorp-
tion of MV when the visible light irradiation. This result

is described with intrinsic adsorption properties such as
surface area and porosity of the photocatalyt sample.
The main emphasis here is to show that a more effi-
cient photocatalytic degradation can occur when the
catalyst has a larger surface area [48]. An effective degra-
dation value for bare NiS/AC and CoS/AC indicates that
activated carbon also plays an effective role. When the
degradation results of the composites are examined,
higher efficiency is obtained in both the photocata-
lyst samples. However, in the Ni7Co3/AC sample, the
removal is somewhat higher than the other Ni3/Co7/AC
composite. This result is due to the optimal amount of
components in the composite. Optimal content of com-
ponents achieves excellent balance between visible-
light harvesting and charge transfer [49] according to
the Langmuir-Hinshelwood equation

dc KC
=——=k|— +KC 8
r o (1 + ) (8)

where r is the reaction rate (ppm/min), k the rate con-
stant, K the Langmuir constant of adsorption, C the
MV concentration, and ¢ the MV concentration at any
time. At a higher concentration (KC > 1), the zero-
order kinetics occurs due to the catalyst surface being
occupies by adsorbed reactant molecules. In contrast
(KC « 1), the reaction rate is related to the initial con-
centration resulting in the first-order kinetic respec-
tively [11].

In order to reveal the reaction kinetic, In(Cy/C)
is plotted as a function of the irradiation time and
the obtained results are shown in Figure 8(b). It
indicates that the pseudo first-order kinetic model
shows a better fit. The kinetic rate constant values,
k (min~"), are calculated from the slopes of straight
line. The obtained kinetic rate constants are shown
in Figure 8(b). As seen the kinetic rate constant of
the Ni7Co3/AC sample is 3 and 8 times higher than
that of Ni3Co7/AC and CoS/AC, respectively. Also,
due to the electronic coupling effects with enhanced
electronic conductivity between NiS and CoS pro-
duce faster charge transportation and surface/interface
tuning, and form positive synergistic effect between
the NiS and CoS. In addition, AC-supported NiS/CoS
composites haveean operative mechanical integration
due to CoS being better dispersed onto the AC sur-
face and strongly held NiS particles indicating bet-
ter electronic mobility. As a result, faster diffusion
for charge carriers in the photocatalyst system is
obtained.

A note of cautionis due here (i) band gap energies are
very low for both NiS and CoS. Therefore, degradation
studies in the dark environment cannot be ignored. (ii)
Even negligible, CoS is soluble in water. In this case, the
sulphurions that may arise can change the pH value and
may vary in degradation.
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Figure 8. Degradation efficiency (a) pseudo first-order kinetic rate of all photocatalyst samples (b)

3.8. Photocatalytic disinfection performance

The photocatalytic disinfection performance of the
Ni7Co3/AC composite against E. coli (Figure 10) and P.
aeruginosa (Figure 11) did not show significant change
at the end of the incubation period. The Ni7Co3/AC
composite deactivated 99.99% of S. aureus colonies at
the end of 2 h (shown in Figure 9 and Table 1). Photo-
catalytic disinfection efficiency of the Ni7Co3/AC com-
posite against E. faecalis was reached 100% within 2 h
(shown in Figure 12 and Table 1). Ni7Co3/AC inacti-
vation performance against S. aureus (Figure 9) and E.

faecalis (Figure 10) was outstanding; nearly 100% inac-
tivation was attained in less than 2h. S. aureus and
E. faecalis are both gram positive (Gr+) bacteria. The
Ni7Co3/AC composite deactivated Gr+ bacteria but
had no effect against Gr— bacteria during the incuba-
tion period. These results can be attributed to the BET
surface area which favourably increases the interfacial
interaction between catalytic materials and bacterial
cells. In addition, UV-DRS results clearly showed that
the visible-light absorption capability of the Ni7Co3/AC
composite was enhanced to contribute to disinfection
effect towards S. aureus and E. faecalis [50]. According
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Figure 9. The photocatalytic inactivation of the Ni7Co3/AC composite against S. aureus ATCC 25923. (a) Control, (b) 2 h incubation
and (c) 4 h incubation.

Figure 10. The photocatalytic inactivation of the Ni7Co3/AC composite against Escherichia coli ATCC 25922. (a) Control, (b) 2h
incubation and (c) 4 h incubation.

Figure 11. The photocatalytic inactivation of the Ni7Co3/AC composite against P. aeruginosa ATCC 27853. (a) Control, (b) 2h
incubation and (c) 4 h incubation.
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Figure 12. The photocatalytic inactivation of the Ni7Co3/AC composite against E. faecalis ATCC 29210. (a) Control, (b) 2 h incubation

and () 4 h incubation.

Table 1. Microbicide activities of the Ni7Co3/AC composite
against S. aureus and E. faecalis respectively.

2 hncubation 4 hIncubation

S.aureus 99.9% 99.9%
E. faecalis 100% 100%

Microbicide activities of photocatalyst

to results the composite Ni7Co3/AC failed to destroy
the lipopolysaccharide layer of the gram negative (Gr—)
bacteria cell wall.

4. Conclusion

Composites coupling different semiconductors have
attracted increasing attention for photocatalytic appli-
cation owing to low visible-light absorption capabil-
ity and weak photocatalytic activity of the single-
component system. An efficient sulphur-based nickel
and cobalt catalysts were obtained by a simple chemi-
cal precipitation method. They were characterized with
SEM, XRD, UV-DRS, Raman and PL analysis. The XRD
result confirmed the formation of heterojunction. SEM
images presented the spherical and very thin platelet
NiS and CoS particles, respectively. These materials
were then used to decompose the MV dye. During the
photocatalytic reaction, the possible degradation path-
way was investigated. The findings showed that the
amount of NiS is an important parameter. In addition,
the degradation efficiency was more increased with the
use of activated carbon with a large surface area. The
electronic structures of the components also played
an active role in achieving this result. The photocat-
alytic performance of the Ni7Co3/AC sample appears
eight times higher than the others. This result in pho-
tocatalytic degradation was attributed to large sur-
face area and superior inhibition of charge carries of
AC. All findings reveal that the existence of important
data in catalytic degradation performance and char-
acterization of sulphur-based nickel and cobalt com-
pounds. The obtained disinfection results showed that

the Ni7Co3/AC composite manifested as an outstand-
ing visible-light-response photocatalyst for the disin-
fection towards S. aureus and E. faecalis. According to
results, the Ni7Co3/AC composite can be a promising
alternative for environmental disinfection under visible-
light. It is observed that the synthesized composite
Ni7Co3/AC has a performance close to 100% in elim-
ination of Gr+ bacteria (S. aureus and E. faecalis). This
research provides new perspectives to the design and
development of composites with enhanced photocat-
alytic activity, which can be inspiring for environmental
pollutions.
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