Photocatalytic activity of M0S2, WS2 and ternary compound MoW-disulfide NPs Chapter 4

CHAPTER 4

Photocatalytic activity of MoS,, WS, and ternary compound
MoW-disulfide NPs

Structural, optical and photocatalytic properties of ternary compound transition metal dichalcogenide nanoparticles 95



Photocatalytic activity of M0S2, WS2 and ternary compound MoW-disulfide NPs Chapter 4

Structural, optical and photocatalytic properties of ternary compound transition metal dichalcogenide nanoparticles 96



Photocatalytic activity of M0S2, WS2 and ternary compound MoW-disulfide NPs Chapter 4

4 Photocatalytic activity of MoS,, WS, and ternary compound MoW-

disulfide NPs

The photocatalytic activity of the three prepared samples, namely MoS,, WS, and

compound MoW-disulfidel NPs, were studied under the influence of light emitted by a

Xenon arc lamp (Xenon Lamp Zolix SLH- X500 Xenon Arc Light Source which provides

UV to visible light). The output power of the lamp was 500W and output intensity was

12000lux when measured at a distance of 8cm from the source light. In the photocatalytic

activity measurement, we studied the degradation of the maximum intensity peak of the

UV-vis spectra under the catalytic process and this peak was monitored with the help of

UV-vis spectrometer.

The main reason for the study of the photocatalytic behaviour of the as-synthesized
materials is that the materials possess some properties which are very supportive of
photocatalytic behaviour. These are as follows.

1. Firstly, all the as-prepared materials are SCs. These have finite energy BG and from the
study of PL spectra and KM plot obtained from diffused reflection spectra these
materials behave as direct BG materials. Thus they should absorb light energy
efficiently and generate electron-hole (e-h*) pairs. UV-vis absorption spectra also
show good light absorption capacity of the samples. Also, since the materials are found
to have MBG in the visible light range, so these could absorb photons having a broad
range of energy more effectively.

2. Secondly, the dimension of the materials is in nanoscale. This nanoscale dimension
provides a large surface area which is a very important factor for photocatalysis.

3. Thirdly, since the synthesized NPs are in a solid state there is the possibility of they
being reusable as a catalyst which could make the photocatalytic process cost-effective.
These are the main features for which we opted to study the photocatalytic behaviour of

the as-synthesized nanoparticles.
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4.1 Measurement of BET surface area and BHJ pore size distribution of

the as-synthesized MoS,, WS, and MoW-disulfidel NPs using N,

adsorption-desorption isotherm analyses

Photocatalysis is a light-induced catalytic process. There are mainly two types of

photocatalysis based on the phases of reactant and catalyst. These are

1. Homogeneous photocatalysis in which the reactant and catalyst are in the same phase
and

2. Heterogeneous photocatalysis in which the reactant and catalyst are in different phase.

In our case, the catalytic process is heterogeneous since the catalysts are solid SCs. In
the heterogeneous photocatalytic reaction, the surface area of the catalyst is a very
important factor which defines the ease of reaction mechanism. The more is the surface
area of catalyst the more is the number of catalyst molecules or atoms which are exposed to
light radiation and hence more photoexcitons are generated. In order to study the nature of
the catalyst surface, we have analyzed the BET adsorption/desorption isotherm of the three
mentioned samples in this section.

The BJH pore size distributions along with the N, adsorption/desorption isotherm for
each sample are shown in figure 4.1. The shapes of the plots are similar to that which
belongs to IUPAC type IV isotherm and indicate that all the materials have mesoporous
structure i.e the pores of the material surface are of a size ranging from 2nm to 50nm [1].
The experimentally calculated surface area and pore size for all samples are tabulated in
table 4.1. From this table, we have observed that the BET surface area is maximum for the
compound MoW-disulfidel catalysts as compared to that of the other two samples. Also
observing the BJH pore size distribution plots we have concluded that the compound NPs
catalyst has larger pores than MoS; and WS, NPs samples.

Since W atoms are larger in size than Mo atoms they introduce some defects, by
forming bonds with S atoms in the structure for stabilization of energy, which in turn
possibly create some dangling bonds and voids in the lattice of the MoW-disulfidel
compound. A visual diagram of this effect is shown in figure 4.2. This kind of empty space
makes the structure more porous as compared to bare MoS, and WS, and also the size
mismatch of W and Mo leads to larger pore size in the compound catalyst. The larger value

of the surface area in the ternary compound material is probably due to the larger pores
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Figure 4.1 N, adsorption/desorption isotherm and the BJH pore size distribution (inset) of
(@) MoS,, (b) WS, and (c) MoW-disulfidel NPs as photocatalysts.

I —
Structural, optical and photocatalytic properties of ternary compound transition metal dichalcogenide nanoparticles 99



Photocatalytic activity of M0S2, WS2 and ternary compound MoW-disulfide NPs Chapter 4

a b
A\ o A\ B\ A\ S\ S\ S\ 2N S\
NN LN N LN 4 w. W W W
A\ o AR\ A\ A\ /e VS S\ VN S\,
D\ e\ A e\ 4 \ / \ # \ # \ /
MosS, Ws,

C o\ s\ 2\ S\

W WA
Y/

\ P 4 e Generation of defect induced
S\ /N 4 4 J void in the structure of

" N compound MoW-disulfidel
XN = 4

MoW-disulfidel

Figure 4.2 (a) and (b) represent MoS; and WS, system respectively having no defect states.
(c) a schematic of the generation of lattice vacancy due to the size mismatch of W and Mo in the
ternary compound system.
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which effectively increase the surface area [2].

Table 4.1 BET surface area and BJH pore size values of the as-synthesized catalysts.

Sample MoS; MoW-disulfidel WS,
BET surface area (m?/g) 11.67 12.45 9.86
Pore size (A) 19.84 22.13 17.95

4.2 Determination of optical energy BG values from KM plot

Being heterogeneous photocatalysts the as-synthesized materials should have finite energy
BG values so that they can absorb light radiation efficiently. We obtained optical energy
BG values by using KM plot from the UV-vis diffuse reflection spectra of the three
materials which were discussed in chapter 3. The KM function F(R) and KM equation are
given in equations 3.3 and 3.4 respectively in chapter 3 [3]. Here we have replotted the
graphs and shown in figure 4.3. We have observed MBG values for each sample and the
BG values are tabulated in table 4.2. The BG values confirm that the materials are SC in
nature. Mixed-phase polycrystalline nature of the materials and defect states possibly
provide MBGs, the energy of which lie in the visible light spectra.

Table 4.2 Optical energy BG values of all the as-prepared catalyst.

Sample MoS; MoW-disulfidel WS,
BG (eV) 1.56, 2.76 1.65, 2.41,2.84 1.58,2.74

It has been observed in figure 4.3(b) that the compound MoW-disulfidel NP catalyst
exhibits higher values of BG than MoS; and WS, NPs and the BG energy values lie in the
intense part of the solar spectra in near blue light range. The combined effect of ligand S
with W and Mo atoms in the ternary compound structure leads to spin splitted d-orbitals
that raise the energy levels which in turn increases the BG corresponding to a energy
required for absorption of the most intense part of the solar spectrum having larger photon
density [4, 5]. The MBGs, occurring due to the presence of mixed phases of the material,
provide a better way to utilize a broad spectrum of the solar radiation during photocatalysis
and generating more number of € - h* exciton pairs that hasten the reaction mechanism.
Also, the presence of Mo and W in the ternary compound gives rise to more number of
dangling bonds as compared to bare MoS;, and WS,. This provides generation of more
exciton pairs in the compound material in an easier way than in case of bare MoS; and

WS,. Also, it has been reported that for SC nanocrystals, as in our case, the generation of
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Figure 4.3 (a) The UV-vis spectra and (b) KM plot showing different values of optical BGs of all
the as-prepared catalysts.
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multiple exciton pairs from a single photon becomes very efficient [6]. These are the
important factors for which the compound material shows enhanced photocatalytic activity
as compared to MoS; and WS, which is discussed in the following sections.

4.3 Process of photocatalytic activity

The photocatalytic behavior of the as-prepared materials was evaluated by using MO and
RB as model dyes. For this purpose, we prepared a 10uM solution of each dye. The
catalyst material was then added to the solution in the amount 1mg/ml and subjected to
stirring for several hours in the dark so that absorption-desorption equilibrium was
attained. Then the stirred mixture was kept 8cm below the source light and exposed to
radiation. 10ml of the solution was taken out at an interval of 30minutes in the absence of
light. These samples were then centrifuged at 7000rpm so that the catalyst particles were
separated from the dye solution. 3ml of the aliquot was taken from each sample for further
analyses to study the UV-Vis absorption behavior. In our photocatalytic experiment, the
system allowed air circulation which provided required dissolved oxygen for the catalytic
reaction.

4.3.1 Evaluation of photocatalytic activity

The photocatalytic activities of the as-synthesized materials were evaluated by observing
the degradation of maximum intensity peak in the UV-vis spectra of model dyes such as
MO and RB. The UV-vis absorption spectra of MO and RB under the catalytic influence of
MoS,, MoW-disulfidel and WS, NPs as catalyst are shown in figure 4.4. In the spectra, the
maximum absorption for MO is observed at wavelength 463nm while for RB it is observed
at 454nm. As seen in figure 4.4(a-c) the absorption of light by MO solution occurs in the
range from 350nm to 550nm and in figure 4.4(d-f) we have observed that RB absorbs light
in the range 450nm to 600nm. From the spectra in figure 4.4 the decrease in absorption
peak with increasing irradiation time in presence of catalysts, which is in agreement with
our assumption, is clearly ascertained for both dyes. Both dyes are degraded by the
influence of our as-synthesized catalyst under the radiation exposure. Using equation 4.1
(mentioned as equation 2.13 in Chapter 2) the percentage degradation of absorption peaks

for the catalytic processes are determined [7, 8].
% Dz{(AO —AJ/A }xlOO% (4.1)
0
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where Ap and Ay are the initial absorbance and absorbance after exposure to light for time t.
In figure 4.5(a, b) we have plotted the %D versus time of light exposure (t) for MO and RB
using the three different catalysts. From figure 4.5(a & b) it is observed that MoW-
disulfidel compound material exhibits higher degradation efficiency than MoS, and WS..
The compound catalyst degrades both dyes by approximately 98%-99% in just 90 minutes
showing better degradation than shown by catalyst MoS;, and WS, NPs. Also, we have
observed no degradation of the dyes MO and RB in the absence of any catalyst under light
exposure as shown in figure 4.5(a & b). Figure 4.5(c & d) shows the decolorization of MO
and RB respectively using MoW-disulfidel NPs as a catalyst. As observed in BET
absorption-desorption isotherm analysis, the larger surface area in case of compound
MoW-disulfidel catalyst provides more space for light to interact with more number of
catalyst molecules which generate a larger number of exciton pairs. Also, the mixed phase
and defect states in the nanomaterial lower the recombination rate of the photogenerated
exciton pairs which also enhances the photocatalytic activity of the compound catalyst [9-
11].

The photocatalytic mechanism can be understood from the schematic in figure 4.6. The
photogenerated exciton pairs, before they recombine, react with water and oxygen
molecule absorbed in water to produce hyper-reactive hydroxyl (*OH) and superoxide
anion(*O7’) groups. The hyper-reactive hydroxyl free radicals, superoxide anions, and
photo-generated holes further react with the target dye molecules and degrade them making
the catalytic reaction more efficient. Moreover, MBG values due to mixed phases in the
compound catalyst reduce the recombination rate of the photogenerated exciton pairs
leading to enhancement of photocatalytic activity. In the case of MBG SCs, the material
can absorb light having different wavelengths, the energy of which corresponds to the
different values of BGs. Due to this a broad range of light is absorbed which in turn
generate more exciton pairs. The photogenerated electrons are transferred into the CB
which is lowest in energy amongst the various phases and holes are transferred into the VB
which is highest in energy amongst the various phases. This results in charge separation
which consequently lowers the recombination rate of exciton pairs and provides more
excitons for photocatalytic activity. The charge transfer mechanism in MBG SC is

visualized in figure 4.6. The different steps of heterogeneous catalysis, as in our case, are

Structural, optical and photocatalytic properties of ternary compound transition metal dichalcogenide nanoparticles 104



Photocatalytic activity of M0S2, WS2 and ternary compound MoW-disulfide NPs Chapter 4
0.20 0.4
a MoS, + MO — Omin d MoS, + RB = 0 min
: z A —— 30min
Ag = 30min 1
—_ — G0min . -
3 0154 3 e
g .
G 2
oy &
o
0 o
£ 0104 =
- :
2 2
< .05+ <
\\\\_~ﬁ‘—_7 =
L trmoronr—a-poo T —T T T
350 400 450 500 550 600 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
1.2
b W82 + MO Omin e WSz +RB — min
0.3 —— 30min Ag —_ 30min
Ag 1.0 4 — 60min
‘; — §0min ;‘
g ) — 90min )
= ——120min £ o34
& ——150min L
o 0.2 @
= g o6
< -
=] J =]
e I-
2 i 2
o . ) a 0.4 4
< " <
| 0.2
— Agp
N— Aqs50 = = A120 1
0.0 v T . T - T T 0.0 T T T 1
350 400 450 500 550 600 450 500 550 600 650|
Wavelength(nm) Wavelength (nm)
0.6 0.6
Cc | Mow-disulfide1 + MO ——Omin f MoW-disulfide1 + RB ——0min
—30min A ——30min
054 ——60min | __ 0.5 ) — 60min
= = 90min E
-g 0.4 E 0.4
oy @
@ o
2 03 £ 034
m o
2 o
E 0.2 § 0.2
<
0.1 4 0.1
0.0 0.0

B L) L L) L T
350 400 450 500
Wavelength (nm)

550 600

450

T .
500 550
Wavelength (nm)

600 650

Figure 4.4 Absorption spectra of MO (a, b & c¢) and RB (d, e & f) degraded by MoS,, MoW-
disulfidel, and WS, NPs catalysts respectively under light irradiation.
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explained in the following steps and visualized in figure 4.7 [8, 12-14].

Step 1: Absorption of a photon (hv) by the SC catalyst generating exciton pairs.

hv (photon) + catalyst (semiconductor) — catalyst (h* +e") (hv>E))
Step 2: Oxidation and reduction processes for the generation of hyper-reactive hydroxyl
free radicals and superoxide anions.

h*+ H,0O — H" + OH (hyper—reactive hydroxyl free radical)
2h* +2H,0  — 2H*+H,0,

e+ 0, — o0, (super oxide anions)

e0O, +2H,0+H"— H,0,+0,

H,0, — 2e0H

Step 3: Degradation of reactant species (R— MO/RB/dye) by hyper-reactive hydroxyl free
radicals, superoxide anions, and photo-generated holes.

R+ e«OH — R"* (degraded product) + H,O
R+ «O, — R™ (degraded product)
R+ h” — R’ (degraded product)
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Figure 4.5 Comparison of percentage degradation measurements of (a) MO and (b) RB using all
the catalysts, Decolourisation of (¢) MO and (d) RB using MoW-disulfidel photocatalyst.
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Figure 4.6 A photocatalytic mechanism for a catalyst having Multiple BGs showing transfer of
electron-holes with the oxidation-reduction process.
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Figure 4.7 Schematic diagram showing different steps of the heterogeneous photocatalytic
reaction.
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4.3.2 Kinetic study of photocatalytic reactions
In order to study the kinetics of the catalytic reactions, we have employed Langmuir-
Hinshelwood (L-H) mechanism [8, 15-17]. The reaction rate constant (RC) represents a
measure of how fast or slow the reaction proceeds in time. In L-H mechanism the rate
equation for heterogeneous catalysis is written as
_dc _ K k.,C
dt "1+k,C

(4.2)

where k; and kyq are the rate constant and the adsorption coefficient respectively, C is the
concentration of the dye solution. In case of highly diluted solution, i.e. C (mol/l) < 107 the
kagC term in the denominator of equation 4.2 can be neglected ( since k,gC < < 1) and we
can rewrite the equation as

—Z—f = k,k,,C=K,C (4.3)

Equation 4.3 looks similar to the rate equation of a pseudo-first order reaction where K; is
the apparent RC. Applying boundary condition C=C, at t=0, and integrating equation 4.3
we get the modified rate equation as

In[&j =K.t (4.9)

Ct

As the reactant concentrations, in our experiments, are very low we could use
equation 4.4 to determine the value of K;. Also using the relation between absorbance and
concentration of the solution (Beer-Lambert law) the concentration term in equation 4.4

can be replaced by absorbance term to obtain a similar expression 4.5. From the
experimentally obtained data, the value of RC can be determined by plotting In(AO/At)
vst[8, 16].

A,
In(?J_ K.t (4.5)

t
In figure 4.8, figure 4.9 and figure 4.10, the plots for determining RC values of various
catalytic reactions are shown. The experimental kinetics data are treated with three types of
kinetic models namely pseudo first order, zero order and polynomial regression to

investigate the mechanism of the degradation process. The %D values, RC values,
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correlation coefficients (R? ) and half-life period () along with polynomial fitting
equations are listed in table 4.3. The zero order kinetics can be explained by equation 4.6.
A,-A =Kt (4.6)
In all cases, pseudo first order and polynomial regression give a better fit than zero
order regression. The linear regressions suggest that the kinetics of each reaction follows
L-H pseudo first order mechanism. Also, we have observed that as the concentration of dye
or catalyst changes, the reaction rate changes accordingly (graphs are not included), which
suggests that the kinetics do not follow zero-order mechanism.

Table 4.3 Different parameters (%D, RC, R? and ty,,) of the pseudo first order, zero order
and polynomial regression for photocatalytic degradations of MO and RB using catalysts
MoS;, MoW-disulfidel, and WS; NPs.

% D Pseudo first order Zero-order Polynomial regression
Dye Catalyst  (in 90 kinetics kinetics
min) RC R ty, RC R’ R? Polynomial
(min™) (min)  (M.min™) equation
y=-4.96885x10™x
MoS, 94.06 0.0257 0.97 26.96 0.0015 0.90 0.94 +0.03186x-0.8986
MoW- y=3.39224x10"%*+
disulfidel 98.21 0.0381 0.92 18.19 0.00544 0.96 0.99 0.00752x-0.03405
MO y=1.37511x10" x*-
WS, 64.87 0.0189 094 36.67 0.0019 098 0.96 0.00116x-0.10439
y=-3.83087x10°%
MoS, 9427 0.0316 097 21.93 0.00343 0.93 096 +0.03618x-0.13912
MoW- y=1.35286x10"x"+
disulfidel 98.72 0.0493 0.99 14.06 0.0064 092 0.99 0.03709x-0.03767
RB y=6.19038x10°x"
WS, 91.75 0.0285 0.99 24.32 0.0097 0.95 0.99 +0.0211x-0.02861

It has been observed from table 4.3 that the RC value for the catalytic reaction using
the as-synthesised compound MoW-disulfidel NPs as a catalyst is higher as compared to
that using MoS, and WS, NPs as a catalyst in both the cases for MO and RB. High RC
value represents increased speed of the catalytic reaction. Thus the as-synthesised

compound MoW-disulfidel NPs shows higher photocatalytic efficiency as compared to the
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Figure 4.8 Photocatalytic degradation kinetics of MO for (a) pseudo first order, (b) polynomial and
(c) zero order regression using MoS, NPs catalyst and of RB for (d) pseudo first order,
(e) polynomial and (f) zero order regression using MoS, NPs catalyst.
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Figure 4.9 Photocatalytic degradation kinetics of MO for (a) pseudo first order, (b) polynomial and
(c) zero order regression using WS, NPs catalyst and of RB for (d) pseudo first order,
(e) polynomial and (f) zero order regression using MoS, NPs catalyst.
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Figure 4.10 Photocatalytic degradation kinetics of MO for (a) pseudo first order, (b) polynomial
and (c) zero order regression using MoW-disulfidel NPs catalyst and of RB for (d) pseudo first
order, (e) polynomial and (f) zero order regression using MoW-disulfidel NPs catalyst.
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MoS, and WS, NPs.

4.3.3 Testing reusability of the MoW-disulfidel NPs as a catalyst

The reusability of the as-prepared compound MoW-disulfidel catalyst is another
advantageous way to make the catalytic process cost efficient. The reusability of MoW-
disulfidel NPs catalyst was tested and for this purpose, the ternary compound catalyst was
extracted by centrifugation of the solution mixture after each photocatalytic treatment
followed by cleaning with warm distilled water for several times and dried. The powdered
catalyst was then subjected to XRD and EDX analysis after seven consecutive catalytic
reactions. We observed from the EDX spectra that the composition of the as-synthesized
material was not altered. Again, we have not observed any extra peaks representing any
one of the dyes in the XRD pattern of the compound catalyst which is a confirmation of
nonabsorbance of the dye by the catalyst. Figure 4.11 represents the EDX and XRD
pattern of MoW-disulfidel NPs catalyst after subjecting to seven consecutive
photocatalytic treatments. These outcomes clearly show that the catalyst quality is not

degraded and hence could be reused.
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Figure 4.11 (a) XRD and (b) EDX spectra of the compound catalyst recycled after seven
consecutive photocatalytic reactions. The noise below 0.5keV is not taken into consideration.
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4.4 Conclusions

The synthesis of compound MoW-disulfidel NPs along with MoS, and WS, NPs using
solid-state reactions, as described in chapter 3, has been successfully achieved.
Characteristic observations by using XRD, SEM, TEM, EDX, and UV-vis absorption
spectroscopy depicts that compound MoW-disulfidel NPs compound material has multiple
BGs with mixed phase morphology. A comparative study of the photocatalytic activity of
the as-prepared materials using MO and RB as model dyes describes that the as-
synthesized compound NPs is a better photocatalyst which can utilize a broad range of
solar spectra. The photodegradation mechanism follows Langmuir-Hinselwood (L-H)
pseudo-first-order kinetics under experimental conditions and about 99% degradation in
just 90 mins of irradiation is observed in case of ternary compound MoW-disulfidel NP
catalyst. BET and BJH analyses show that MoW-disulfidel has the maximum surface area
and larger pores as compared to the other two photocatalysts. These properties raise the
photocatalytic activity of the as-prepared ternary compound material. The reusability of the
compound MoW-disulfidel catalyst makes the catalytic process a reliable and cost-
effective technique. The as-synthesized compound NPs catalyst has potential applications

in the field of wastewater treatment and pollution degradation.

[Note: This work is published in Journal of Envionmental Chemical Engineering.

Kalita, D., Chetia, L. and Ahmed, G. A. Synthesis of MoW-disulfide compound
nanoparticles as a photocatalyst and comparison of its performance with MoS, and WS,
nanoparticles. Journal of Environmental Chemical Engineering, 5 (4): 3161-3171, 2017.
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