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1. Introduction

Design and synthesis of PANI/GO/MoS,
nanocomposites via oxidative polymerization for
efficient photocatalytic applications: organic
pollutant degradation and hydrogen generationt

Pritam Hait,? Rajeev Mehta® and Soumen Basu {2 *?

This study focused on preparing a ternary nanocomposite (PANI/GO/MoS;) using an oxidative poly-
merization technique. The composite incorporated polyaniline (PANI), graphene oxide (GO), and
molybdenum disulfide (MoS,) in different weight ratios. Comprehensive characterization studies were
performed including UV-vis-DRS, PL, XRD, XPS, BET, and EDS to evaluate the material's crystallinity,
purity, porosity, and optical properties. FESEM imaging revealed the porous nature of PANI, the
exfoliated structure of GO, and the nanosphere morphology of MoS; (35-55 nm in diameter). This com-
posite was tested for its effectiveness in degrading methyl orange (MO) dye and generating green hydro-
gen via visible-light-driven water splitting. Within 120 minutes, it achieved around 81.23% detoxification
and 99% removal of MO dye. The degradation process adhered to first-order kinetics with a rate
constant 7.1 times higher than that of pure PANI, 22 times higher than that of GO, 6.35 times higher
than that of MoS,, and 9.26 times greater than that of the commercial TiO,-P25 photocatalyst,
indicating strong synergy among the components. The study also examined the impact of various
reaction parameters like pH, illumination area, catalyst dosage, and scavengers on the degradation
process. The reusability of the photocatalyst was assessed over six cycles, maintaining 80% stability,
as confirmed by XRD analysis. GC-MS identified the intermediates and final degradation products. The
nanocomposite achieved hydrogen production with an apparent quantum efficiency (AQE) of 26% using
CH3OH as a sacrificial agent, and AQEs of 22%, 19%, and 15% under acidic, basic, and neutral conditions,
respectively. This research highlights the potential of ternary nanocomposites for diverse applications
beyond dye degradation, including various solar-driven technologies.

to their synthetic origin, intricate chemical composition, and
potential toxicity, as well as their carcinogenic or explosive

Semiconductor-based photocatalysis has gained prominence
for solar fuel production and pollutant degradation, driven by
urgent energy and environmental challenges.' The discharge
of dye waste from industries like paper, leather, and nylon
production significantly affects aquatic life by causing water
pollution. Reducing the coloration of these dyes is a crucial step
in wastewater treatment prior to environmental discharge due
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properties.* The rapid exhaustion of fossil fuels like coal,
natural gas, and oil, along with rising political and environ-
mental concerns, has heightened the need for renewable
energy from sustainable sources for long-term solutions.’
This has led to numerous efforts in investigating innovative
approaches to advancing renewable energy technologies.
In recent years, transforming solar energy into chemical energy
as solar fuels like hydrogen, methanol, and methane has emerged
as a promising solution.® This approach aims to lessen our heavy
reliance on depleting fossil resources and address future energy
and environmental challenges. Hydrogen (H,) plays a vital role as a
superior energy carrier essential for promoting a low-carbon
emission economy. While hydrogen (H,) may pose challenges
related to safe transportation, it possesses numerous signifi-
cant advantages: (i) in addition to its environmental friendli-
ness, hydrogen (H,) is also non-toxic, setting it apart from most
other fuel sources; (ii) with its abundant resources, hydrogen
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(H,) is the most plentiful element obtainable from a diverse
array of sources such as alcohol and biomass; (iii) the primary
benefit of using hydrogen energy is that it produces almost no
harmful emissions when burned; and (iv) hydrogen energy is a
highly efficient fuel source, outperforming traditional energy
sources by producing greater energy per unit of fuel.” Following
the initial report by Honda and Fujishima on TiO, electrodes,
significant research has focused on photocatalytic and photo-
electrochemical (PEC) water splitting to enhance hydrogen fuel
production and support the hydrogen economy.® Although TiO,
has been the most extensively studied photocatalyst to date,
its large energy gap of 3.2 eV has limited its ability to effectively
utilize sunlight.® Given these intrinsic benefits, further research
should focus on developing PANI-based composites to enhance
photocatalytic materials. Polyaniline (PANI) is a conductive poly-
mer characterized by a delocalized n-n conjugated structure.®
Its benzenoid and quinonoid units exhibit multiple redox states
along with various other intriguing properties. Furthermore, PANI
is highly suitable for large-scale applications because of its excel-
lent conductivity, outstanding environmental stability, and ease of
preparation.” A stable matrix can enhance the durability of the
resulting composite.

On the other hand, graphene oxide, with its extensive surface
area and unique optical, transport, mechanical, and electro-
nic properties, has become a strong candidate for various
applications, including hydrogen production and -catalytic
activities.'® It provides a two-dimensional (2D) surface for
catalyst deposition and enhances the dye adsorption capacity
through n-m interactions between the dye and the aromatic
regions of graphene. Moreover, PANI serves as an electron
donor and a hole conductor, while graphene functions as an
electron acceptor when exposed to visible or UV light.* Thus,
integrating them with inorganic materials, particularly transi-
tion metal oxides or sulfides, enhances the degradation rate by
leveraging synergistic effects that reduce recombination losses.
The photocatalytic properties of various transition-metal oxi-
des, such as NiO, BiOCl, ZnO, MnO,, TiO,, MoOj;, and Cu,O,
have been analyzed.>* An RGO/PANI/Cu,O hydrogel synthe-
sized by Miao et al. demonstrated Congo red degradation
within 20 minutes, reflecting an improvement in the composi-
te’s performance.'® Zhang et al. showed that a composite of
poly(3,4-ethylenedioxythiophene) combined with graphene and
MnO, exhibited catalytic activity, as it successfully degraded
methylene blue (MB) after 7 hours."® Pendiselvi et al. explored
the use of graphitic carbon nitride as a mechanical support,
achieving methylene blue (MB) degradation in 80 minutes."”
Moreover, in situ polymerization of aniline with graphene and
ZnFe,0, results in the formation of a catalyst that greatly
enhances the degradation efficiency of rhodamine B.'® Addi-
tionally, the incorporation of gold nanoparticles into a ternary
composite with graphene and TiO, has been investigated,
demonstrating complete methylene blue (MB) degradation
after 250 minutes.'® Additionally, many of these photocatalysts
face challenges such as the limited photo response of TiO, to
visible light, the high expense of Ag or Au used as key compo-
nents in the composites, and prolonged degradation times.
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Nevertheless, MoS, has a layered configuration characterized
by a hexagonal pattern of Mo and S atoms, resulting in S-Mo-S
bonding.?° Furthermore, the layered structure of bulk MoS,
allows easy intercalation of foreign atoms between its layers.>*
In summary, the combined effect of the ternary composite
enhances the nanocomposite’s photocatalytic activity, estab-
lishing it as a leading photocatalyst.

This study focuses on developing a new ternary composite of
polyaniline (PANI), molybdenum disulfide (MoS,), and graphene
oxide (GO) to evaluate its effectiveness in degrading methyl
orange (MO) dye through photocatalysis under an LED light.
The synthesized composites were thoroughly characterized using
XRD, XPS, FTIR, FESEM, and UV-DRS techniques. Various photo-
catalytic factors, including the catalyst dosage, illuminated area,
solution pH, and effect of scavengers, were investigated. Degrada-
tion intermediates and final products were analyzed using GC/
MS, and possible mechanisms were explored for better under-
standing. Additionally, the photocatalyst’s potential for green
hydrogen generation via photocatalytic water splitting was
assessed under various conditions—sacrificial agent presence
and acidic, basic, and neutral environments. The apparent
quantum yield (AQE%) for water splitting was also calculated,
demonstrating the catalyst’s ability to absorb photons and drive
chemical reactions that degrade organic pollutants and dis-
sociate water into H, and O,.

2. Experimental section

The chemicals used in the synthesis process are outlined in the
ESIt (S1).

2.1. Synthesis of MoS, and a ternary nanocomposite

Polyaniline (PANI) and graphene oxide (GO) are synthesized
using the oxidative polymerization method and modified Hum-
mers’ method, respectively, as outlined in our prior research.”?
For the synthesis of MoS,, ammonium molybdate tetrahydrate
and thiourea were initially dissolved in 20 ml of ethylene glycol;
then the mixture was stirred for one hour. The mixture was
then sonicated for one hour to ensure complete dispersion of
the precursor. Then the prepared solution was heated for
30 minutes at 180 °C temperature in a microwave synthesizer
(Biotage initiator ).

A 1:1 GO/MoS, (wt/wt%) composite was first synthesized
using the MoS, precursor through an in situ method. Next,
different weight percentages of the 1:1 GO/MoS, composite
were used to form a ternary composite via oxidative polymer-
ization. Initially, 1:1 GO/MoS, and aniline were combined in a
2 M HCI solution, stirred for one hour, and then sonicated for
another hour. Next, ammonium persulfate (APS) was added
gradually and the mixture was stirred overnight to facilitate
polymerization. The resulting solution was rinsed with 2 M HCl
and water and then dried at 60 °C for 24 hours. Thus, the PANI/
GO/MoS, composites were prepared in different weight ratios
(1, 2.5, and 4) and were designated as 1PGMS, 2.5PGMS, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4PGMS, respectively. Fig. S1 (ESIT) illustrates the schematic of
the synthesis procedure.

2.2. Techniques for characterization

Full details of characterization and the instruments used are
found in the ESIt (S2).

2.3. Photocatalysis experiments

2.3.1. Assessment of photocatalytic degradation effective-
ness. For photocatalytic degradation assessment, 4 mg of
the photocatalyst was mixed with 20 ml of a 20 ppm methyl
orange (MO) solution. The mixture was stored in the dark for
120 minutes to achieve equilibrium. Subsequently, the MO
solution was exposed to photodegradation under illumination
from a 40 W LED lamp in a photocatalytic reactor, with
continuous stirring. MO concentrations were monitored using
a UV-vis spectrophotometer, and the degradation percentage of
MO was determined using the following formula:

Degradation (%) = % x 100 (1)

t

At the start of the experiment, the concentration of MO is
denoted as C,, while C, represents the concentration of MO
after it has been subjected to light irradiation for a specified
period, ‘¢

The degree of mineralization was calculated using the
following equation:

TOC itia1 — TOCrinal
TOChnitial

Mineralization (%) = x 100 2)

In this context, “TOC;njial’” refers to the initial concentration
of total organic carbon (TOC) in MO, measured in mg L7,
before the degradation process begins. “TOC,,"" indicates the
TOC concentration in MO after 120 minutes of degradation.

A GC-MS system identified the degradation products of MO,
using m/z values to deduce their chemical structures, where
‘m’ is the molecular mass and ‘2’ is the charge number. The
analysis used aqueous solutions with 0.1% dichloromethane
(DCM) as the mobile phase.

2.3.2. Hydrogen production through photocatalysis. A 2 mg
photocatalyst was mixed into 20 ml of an aqueous solution
containing 1 ml of MeOH as a sacrificial agent. The experiment
was performed under four varying conditions: without a sacri-
ficial agent, in an acidic medium, in a basic medium, and with
a sacrificial agent in a nitrogen-filled environment. The con-
tainer was securely closed with an airtight lid. The analysis of
the H, photoproduct was performed using gas chromatography
(GC) with a thermal conductivity detector (TCD), employing
nitrogen as the carrier gas. This was conducted in a photo-
catalytic reactor equipped with a 40 W Philips LED lamp
serving as the light source. Throughout the photocatalytic
process, a magnetic stirrer was used to keep the system in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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constant motion. The apparent quantum efficiency (AQE) was
calculated using the formula provided below:

nx AG

AQE (%) = 3 g 7 X

100 (3)

In this formula, the variables are defined as follows: n
represents the moles of hydrogen generated per unit volume
(mole per liter); AG denotes the total Gibbs free energy for water
splitting (237 kJ per mole); W indicates the intensity of light
radiation (637 watts per square meter); S refers to the surface
region of the reaction vessel (in square meters); and 7 signifies
the reaction time (in seconds).

3. Results and discussion

3.1. Characterization of the synthesized photocatalyst

3.1.1. Analysis of spectral properties. X-ray diffractograms
in the 10° to 80° range were used to analyze the phase
composition and crystalline structure of the prepared samples
(Fig. 1(a)). The XRD analysis reveals peaks at 20 = 14.92° (121),
20.48° (310), and 25.33° (003), indicating the presence of
PANL' The peak at 25.33° (003) particularly highlights the
polymeric nature of PANI. Additionally, the presence of graphi-
tic graphene oxide (GO) is evidenced by the peaks observed at
11.23° (002) and 42.16° (100).>® The diffraction peaks observed
at 13.01° and 28.1° (26) correspond to the lattice planes (002)
and (004) of crystalline MoS,, respectively, according to JCPDS
card no. 65-0160. Analysis of the XRD patterns for the nano-
composites 1PGMS, 2.5PGMS, and 4PGMS shows that peaks
attributed to MoS,, GO, and PANI are still present. This
indicates that these components have been effectively inte-
grated into the nanocomposite structures. In the nanocompo-
site, the broad peak at 20 = 14.54° could be attributed to the
d(121) spacing of PANI, the d(002) spacing of GO, and the
d(002) spacing of MoS,. To calculate the average crystallite sizes
of MoS,, PANI, g-GO, and 2.5PGMS, we employed the Scherrer
equation. The Scherrer equation is:**

kx4
" B xcosl

(4)

The Scherrer equation is used to calculate the crystallite size
(D) and depends on several parameters: the Scherrer constant
(k), the X-ray source wavelength (4, usually 0.15406 nm), the
full-width half-maxima () in radians, and the peak position (6)
also in radians. Using the Scherrer equation with these para-
meters, the crystallite sizes (D) are determined to be 40.4 nm for
MoS,, 132.21 nm for PANI, 101.6 nm for g-GO, and 108.32 nm
for 2.5PGMO.

X-ray photoelectron spectroscopy (XPS) was used to examine
the chemical composition and phase state of the synthesized
ternary nanocomposite (2.5PGMS). Fig. 2(a) shows the XPS
survey spectrum, conclusively confirming the presence of ele-
ments Mo, C, N, S, and O within the ternary composite.
Gaussian fitting was employed to deconvolute the elemental
spectra of Mo 3d, C 1s, N 1s, S 2p, and O 1s, allowing for a more

Mater. Adv,, 2025, 6, 2811-2822 | 2813
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Fig. 1 (a) XRD pattern, (b) UV-vis DRS spectra, (c) Tauc plot, and (d) PL spectra of GO, PANI, MS, 1PGMS, 2.5PGMS, and 4PGMS.

detailed examination of the elemental composition and
chemical states. Fig. 2(b) shows the C 1s spectrum with four
distinct binding energies. The peak at 283.90 eV corresponds
to non-oxygenated carbon, including C-H and C-C bonds. The
284.7 eV peak signifies the presence of graphitic carbon. The
285.5 eV peak indicates nitrogenous carbon, with bonds like
C-N. The peak at 288.1 eV corresponds to the C=O bond.*
Fig. 2(d) displays three distinct peaks in the N 1s spectrum,
each corresponding to different nitrogen environments. The
peak at 398.8 eV represents quinoid amine, the 399.1 eV peak is
linked to benzenoid amine, and the 399.3 eV peak indicates the
presence of a nitrogen cationic radical (N**).?° Fig. 2(c) shows
the O 1s spectrum with two main peaks at 531 eV and 532.3 eV.
These peaks correspond to the Mo-O bonds in the MoO; and
hydroxyl groups on the composite’s surface, respectively.””

2814 | Mater. Adv,, 2025, 6, 2811-2822

In the Mo 3d spectrum, two peaks are observed at 232.2 eV
and 235.6 eV (Fig. 2(e)). The binding energy 232.2 eV for Mo**
3ds/, and the binding energy 235.6 €V is for the Mo®* oxidation
state.”® The S 2p spectra at 159 eV and 164 eV correspond
to S 2ps, and S 2p,,, respectively (Fig. 2(f)). The peak at
159.2 eV is attributed to C-S-H, while the peak at 164.4 eV is
assigned to the N-S-H bond.?® Additionally, a peak at 168.6 eV
indicates an S-O bond, indicating partial oxidation of the S
edges in MoS,.”® From the peak of the S-O bond, we can
conclude the formation of a bond between oxygenated gra-
phene oxide and MoS,. This highlights oxygen’s crucial role in
the composite’s bonding network, contributing to interactions
and structural stability.

FTIR analysis identifies distinct absorption peaks linked to
specific vibrational modes and chemical groups (Fig. S1, ESIT).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

The 1536 cm ™" peak corresponds to the C—C stretching in the
benzenoid ring, while the 1390 cm ™" peak indicates the C-N
bond stretching. The 1265 cm ™" signal reveals the presence of a
protonated C-N group.’®?' Additionally, a peak near 776 cm ™"
suggests electron delocalization in the polymer matrix. In the
graphene oxide (GO) spectrum, distinctive peaks appear. The
peak around 3500 cm™* corresponds to O-H bond stretching,
while the 1717 em " peak indicates C—=O stretching in car-
boxylic groups. The 1615 cm ™' peak represents O-H bending
and aromatic C=C stretching, and the 1385 cm ™' peak sug-
gests the presence of tertiary C-OH bonds.*>™* Finally, the
1220 cm™* peak confirms the existence of epoxy C-O groups.
Broad absorption bands at 501 cm ™%, 695 cm ™', and 1623 cm ™"
are associated with MoS,.>*> Peaks at 501 cm ™" correspond to
S-S bonds.*® Additionally, the band around 3100 cm ' is
associated with O-H group vibrations.

A photocatalyst’s light absorption capability is essential for
its photocatalytic activity. Fig. 1(b) shows the UV-vis absorption
spectra of the different as-synthesized photocatalysts. MoS,
nanospheres absorb strongly in the UV range (250-400 nm),
whereas the ternary nanocomposites (PGMS) exhibit wider
absorption across the visible spectra. The broader absorption
is due to PANI, which sensitizes the photocatalysts to visible
light. Additionally, the color change from black in MoS, to dark
green in the ternary nanocomposites indicates successful PANI
integration and enhanced visible light absorption (Fig. 1(b)).
Tauc’s formula, (k)™ = A(hw - E,), calculates a semiconduc-
tor’s energy gap. In this formula, v is the photon energy, E, is
the bandgap, A is a constant, and o is the coefficient of light
absorption. The exponent “n” reflects the electronic transition
type, where n = 1/2 signifies a direct transition. In this study,
the bandgap energy (E,) was determined from plots of (ahv)"
versus E,. As shown in Fig. 1(c), the E, values are 1.53 eV for

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) XPS survey spectrum of 2.5PGMS and core level spectrum of (b) C 1s, (c) O 1s, (d) N 1s, (e) Mo 3d, and (f) S 2p.

MoS,, 2.18 eV for 2.5PGMS, 2.21 eV for 1PGMS, and 2.20 eV
for 4PGMS.

Photoluminescence (PL) spectra are commonly used to
evaluate processes like carrier capture, movement, transport,
isolation, and recombination. Fig. 1(d) shows the PL emission
spectra for MoS,, PANI, GO, and PGMS composites, highlight-
ing a luminescent peak around 452 nm. Notably, the PL
emission intensity of PGMS composites is significantly lower
compared to pure MoS,, PANI, and GO. This reduced fluores-
cence indicates the potent isolation of light-generated pairs of
electrons and holes within the composite structure. Efficient
management of electron-hole pairs is crucial for improving
photocatalytic degradation. Effective separation of these pairs
prevents recombination, allowing for better utilization in
photocatalytic reactions.

3.1.2. EIS analysis. EIS measurements were utilized to
evaluate the charge transfer efficiency in PANI, GO, MS and
their nanocomposite (Fig. S2, ESIT). In a Nyquist plot, a smaller
arc radius typically indicates improved interfacial charge trans-
port. The incorporation of PANI, GO, and MS co-catalysts
resulted in a reduced arc radius, suggesting lower electron
transfer resistance and decreased recombination of electron-
hole pairs, ultimately enhancing interfacial charge carrier
transport. Among the tested materials, the ternary 2.5PGMS
composite exhibited the smallest arc radius, demonstrating its
superior conductivity, faster charge migration, and more effec-
tive separation of photo-induced carriers. These EIS results are
consistent with the PL analysis, underscoring the critical role of
the ternary 2.5PGMS hybrid in optimizing charge separation.

3.1.3. Surface properties. FESEM investigation was con-
ducted to understand the arrangement properties of the synthe-
sized composite. FESEM images of MoS,, PANI, GO, and the
1PGMS composite are depicted in Fig. 3(a-d). The MoS, sample

Mater. Adv,, 2025, 6, 2811-2822 | 2815
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Fig. 3 FESEM images of (a) PANI, (b) GO, (c) MS, and (d) 2.5 PGMS.

exhibited nanospheres ranging from 35 to 55 nm in diameter,
while PANI displayed a fibrous, porous morphology. GO’s
exfoliated and well-agglomerated layers were observed, likely
attributable to oxygenated surface functional groups. In the
nanocomposite, GO agglomerated with PANI, and MoS, nano-
spheres were visible in the mixture (Fig. 3(d)). The FESEM
images confirmed the existence of polyaniline, GO, and MoS,,
indicating the successful establishment of heterojunctions.
Energy dispersive spectroscopy (EDS) analysis, shown in Fig. S6
(ESIT), confirmed the presence of C, N, Mo, O, and S in the
nanocomposite.

The specific surface area of the synthesized nanocomposites
was evaluated to analyze their surface characteristics in detail.
Fig. S4 and S5 (ESIY) present the nitrogen adsorption-desorption
isotherms, which exhibit a type IV Langmuir isotherm with
distinct H1 hysteresis loops for all the composites, as well as
for individual components such as MoS,, PANI, and GO. The
presence of these hysteresis loops confirms the mesoporous
nature of the materials, indicating well-defined pore structures.

The pore size distribution was determined using the Barrett-
Joyner-Halenda (BJH) method, as depicted in Fig. S4 and S5
(ESIT). Table 1 provides a comparative analysis of surface area
and pore volume, showing that pure PANI possesses a relatively
high surface area and pore volume. However, the synthesized
composites exhibit even higher surface areas than pure PANI,
GO, and MoS,, highlighting their enhanced porosity and surface
characteristics.

Notably, the PGMS composites follow an increasing trend in
surface area, with values recorded as 35.1 m> g~ ' for 1PGMS,
43 m* g~ for 4PGMS, and 52.6 m*> g~ * for 2.5PGMS. The superior

2816 | Mater. Adv, 2025, 6, 2811-2822

Table 1 BET-specific surface area, total pore volume, and average pore
diameter

Specific surface  Total pore Average pore

Photocatalyst ~ area (m” g ') volume (cm® g ') diameter (nm)
PANI 18.3 0.0203 4.5
GO 10.6 0.034 5.3
MS 7.3 0.0073 4.2
1PGMS 35.1 0.044 5.0
2.5PGMS 52.6 0.0841 6.4
4PGMS 43 0.052 4.8

photocatalytic performance of the 2.5PGMS composite is attrib-
uted to its higher surface area, which enhances pollutant adsorp-
tion and provides more active sites for catalytic reactions. This
increased active surface area plays a crucial role in improving
hydrogen production through water splitting, further confirming
the composite’s effectiveness in photocatalytic applications.

3.2. Removal of the organic pollutant methyl orange (MO)
through photocatalysis

Fig. 4(d) illustrates the limited effectiveness of photolysis alone
for removing methyl orange (MO), showing only about a 4%
decrease in absorbance after 120 minutes of LED light exposure.
This minimal reduction indicates that MO is highly resistant
to light-induced degradation. In the dark, after 120 minutes
of reaching adsorption-desorption equilibrium, 2.5PGMS adsorbed
approximately 32% of MO. In comparison, other materials showed
lower adsorption: bare PANI (21%), GO (26%), molybdenum
trioxide (9%), 1PG (1 wt% of GO) (12%), 11GMS (1:1 of GO and
MoS,) (11%), 1PMS (1 wt% of MoS,) (10%), 1PGMS (28%),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4PGMS (29%), and TiO, (8%) (Fig. 4(d)). The enhanced adsorp-
tion capacity of 2.5PGMS is because of the increased surface
area and a higher count of adsorption areas for the anionic dye,
achieved by incorporating 2.5 wt% GO/MS into PANI. Upon
illumination with an LED light for 120 minutes, the photo-
catalytic efficiency improved as follows: PANI (30%) < GO
(32%) < MoS, (33%) < TiO, (34%) < 1PMS (46%) < 1PG
(53%) < 11GMS (74%) < 1PGMS (87%) < 4PGMS (85%) <
2.5PGMS (99%) (Fig. 4(d)). This indicates that bare MoS,’s
limited photodegradation capability is due to its restricted
photo-response spectrum, inadequate surface area, and rapid
recombination of photo-induced charge carriers. PANI and GO
improve performance, with 1PMS, 1PG, and 11GMS showing
enhanced photocatalytic activity compared to single-compo-
nent materials. However, increasing 11GMS beyond 2.5 wt%
slightly decreased the MO removal efficiency. This reduction is
attributed to inefficient charge distribution and potential
blocking of active sites by excess 11GMS, which limits light
penetration and photocatalytic efficiency. Thus, an optimal
11GMS load maximizes the synergy between PANI, GO, and
MoS,, enhancing photocatalytic activity through a smaller band
gap, better light absorption, and reduced recombination of
electron-hole pairs. Furthermore, the kinetics of MO photo-
catalytic degradation were quantitatively analyzed using a
pseudo-first-order rate equation on the experimental results:

In(C/Co) = —kt 5)

In this analysis, Cy and C, denote the MO concentrations at
the start and after t minutes of irradiation, respectively, while &
represents the reaction rate constant (min~'). Fig. S7 (ESIY)
illustrates the linear correlation between In(C,/C,) and the

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Effect of catalyst concentration, (b) pzc studies, (c) effect of pH, (d) kinetic studies, (e) impact of illuminated surface area, and (f) scavenger

reaction time for different catalysts. The degradation rate constants
are as follows: 1PGMS (0.02353 min~ '), 2.5PGMS (0.03 min %),
4PGMS (0.02523 min~'), 1PG (0.01241 min~'), 1PMS
(0.00512 min~"), 11GMS (0.0123 min '), PANI (0.00422 min ™),
GO (0.00135 min™"), MoS, (0.00472 min '), and TiO,
(0.00324 min~"). The synergy from combining PANI, GO,
and MoS, was measured using the synergy factor (R), deter-
mined by the equation:

_ KpAN1+GO+Mos, ©)
Kpant + Ko + Kmos,

The rate constants for photodegradation of the PANI/GO/
MoS, composite and individual components (PANI, GO, and
MoS,) are denoted as Kipanr+Go+mos,)y Kpanty Keo, and Kuos,,
respectively. The synergy factors calculated for 1PGMS,
2.5PGMS, 4PGMS, 1PG, 1PMS, and 11GMS are 1.9, 2.6, 2.3,
1.6, 0.5, and 1.8, respectively. Among these, 2.5PGMS exhibited
the highest synergy factor, leading to its most effective photo-
catalytic degradation with a rate constant of 0.03 min~".

3.2.1. Effect of the catalyst dosage amount. The efficiency
of the photocatalyst is primarily influenced by the amount of
catalyst used. To examine how dosage impacts MO degradation,
experiments were conducted with varying amounts of the ternary
photocatalyst (2.5PGMO) from 1 to 4 mg, keeping the MO concen-
tration constant at 20 ppm. At the lowest dosage (0.1 g L™ "), fewer
active species were involved in MO degradation, leading to reduced
photocatalytic efficiency. The optimal degradation efficiency
occurred at 0.2 g L™* (Fig. 4(a)), where active site availability
and light energy utilization were maximized. However, increas-
ing the catalyst dosage beyond 0.2 g L™" did not significantly
enhance the degradation rate, likely due to catalyst accumu-
lation, which could reduce solution transparency and light
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01249f

Open Access Article. Published on 13 March 2025. Downloaded on 11/7/2025 4:52:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

penetration, as well as deactivate some catalyst surface areas.
These results suggest that 0.2 g L' is the optimal catalyst
dosage for maximum MO photodegradation.

3.2.2. Impact of the solution’s pH. The dye solution’s
pH notably impacts the composite’s adsorption ability and
thus influences the degradation efficiency.>” To examine how
pH affects the removal of MO dye, solutions with different pH
levels were prepared using 0.1 N HCl and 0.1 N NaOH. The pH
of the catalyst-to-dye solutions at a concentration of 0.2 g L™"
was recorded before and after the degradation process. As shown
in Fig. 4(b), the composite 2.5PGMS has a point of zero charge
(pzc) around pH 7.07. Degradation efficiency increases from pH
1 to 6, peaking at pH 7.6 (Fig. 4(c)). In basic solutions, the
efficiency decreases. These results highlight the critical role of
solution pH in controlling the photocatalytic degradation effi-
ciency of the composite. The surface charge of the composite,
influenced by pH, plays a key role in the adsorption and degrada-
tion of MO dye molecules. Optimal performance is achieved under
slightly basic conditions (pH 7.6), stressing the importance of pH
in designing effective photocatalytic processes. In strongly alkaline
solutions, the formation of metal hydroxide precipitates on the
catalyst surface leads to reduced degradation efficiency.

3.2.3. Impact of the lighted area. The research examined
the influence of the illuminated surface area on the photo-
catalytic efficiency of 2.5PGMS when exposed to visible light.
A 0.2 g L' photocatalyst solution mixed with 20 ppm MO dye
was agitated for 120 minutes under visible light. Various vessel
diameters were employed to alter the reaction surface area,
while keeping a consistent distance of 6 cm between the lamp
and the surface of the solution. Results showed that increasing the

View Article Online
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exposed surface area improved degradation efficiency (Fig. 4(e)).
Larger surface areas allowed greater light exposure, enhancing
photocatalytic degradation and achieving optimal efficiency.

3.2.4. Likely degradation route of MO. To assess the
decomposition of organic dyes via photodegradation, monitor-
ing TOC and COD levels during light exposure is essential. After
120 minutes of visible light exposure, MO shows a TOC reduc-
tion of 83.21% and a COD reduction of 86.11%. Fig. 7(a)
indicates nearly complete mineralization, with intermediates
having limited mineralization potential, suggesting that
the organic dye is broken down into byproducts with reduced
mineralization capacity.

The degradation products of MO using the 2.5PGMS nano-
composite were identified through GC-MS analysis. S3 (ESIf)
presents the mass spectra for MO degradation by 2.5PGMS. The
characteristic mass spectrum of the MO dye is at m/z 306. After
120 minutes of degradation, the spectra show peaks at m/z 121,
136, 157, and 172, corresponding to intermediate products.
These include sulfanilic acid at m/z 172, which breaks down
into benzenesulfonic acid at m/z 157 after losing an amino
group (NH,). Similarly, N,N-dimethyl-p-phenylenediamine at
m/z 136 degrades into N,N-dimethyl benzenenamine at m/z 121,
also after losing an amino group. The results suggest that MO
degradation involves cleavage of the azo bond (-N—N-), producing
sulfanilic acid and N,N-dimethyl-p-phenylenediamine.*® The
proposed degradation mechanism is shown in Fig. 5, with
further breakdown potentially leading to CO, and H,O.

3.2.5. Influence of scavengers on the charge transfer
mechanisms. The degradation process mainly relies on electrons
from the conduction band (CB), holes in the valence band (VB), as

(¢}
N\ _O
N
LJ
\N N
|
4-[[4-¢ Yy )P M
| 0
\ _OH
/N \5\\/
o
NH
2 H,N
N,N-dimethyl-p o
phenylenediamine sulfanilic acid
\ _oH
S
AN
(o} \T
benzenesulfonic acid N,N dimethyl benzeneamine
CO, + H,0 + SO,

Fig. 5 Proposed mechanism for the photocatalytic breakdown of methyl orange with the 2.5PGMS catalyst.
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well as superoxide and hydroxyl radicals, which play essential
roles.* A scavenger study was conducted to determine the primary
species involved in this process. This study utilized various sca-
vengers, including isopropyl alcohol (IPA), dimethyl sulfoxide
(DMSO), benzoquinone (BQ), and methanol, to capture hydroxyl
radicals (OH®), electrons (e ), superoxide radicals (O, ), and holes
(h"), respectively. The O,* radical acts as a reducing agent and
interacts with BQ to form hydroquinone.*® The presence of DMSO
highlights the important role of *OH radicals. In DMSO, the
unpaired electrons on oxygen atoms facilitate electron transfer
and form hydrogen bonds with hydrogen in hydroxyl radicals.**
As illustrated in Fig. 4(f), methanol, IPA, and BQ play a crucial
role in the degradation reaction, underscoring the significance
of holes, hydroxyl radicals, and superoxide in the degradation
mechanism. The enhanced photocatalytic efficiency of the
2.5PGMS composite results from improved charge separation
achieved by integrating GO and MoS, within the polyaniline
matrix. This effect was explored by analyzing the band positions
of MoS,, GO, and PANL**** Fig. S3 (ESI{) illustrates the Mott-
Schottky plots for PANI, GO, MoS,, and 2.5PGMS, confirming
their characteristic behavior as p-type semiconductors, as indi-
cated by the overall negative slopes. The flat-band potentials,
determined from the x-axis intersection points of the linear
regions, are recorded as —0.349 V for 2.5PGMS, —0.30 V
for PANI, 0.21 V for MoS,, and 0.03 V for GO, all referenced
against Ag/AgCl. Notably, the conduction band edge (CB) of the
2.5PGMS composite exhibits a significant negative shift of
0.349 V compared to pure GO and MoS,. This shift suggests
strong electronic interactions among PANI, GO, and MoS,,
resulting in a considerable lowering of the conduction band
potential. Consequently, this modification elevates the conduc-
tion band to a higher energy level, thereby enhancing the
composite’s reductive capabilities. The analysis of Mott-
Schottky plots and band potential variations provides valuable
insights into these electronic interactions, contributing to a
better understanding of the improved photocatalytic perfor-
mance of 2.5PGMS. Photon absorption by GO, MoS,, and PANI
leads to the excitation of electrons into the conduction band
(CB) of GO and MoS,, as well as the lowest unoccupied
molecular orbital (LUMO) of PANLI. This process simultaneously
generates holes in the valence band (VB) of GO and MoS, and
the highest occupied molecular orbital (HOMO) of PANI. Due to
energy minimization tendencies, electrons from the CB of GO
and MoS, preferentially migrate toward the LUMO of PANI
rather than returning to the valence band of GO or MoS, via the
heterojunction barrier. Fig. 6 indicates that when the 2.5PGMS
composite is exposed to visible light, PANI gets excited, produ-
cing light-induced electrons (e~) and holes (h"). The electrons
from PANI's conduction band (CB) move to the conduction
bands of GO and MoS,, which lowers the rate of electron-hole
recombination. This decreases the rate of recombination
between electrons and holes. Both GO and MoS, exhibit higher
reduction potentials compared to 0,/0>* (0.07 eV).** Electrons
located at the surface of GO and MoS, can react with dissol-
ved oxygen molecules, generating superoxide radical anions
(0,/OH,). Given that the oxidation potential of H,O/OH*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed charge transfer mechanism for photocatalytic degrada-
tion and hydrogen production in the 2.5PGMS composite.

(+2.32 €V) is higher than the valence band of PANI,** water
molecules can react with holes in the valence band of PANI,
leading to the formation of hydroxyl radicals (OH®). The
proposed methyl orange degradation mechanism is outlined
in Fig. 6, along with the corresponding equations (7)-(12).*

PANI + hv — eyg~ (PANI) + heg' (PANI) 7)
GO + hv — ecg” (GO) + hyg' (GO) (8)
MoS, + hv — ecg~ (Mo0S,) + hyg" (MoO3) 9)

evs  (PANI) + O, — 0> (PANI) (10)

hyg + (PANI/GO/Mo0S,) + OH~ — OH* (PANI/GO/MOoS,)
(11)

0”*~ (PANI), OH* (PANI/GO/Mo0S,) + MO — Degraded products

(12)

3.2.6. Studies on reusability. The durability of a photoca-
talyst is essential for its continued application in environmen-
tal cleanup. Therefore, it’s important to assess the composite’s
stability across multiple photodegradation cycles. The 2.5PGMS
composite displayed impressive photostability, maintaining
a high degradation efficiency of 85-98% for MO even after five
cycles, as shown in Fig. 7(b). XRD analysis after degradation
indicated only a slight reduction in peak intensity, likely caused
by dye adsorption on the catalyst’s surface, while the XRD
pattern remained unchanged (Fig. 7(c)). These findings suggest
that the photocatalyst retains its durability and structural
integrity over time. The 2.5PGMS photocatalyst was system-
atically compared with various materials documented in the
literature for their efficacy in photocatalytic detoxification of
organic pollutants, as detailed in Table S2 (ESIt). This comparative
analysis reveals that 2.5PGMS not only achieves superior degradation
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efficiency but also does so at a lower catalyst concentration, high-
lighting its potential in effectively treating persistent organic pollu-
tants with enhanced efficiency and reduced material usage.

3.2.7. Studies on hydrogen production via photocatalysis.
Hydrogen generation through photocatalytic water splitting
was studied over 24 hours under an LED light using four
different solutions. The first solution included 1 ml of metha-
nol (sacrificial agent) in 19 ml of water. The second solution
consisted of 1 ml of HCI diluted in 19 ml of water, while
the third was basic, comprising 1 ml of 1N NaOH mixed with
19 ml of water. The fourth solution contained only 20 ml of
water. In the presence of methanol, 1500 ppm of hydrogen gas
was generated (Fig. 7(d)). Methanol serves as a sacrificial donor
and hole scavenger, leading to the formation of intermediates
like formaldehyde or formic acid. In the photocatalytic reaction,
hydrogen ions (H") partially participate in the reduction process
with these intermediates. Hydrogen production reached 1000 ppm
under acidic conditions, whereas under basic conditions, it is
800 ppm (Fig. 7(d)). With just the catalyst and water, 400 ppm of
hydrogen was released (Fig. 7(d)). Quantum efficiency was about
26% with methanol, 22% in acidic solution, 19% in basic solution,
and 15% with only the catalyst. Eqn (13)-(16) demonstrate the role
of electron-hole pairs in the conduction and valence bands in
facilitating redox reactions.*®*’

Under acidic conditions:

Oxidation: 2H,0 (1) + 4h™ — O, (g) + 4H" (aq) E° (oxidation)

=-1.23V (13)

2820 | Mater. Adv., 2025, 6, 2811-2822

Reduction: 2H" + 2e~ — O, (g) + 2H, (g) E° reduction = 0 V.

(14)

Under basic conditions:
Oxidation: 20H™ (aq) — 1/2 O, (g) + H,O (1) + 2¢”  (15)
Reduction: 2H,0 (1) + 2e” — H, (g) + 20H  (16)

4. Conclusion

Ternary nanocomposites (PANI/GO/MoS,) were prepared through
in situ oxidative polymerization, varying the ratios of GO to MoS,.
Characterization validated the successful synthesis of pure PANI,
GO, MoS,, and their corresponding composites. These materials
were utilized for the mineralization of MO and photocatalytic water
splitting, employing a sacrificial agent under acidic and basic
conditions, as well as with the catalyst on its own. The compo-
site’s photocatalytic efficiency under visible light was signifi-
cantly enhanced by the synergistic interaction among MosS,,
PANI, and GO, with 2.5PGMS exhibiting the greatest catalytic
activity. Its first-order rate constant (0.03 min~') was 7.1 times
higher than that of PANI, 22 times higher than that of GO,
6.35 times higher than that of MoS,, and 9.26 times higher than
that of TiO,-P25. Key parameters like the catalyst concentration
(0.2 ¢ LY, illuminated area (15 cm?), and solution pH (7.6)
were investigated for their impact on photodegradation,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highlighting the importance of h*, OH*, and O in the process.
The findings demonstrate that a small amount of photocatalyst
(0.2 g L™%) achieves 83.21% detoxification of the MO solution.
The apparent quantum efficiency (AQE) for hydrogen produc-
tion was 26% with CH;OH as the sacrificial agent, 22% under
acidic conditions, 19% under basic conditions, and 15%
using only the catalyst. This research showcases PANI/GO/
MoS, as a potential ternary composite suitable for a range of
solar-powered applications.
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