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Abstract A novel FTO/WO; electrode decorated with MoS,
was constructed using two simple and low-cost techniques
involving a modified single-step sol-gel method for the WO,
film together with the electrodeposition of amorphous MoS,.
The photoelectrocatalytic performance of the material was
investigated by monitoring the degradation of Reactive Blue
198 dye under visible-light irradiation. The FTO/WO3/MoS,
electrode exhibited excellent photocatalytic activity and
afforded total decolorization of the dye after 90 min at low
applied current density (5 mA cm 2). The results described
herein support the view that MoS, acts as a noble metal-free
cocatalyst by promoting H, evolution and assisting in the
suppression of electron/hole pair recombination in the photo-
catalytic material (WO3), thereby improving the process of
decolorization of the dye solution. The novel approach of
combining of the WO3 and MoS, materials shows particular
promise and may prove to be very effective in the photocata-
lytic degradation of other hazardous organic compounds.
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Introduction

The development of novel photocatalysts has focused mainly
on the application of semiconductors, but few of these mate-
rials afford enhanced photocatalytic efficiency and high sta-
bility when illuminated with visible light [1-3]. Thus, the
search for new photocatalysts has retained its importance,
and investigations continue with the aim of increasing photo-
catalytic efficiency, most especially by the reduction of spon-
taneous electron/hole (¢ /h*) pair recombination.

A number of studies have shown that photoinduced charge
separation at the heterointerface of a heterojunction structure is
effective in reducing ¢ /h* recombination [4—10]. Consequently,
various heterojunction photocatalysts have been constructed
and used in a range of applications, including water splitting
and the photocatalytic degradation of organic molecules
[11-15]. It is also possible to avoid, at least in part, the recom-
bination of € /h* by introducing materials such as cobalt-phos-
phate [16], FeO(OH) [17], IrO, [18], and Pt [19] that catalyze
O, or H, evolution reactions. Furthermore, it is possible to add a
dopant to a semiconductor to improve the photocatalyst re-
sponse. Wang et al. synthesized manganese-doped TiO, nano-
particles by a near-equilibrium process and they observed
photocatalyst properties. The authors evaluated the degradation
of organic dye and it was noted a significant improvement in the
photodegradation due to manganese presence, especially by low
content of oxygen vacancies in the manganese-doped TiO, and
decrease of particle size [10].

The transition metal oxide WOj3 has been widely employed
as a photoanode, but it exhibits a gradual loss of photoactivity
during long-term use. It is expected that the formation of a
heterojunction catalyst with WO; [20, 21], or combination of
the semiconductor with a material capable of facilitating charge
transfer, would lead to an improvement in photocatalytic per-
formance by preventing ¢ /h* recombination [22]. In this
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context, diverse studies have established that MoS, is an inter-
esting material for nanoelectronic applications by virtue of its
high electron mobility and considerable stability [23, 24]. The
disulfide has been applied in various areas, most especially in
energy applications [25-27], and the crystalline form has re-
cently been used in combination with other semiconductor ma-
terials to generate heterojunction structures from the staggered
band alignment formed between the two structures [28]. Thus,
Liu et al. [26] produced TiO, nanobelts modified with MoS,
nanoparticles using a two-step hydrothermal method and
showed that the heterojunction structure afforded high photo-
catalytic activity in the degradation of rhodamine B under
visible-light irradiation. A facile hydrothermal method was also
employed by Zhao et al. [27] to fabricate a novel p—n
heterojunction photocatalyst n-BiVO,/p-MoS, with a core—
shell structure. This material exhibited excellent photocatalytic
activity for the reduction of Cr®* and the oxidation of crystal
violet under visible-light irradiation.

The ability of MoS, to exert a catalytic effect on H, evolu-
tion has been exploited by Kibsgaard et al. [28] in the successful
application of the material as a cocatalyst. The dichalcogenide
can accept an electron photogenerated at a photoanode,
resulting in a reduction in € /h* pair recombination, an increase
in anodic photocurrent and, ultimately, enhancement of photo-
catalytic H, production [29]. Moreover, MoS, can improve the
efficiency of degradation of organic compounds because the
electrons can be scavenged by O, to yield a superoxide radical
anion that can then react to produce OH [30].

An important consideration in the development of new pho-
tocatalytic heterojunction structures and composites is the re-
quirement of simple and inexpensive methods of synthesis and
material preparation. From a process viewpoint, it is also ad-
vantageous if the structures so-formed can be immobilized on
the substrate, thereby eliminating the need to remove the
photocatalyst from the solution by filtration or centrifugation.

Wastewater from the textile industry constitutes an important
source of environmental pollution because of the large volumes
involved and the high content of water-soluble contaminants.
The azo dyes, which are used widely in the production of tex-
tiles, comprise a large group of organic molecules, the main
characteristics of which are high stability in the aquatic envi-
ronment and significant resistance to biodegradation under aer-
obic conditions. Azo dyes, along with intermediates and/or by-
products, are not only harmful to aquatic life but are also po-
tentially hazardous to human health by virtue of their carcino-
genic and mutagenic properties. Moreover, these toxic com-
pounds are difficult to remove using conventional wastewater
treatments. In light of the above, we have chosen the azo dye
Reactive Blue 198 (RB198) as a model compound for studies
aimed at improving the efficiency of photoelectrochemical deg-
radation processes.

For this purpose, we have fabricated a novel WOs; electrode
containing amorphous MoS, on a fluorine-doped tin oxide
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(FTO) glass substrate using straightforward and low-cost tech-
niques involving a modified single-step sol-gel method for
WOj3 and electrodeposition for MoS,. The photoelectrocatalytic
properties of the photocatalyst were evaluated by monitoring
the efficiency of decolorization of RB198 under visible-light
irradiation and low applied current density.

Experimental
Chemicals and solutions

Ammonium tungstate (NHy);oH2(W207)g; 99.99% pure), am-
monium tetrathiomolybdate (NH4),MoSy; 99.97% pure), eth-
ylene glycol (EG; 99.8% pure), and polyethylene glycol 300
(PEG 300) were purchased from Sigma-Aldrich, sodium sulfate
(NaySOy; 99.0% pure) was from J.T. Barker, potassium chlo-
ride (KCI; 98.5-105.0%, pure) was from Synth, and Reactive
Blue 198 (RB198) was from Quimanil. All reagents were of
analytical grade (unless otherwise stated) and were used with-
out further purification. Aqueous solutions were prepared with
water purified using a Millipore Milli-Q system (> 18.2 MQ2).

Preparation of FTO/WO;, FTO/MoS,, FTO/WO;/MoS,,
and FTO/MoS,/WO; electrodes

WO; nanostructures were synthesized using a modified sol-
gel method developed by our research group [31]. The pre-
cursor salt (NH,);0H2(W>05) was dissolved in a mixture of
EG and PEG300 at a final concentration of 0.03 M and de-
posited over a total area of 1.0 cm® on FTO substrate. The
thickness of a deposited layer is approximately 800 nm. In the
preparation of FTO/MoS, and FTO/WO5/MoS, electrodes,
the electrodeposition of MoS, was performed according to
a modified version of the method of Vrubel and Hu [32]
using a solution containing 5 mM (NH4),MoS, in 0.1 M
KCI and an electrochemical cell with FTO or FTO/WOs as
the working electrode, Pt as the counter electrode, and Ag/
AgCl/KClyg,, as the reference electrode (Fig. 1a). Cyclic
voltammetry was carried out in the potential range — 0.4
to 0.8 V at a scan rate of 50 mV s ' with the number of
cycles selected according to the level of deposition re-
quired. The FTO/MoS,/WO; electrode was prepared by
performing the two deposition steps in reverse order.

Characterization of electrodes

Morphological characterization of the electrodes was accom-
plished by field emission scanning electron microscopy (FE-
SEM) using an Inspect F50 instrument (FEI-Thermo Fisher
Scientific). An EDAX Genesis Apex energy dispersive X-ray
spectrometer (EDS) was employed to perform microanalyses,
while structural characterization was carried out by powder X-
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Fig. 1 a Method of preparation a
of FTO/WO;/MoS, and FTO/
MoS,/WOj5 electrodes and (b) MoS,
experimental set-up employed in Electrodeposition
the photoelectrochemical degra- — —) —)
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0.1 MKCI
(NH,)10Ho(W,05)6
N
PEG 300
Ethylene glycol
Electrode Calcination
FTO/MoS,/WO, —
FTO FTO
b
Counter
electrode
Working Reference Ventilation
RN electrode S electrode system

7

Wooden box

@ @
Stirring syste!

ray diffraction (XRD) analysis using a Shimadzu model XRD-
6000 diffractometer with Cu-K o« radiation and scanning in the
26 range of 10 to 70°. UV diffuse reflectance spectra were
recorded on a Varian Cary 5 UV-VIS spectrophotometer.

Photodegradation of Reactive Blue 198

The photoelectrocatalytic degradation of the dye RB198 was
selected as a model system in order to evaluate the photocat-
alytic efficiency of the WO3/MoS, electrodes, which were
illuminated by back side. Experiments were conducted using
a 70-mL electrochemical cell containing 10 ppm RB198 in
0.5 M Na,SO, and housed in a laboratory-constructed system
comprising a black wooden box fitted with an Osram HQI-TS
150 W metal halide lamp together with stirring and exhaust
systems (Fig. 1b). The progress of the photoelectrochemical
degradation of the dye was monitored spectrophotometrically.

Results and discussion
Characterization of MoS, films

Amorphous MoS; can be electrodeposited onto FTO substrate
from an aqueous solution of (NH4),MoS, to form films of
MoS, or MoS; depending on the applied potential. In the
present study, cyclic voltammetry was employed in the

electrodeposition process and the voltammetric plot of poten-
tial (in the range — 0.4 to 0.8 V) against current density (j) is
shown in Fig. 2a. A film of MoS; is formed when cyclic
voltammetry starts at anodic potential, but when electrodepo-
sition ends at a cathodic potential with a reduction process, an
MoS, film is produced [33]. Accordingly, two redox process-
es can be observed in the cyclic voltammogram, one relating
to a peak of oxidation and another to reduction (labeled I and
II, respectively, in Fig. 2a). The oxidation reaction can be
represented by [32]:

Process 1 : [MoS4]* —MoS; + 1/SSg +2e (1)

Although the reduction of MoS; to form MoS, can occur,
removal of MoS3 is more likely due to the reverse reaction
regenerating [MoS,]*". The reductive deposition can then be
attributed mainly to the following reaction:

Process 11 : [MOS4]27 +2H,0 + 2" —MoS, + 2HS™
+ 20H" (2)

Hence, it is possible to produce an amorphous film of
MoS, in admixture with MoS; through electrodeposition un-
der the conditions applied.
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Figure 2b presents an EDS point analysis of MoS,
electrodeposited after 20 cycles, a condition required to
deposit sufficient material to quantify the elements. The
spectrum verifies the presence of Mo and S, while quan-
tification of the respective peaks revealed a Mo:S atom
ratio of about 1:1.67, which is close to the stoichiometric
value for MoS,, thereby confirming that this is the major
species in the film. The morphology of the MoS, film was
investigated by FE-SEM analysis of the material electro-
deposited after 20 cycles, a condition required to cover
the substrate. The micrograph reproduced in Fig. 2¢ clear-
ly shows the formation of amorphous particles with large
grain sizes.

Characterization of WO3/MoS, and MoS,/WOj films

Examination of FE-SEM micrographs of a pure WO; film
(Fig. 3a) revealed that the material had been successfully de-
posited over the entire substrate in a homogeneous and porous
form with a mean pore diameter of 30 nm. FE-SEM micro-
graphs of electrodes bearing WO and MoS, deposited in com-
bination were recorded after only two voltammetric cycles to
ensure that the substrate was not completely covered. Figure 3b
shows that the electrode with MoS, deposited on top of WO,
comprised small WOj particles with some MoS; agglomerates

JImA cm2

First cycle
- - - -Second cycle
T T

T T
-04 -0.2 0.0 02 04 06 0.8

a EIV vs Ag/AgCI

on the surface of the film. In contrast, when WO; was depos-
ited on top of MoS,, particles of MoS, were not observed and
the micrograph (Fig. 3¢) showed only a continuous film with
morphology similar to that obtained with pure WOs.

An EDX analysis of the FTO/WO3/MoS, electrode was
performed with the aim of verifying the presence of the ex-
pected elements within the film. Although the spectrum
(Online Resource 1) exhibited peaks that could be attributed
to W, O, Mo, and S, it was not possible to carry out a quanti-
tative analysis because the amount of electrodeposited MoS,
was extremely small and could not be quantified with suffi-
cient accuracy.

The phase structures of the electrodes were investigated by
XRD analysis (Fig. 4). The diffractogram of the WO; film
showed peaks at 23.3°, 23.7°, and 24.4° that are characteristic
of a crystalline structure with a predominance of the mono-
clinic phase (JCPDS no. 43-1035). Additional diffraction
peaks were observed that could be attributed to the FTO sub-
strate (SnO,, PDF no. 88-287). In contrast, the diffractogram
of the MoS, film presented only FTO peaks, a result that was
expected since the method employed deposited amorphous
MoS, in the absence of heat treatment. Similarly,
diffractograms of films of the combined materials, i.e., WO3/
MoS, and MoS,/WO3;, exhibited no peaks that could be at-
tributed to crystalline MoS,.

Element Wt% At %
(series)
Mo (L)  64.15 37.42
S (K) 35.85  62.58
Total 100.00 100.00

Fig.2 a Cyclic voltammogram (recorded at a scan rate of 50 mV s ) of the deposition on FTO substrate of MoS, from an aqueous solution containing
5 mM (NHy)>MoS, and 0.1 M KCl, b EDS spectrum of a MoS; film, and ¢ FE-SEM micrograph of a MoS, film

@ Springer



J Solid State Electrochem (2018) 22:1449-1458

1453

Fig.3 FE-SEM micrographs of a a
FTO/WO;, b FTO/WOs/MoS,,
and ¢ FTO/MoS,/WOj electrodes

Band gap energies of FTO/WOj3;, FTO/WO3/MoS,, and
FTO/MoS,/WOs electrodes were determined from UV-Vis
diffuse reflectance spectra (Fig. 5a). All electrodes showed
radiation absorption in the range of 300450 nm correspond-
ing to excitation of electrons of the valence band (VB) to the
conduction band (CB) in WO3. However, the intensity of the
absorbance was slightly increased in the presence of MoS,,
and especially in WO3/MoS,. According to the Kubelka—

* FTO

[ ]
y MoS_/WO
* x % Ve 'x x° % 2

Relative intensity/ a.u
=

20

Fig. 4 XRD patterns of MoS,, WOz, WO3/MoS,, and MoS,/WO; films
deposited on FTO substrates

Munk (KM) theory of reflectance, the KM function can be
calculated from the equation: [34]

TR (3)

where R is reflectance. The F(R) curves for FTO/WO;, FTO/
WOs/MoS,, and FTO/MoS,/WO; electrodes are shown in
Fig. 5b. The optical band gaps (Ey) of the WO; films were
estimated by considering direct allowed transitions and were
calculated from Tauc plots of [F(R)hv]* against photon energy
(Ephoton = hv). Values of E, were established by extrapolating the
linear portion of each plot to the x (hv) axis as shown in the
Online Resource 2. No statistically significant differences were
observed between the £, values of the films produced (insert to
Fig. 5a). Moreover, it was noted that MoS, promotes a slight shift
towards the visible region according to Online Resource 2b.

From cyclic voltammetry studies, it is possibly observed
that pure MoS, electrode did not present any photocurrent in
0.5 M Na,SO, electrolyte according to Online Resource 3.
However, the photocurrent was enhanced by a factor of up
to 1.6 when MoS, is deposited on the WO; films.

Evaluation of photodegradation efficiency of electrodes

The photocatalytic efficiencies of the electrodes were
assessed by monitoring the decolorization of RB198 dye
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during photoelectrochemical degradation. The absorbance 0 30 60 9 120 150 180 210
spectra depicted in Fig. 6a were recorded during time / min
photoelectrolysis of the dye solution over 90 min of pro- C
cess time using the FTO/WOs/MoS, electrode with an ap-
plied current density of 5 mA em 2 (Egey = 2.5 V). The 0.05
chromophoric group of RB198 exhibits a broad band in the
625 nm region of the spectrum [35], and the intensity of . %
this band gradually decreased as degradation of the dye £ 003
. ~ -
progressed. It may also be noted that after 40 min of pro- ¥§
cess, absorbance in the range 500-550 nm increases but 0.02
from 60 min onwards, absorbance in the region decreases.
This can be associated with the formation of intermediates oo
or by-products during the process. For comparison pur- o — | |
poses, the normalized 625-nm absorbance curves for Woa e woaman e Mo

photoelectrolysis, photolysis, and electrolysis processes using
the FTO/WO3/MoS, system, and for photoelectrolysis using
the FTO/WO; electrode, are presented in Fig. 6b.

Using the FTO/WOs/MoS, electrode, photoelectrolysis
was more efficient than either photolysis or electrolysis,
since hardly any dye decolorization was observed by pho-
tocatalytic action and the degree of decolorization was much
reduced with electrolysis alone. Moreover, the performance
of the FTO/WO5/MoS, electrode was better than that of the
FTO/WO; counterpart in the photoelectrochemical degrada-
tion of the dye. Complete decolorization of dye solution
was attained after only 90 min of photoelectrolysis with
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Fig. 6 a UV-Vis spectra of an aqueous solution containing 10 ppm
RB198 in 0.5 M Na,SO, as a function of time of photoelectrolysis
using the FTO/WO5/MoS, electrode with an applied current density of
5 mA cm 2. Comparison of b the photodecolorization profiles of RB198
dye (measured at 625 nm) and ¢ the apparent kinetic rate constants for
photoelectrolysis, photolysis, and electrolysis processes with the FTO/
WO3/MoS; system and photoelectrolysis with the FTO/WO; electrode

the FTO/WO3/MoS,, and the current density applied during
the process was lower than that generally reported in the
literature for the degradation of dyes by electrolytic process-
es [36, 37]. Moreover, it is clear from the results shown in
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Table 1 that the novel FTO/WOs/MoS, electrode described
in this work was particularly effective in decolorizing the
textile dye in comparison with previously reported
photoelectrolytic processes involving low current densities
and commercial light sources. In the present study, 100%
decolorization of the dye was achieved more rapidly than in
other processes and did not require the addition of an oxi-
dizing agent.

The decolorization profiles of the photoelectrochemical
degradation of RB198 showed exponential decay in absor-
bance as a function of time for the entire process, indicating
that the reaction was pseudo-first order. Apparent rate con-
stants (k,pp) could be calculated from the equation:

Reference
[39]
Present study

[38]
[40]
[41]

Time for total
120
120
120 ¢
120
90

density (mA cm 2)  decolorization (min)

Applied current

1.0

2.6
0.1
5.0

In— = —kgpt (4)

where A, and A are absorbance values measured at 0 and ¢
min, respectively. Comparison of the apparent rate con-
stants (Fig. 6¢) for photoelectrolysis, photolysis, and elec-
trolysis with the FTO/WO3/MoS, electrode verified that
the degradation rate in the photoelectrochemical reaction
was increased significantly by synergism between the
light-induced process and electrolysis. Moreover,
photoelectrolysis with the FTO/WO3/MoS, electrode pre-
sented a k,p,, value twofold higher than that obtained with
the FTO/WOj; electrode.

The higher photocatalytic activity presented by WO3/
MoS, compared with WO; can be explained on the basis
of two possible mechanisms, namely (i) p—n heterojunction
formation by band alignment in a crystalline material and
(i1) activity of a cocatalyst. Both of these mechanisms
would lead to a reduction in the ¢ /h™ recombination effect
with the incidence of light resulting from the presence of
MoS,. Considering the first mechanism, in accordance
with thermodynamic conditions, electrons injected into
the CB of the p-type semiconductor would move to the
CB of the n-type semiconductor and follow through to
the substrate. On the other hand, the holes present in the
VB would be displaced to the semiconductor/electrolyte
interface where oxidation of an organic molecule could
occur. In the second mechanism, in which a structured
semiconductor gathers the light with a cocatalyst, the pho-
tocatalytic activity would be promoted or accelerated.
Cocatalysts can act as reaction sites and catalyze processes,
especially those related to O, and H, evolution, that pro-
mote charge separation and transport driven by interfaces
formed between the cocatalyst and the semiconductor [22].
Additionally, in the presence of cocatalysts such as MoS,
and CdS, electrons can react with O, to yield other oxygen
species, including the superoxide radical anion [42].

Radiometer (31.2 W m 2)
Quartz tungsten halogen lamp (300 W) 5.0
Osram metal halide lamp (150 W)

Philips lamp (7.7 W)
Xenon lamp (35 W)

Area of electrode Irradiation source

(cm?)
5.0

15.0
4.0
1.0
1.0

Cell volume

(mL)
100
200
80
100
70

Substrate concentration

(ppm)

15

7

0.1 x107* M)
10

Reactive Green 19
Eosin Y (yellowish)
Reactive Blue 198

Acid Orange 7

Comparison of the efficiencies of photoelectrochemical processes for the decolorization of dyes in aqueous solution
Dye

# Generation of H,O, on a gas diffusion electrode as counter electrode

® Graphene film decorated TiO, nano-tube array

9 Exfoliated graphite-ZnO nanocomposite

GF/TiO,NTA®  Methyl Blue
€65.9% decolorization of dye

Table 1
Electrode
T102a
Zn0O/Zn
(EG)-ZnO*?
WO}/ MOSZ
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Fig. 7 Proposed mechanism of
photoelectrochemical degradation
of RB198 on the FTO/WO5/
MoS, electrode

Pt

A number of authors have investigated mechanisms that
may be evoked when MoS, is used in combination with
other materials. For example, Li et al. [9] synthesized a
MoS,/BiVO, composite and proposed that the presence
of a well-defined staggered type Il band alignment was
responsible for heterostructure formation. However, it is
unlikely that this type of mechanism prevails in the FTO/
WO5/MoS, electrode because the growth of MoS, on WO3
film was amorphous and it did not exhibit a photocurrent.
On the other hand, various studies have shown that MoS,
can act as a cocatalyst. Thus, Zhao et al. [43] demonstrated
that Cu,O decorated with 1.0% (by weight) MoS, promot-
ed a sevenfold increase in the photocurrent for H, produc-
tion in comparison with Cu,O alone. These authors sug-
gested that the presence of MoS, increased the active sites
of the composite and lessened the overpotential for the
reduction of H* to H,. Zhu et al. [44] studied photocatalyt-
ic H, evolution on a TiO,—MoS, photocatalyst and verified
that the photogenerated electrons in the CB of TiO, could
be readily transferred to the MoS, cocatalyst, thereby pro-
moting efficient charge separation and improving photo-
catalytic performance. These authors also showed that the
oxidation of organic compounds could be carried out in the
VB of TiO,.

In light of the above, we consider that MoS, acts as
catalyst for H, evolution in the FTO/WOs/MoS, system
and prevents e /h* recombination (Fig. 7). Moreover,
MoS, accepts electrons from the CB of WOj3 and promotes
the reduction of O, to the superoxide radical anion, an
intermediate species that could react to form -OH ", thereby
increasing the efficiency of photo-oxidation of organic
compounds [30]. In this manner, charge transfer enhances
the photo-oxidation of an adsorbed organic substrate by
isolating electrons and holes in two distinct compartments.
On this basis, the role of MoS, in the new semiconductor
junction described herein must be that of cocatalyst.
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Conclusions

This paper describes the successful synthesis of a new WO/
MoS, photocatalyst on FTO substrate using simple and low-
cost methods, namely modified sol-gel for WO; and electrode-
position for MoS,. The developed electrode showed higher
photocatalytic activity than its FTO/WOj; counterpart and was
more effective in the photoelectrochemical degradation of
RB198, affording 100% decolorization of an aqueous solution
of the dye in a relatively short time period at a low applied
current density (5 mA cm ). Evidence presented herein sup-
ports the view that MoS, acts as a catalyst for H, evolution and
prevents ¢ /h* recombination in the WO3 semiconductor. The
novel approach of combining WO; and MoS, is promising and
may prove to be very effective for the photocatalytic degrada-
tion of organic compounds and water splitting in the future.
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