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ydrogen evolution over cyanine-
sensitized Ag/TiO2†

Layla Almazroai, *a Rasha E. El-Mekawy, ab Rihab Musac and Lina Ali c

Sensitization of TiO2 by dyes such as cyanine and their derivatives is used as a technique to improve potency

for the production of hydrogen gas as an alternative green fuel. These dyes shift the spectrum of TiO2 from

the UV region to the visible region, enabling it to harvest as much sunlight as possible. Herein, four different

derivatives of cyanine (labelled C1, C2, C3, and C4) were prepared and doped in Ag/TiO2 via the

impregnation method. The properties of the prepared photocatalysts were studied by XRD, SEM-EDS,

FTIR, and UV-visible spectroscopy. The sensitized photocatalysts exhibited a similar morphology,

nanoscale particle size, and good absorbance in the visible region. The rate constant for the

photocatalytic activity of Ag/TiO2 showed a great enhancement for hydrogen evolution after

sensitization from 0.088 to 0.33 mmol min�1. Doping of the C2 derivative in Ag/TiO2 promoted the

photocatalytic and sonophotocatalytic rates of H2 production by 7.5 and 9 times, respectively. Also, the

amount of photocatalyst had a significant effect on the photocatalytic activity of the sensitized Ag/TiO2,

where 0.14 g was the optimum dose, giving the maximum yield at both the initial rate and 300 min. One

of the important factors causing the efficiency to reach high levels is the inhibition of photogenerated

electron/hole recombination. This was achieved by adding a small quantity of methanol, which increased

the rate by 9 times. The stability of the prepared photocatalysts was tested, which gave good results

even after their 5th use. All the results confirmed that the sensitization of metal oxides is a promising

solution in industry to produce clean energy (H2) in high quantities over highly stable photocatalysts.
1. Introduction

Currently, signicant efforts are devoted to research in the eld
of chemistry, particularly on the chemistry of light-sensitive
compounds with biological and industrial importance. Specif-
ically, this is meaningful in the eld of organic chemistry and
solar energy for applications such as photodynamic therapy,1

nonlinear optics,2 optical data storage,3 laser materials4,5 and
solar and photovoltaic cells.6,7 Therefore, the development of
these compounds is important due to their photosensitivity,
resulting from the excitation of electrons that are stimulated in
the form of magnetic resonance. This is important for many
vital applications. One of the most important types of
compounds are cyanine dyes,8–11 which have positive effects on
photocatalytic activity (Fig. 1). Herein, a series of novel cyanine
dyes was prepared and applied in the eld of renewable energy.

Recently, H2 fuel has become a hot topic as an effective
renewable energy to replace fossil fuel and address
lied Science, Umm Al-Qura University,

uqu.edu.sa

etroleum Research Institute, Nasr City,

mation (ESI) available. See

002
pollution.12,13 In this case, the large-scale use of photocatalysis
for water splitting appears to be a rich source of hydrogen using
various techniques.14–16 Accordingly, to achieve this, metal oxide
semiconductors show great potential due to their properties
such as nontoxicity, corrosion resistance, abundance, low cost
and photostability. Amongst the metal oxides, such as ZnO,
Fe2O3 and SnO,17–20 titanium dioxide (TiO2) is considered one of
Fig. 1 Cyanine dye model.
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the best semiconductors for this purpose.21,22 However, despite
the great advantages of TiO2, there are some major drawbacks
that reduce its photocatalytic efficiency such as wide band gap,
which is approximately 3.2 eV, only allowing it to absorb UV
irradiation, which accounts for 5% of solar energy. Also, the
recombination of photoexcited electrons and holes is a big
challenge in this case. These restraints have largely been over-
come by modulating the composition of TiO2 materials, such as
through metal doping.23,24 Novel metals have gained consider-
able attention due to their signicant results in water splitting,
which consequently increase the rate of hydrogen produc-
tion.25–28 Doping of TiO2 with silver has been demonstrated in
numerous studies as a way for enhancing the photocatalytic
process.29,30 The absorption spectrum of TiO2 is shied to the
visible region in the presence of silver. Additionally, silver can
inhibit the recombination of e�/h+ pairs by trapping the pho-
togenerated electrons from the VB of TiO2.31,32 However, the
desired industrial yield of photocatalytic H2 production has not
been reached to date, although different metal–metal oxides
have been fabricated using several techniques. Therefore, TiO2

still needs further improvements to make it more energy effi-
cient. Alternatively, it is known that dyes with unique optical
properties are used widely in many elds.33,34 Accordingly, these
dyes were introduced in the manufacture of solar cells (known
as dye-sensitized solar cells, DSSCs) by Grätzel and O'Regan35

more than twenty years ago. Dye-sensitized semiconductors as
photocatalysts for the production of H2 enhance the harvesting
of solar light and may lead to a higher yield of H2 production.
Thus, the role of dyes as a photosensitizer has been studied in
many works. For instance, uorescein as a photosensitizer was
added to an Ag/g-C3N4 composite and the H2 evolution rate was
2014. 20 mmol g�1 h�1 h which was 4.8-times higher than that of
3 wt% Ag loaded on the same support.36 Also, Pt–TiO2 sensitized
with a new thiophenothiazine-based dye produced approxi-
mately 1048 mmol of H2 with a quite high quantum yield
(50%).37 In another study, an asymmetric zinc phthalocyanine
derivative was used to sensitize TiO2, expanding its absorption
edge to 700 nm under monochromatic light irradiation with
a quantum efficiency of 0.2%.38 All these studies demonstrated
that the dye-sensitization of semiconductors such as TiO2 can
enhance their photocatalytic activity in the water splitting
process. Moreover, the processes for the photoexcitation of
electrons are similar to that in DSSCs. Among the family of dyes,
cyanine has attracted attention owing to its photophysical and
photochemical properties. Cyanine compounds are distin-
guished by their broad absorbance in the UV-vis region, molar
extinction coefficient, and Stokes shi.39–42 Hence, cyanine dye
is highly attractive for use in the eld of H2 energy. The design
of photocatalysts is not the only factor affecting the H2 evolution
process, the structure of the photoreactor also has a signicant
impact on the production rate. In the last few years, an inno-
vative technique has been utilized to improve the conversion
efficiency. This technique is known as sonophotocatalysis,
involving the coupling of ultrasound irradiation (sonolysis) with
light irradiation (photolysis).43,44 Ultrasound waves are charac-
terized by the induction of cavitation phenomena. When water
is irradiated by ultrasound waves, a localized hot spot is
© 2022 The Author(s). Published by the Royal Society of Chemistry
generated with a temperature reaching up to 5000 �C and
pressure of 1000 bars. As a result of the cavitation process, water
decomposes to hydrogen peroxide (H2O2), which plays a role in
the formation of more reactive oxygen species during the pho-
tocatalytic reaction. Furthermore, the sonolysis process
promotes mass transfer from the solid/liquid interface, main-
tains the active surface area of the catalyst by preventing its
aggregation, and enhances the fast removal of H2 from the
bubbles. Consequently, ultrasound radiation combined with
the photocatalysis process (sonophotocatalysis) promotes H2

production.45,46 In our previous work,47 it was proven that the
effect of sonophotocatalysis of dye-sensitized Cu–TiO2 with
a high absorption efficiency in the visible region for H2 evolu-
tion was greater than via only photocatalysis by 7 times.

In this work, Ag was considered due to the above-mentioned
reasons. Also, as it is well-known from the previous research
that Ag as a noble metal has a high photoconversion yield as
a result of its localized surface plasmon resonance,48,49 and it
also exhibits high antibacterial activity.50 Furthermore, sup-
ported silver heterogeneous catalysis has been effectively used
at the industrial scale as an oxidative agent to convert ethylene
to ethylene oxide and methanol to formaldehyde.51 Herein, the
effect of sound waves and photoirradiation, catalyst dose, and
presence of methanol was investigated to improve the hydrogen
production efficiency of four new cyanine derivatives and
sensitization of Ag/TiO2. These dyes were chosen because of
their characteristic spectral data, which are photosensitive due
to their highly conjugated system. As the conjugation increases,
the resonating structures and photosensitivity increase.

2. Results and discussion
2.1 Characterization of the cyanine derivatives

Based on previous studies and the introduction, our aim was to
prepare a new series of photosensitive cyanine dyes that exhibit
distinct and fruitful application effects in the eld of renewable
energy and can used as photocatalysts in energy applications
(all 1H-NMR and IR spectra are displayed in S1(a–h)).† Firstly, 3-
((Z)-2-((E)-2-(2-chloro-3-((E)-2-phenyl-2-(1-(3-sulfonatopropyl)
pyridin-1-ium-2-yl)vinyl) cyclohex-2-en-1-ylidene)-1-phenyl-
ethylidene)pyridin-1(2H)-yl)propane-1-sulfonate (1)8 was reac-
ted with (E)-4-((4-aminophenyl)diazinyl)-N,N-dimethylaniline
(2) in basic medium in the presence of N,N-dimethylformamide
as a solvent and sodium hydroxide pellets for 5 h under an inert
atmosphere of nitrogen gas to remove air bubbles from the
reaction media and protect the reaction from air, giving excel-
lent yield of the target compound 3. The poly-conjugated system
of polymethine cyanine dye 3was conrmed by IR spectroscopy,
which showed a strong absorption band at €y ¼ 3450 cm�1

related to the NH group and absence of an absorption band at €y
¼ 3443–3449 cm�1 owing to two halves of NH2 group. This
indicates that the reaction successfully occurred. The 1H NMR
spectrum exhibited a singlet signal at d ¼ 10.23 ppm, which is
attributed to the NH proton. The mass spectrum of 3 exhibited
the molecular ion peak at m/z ¼ 922 (M+, 52%), corresponding
to themolecular formula C52H53N6O6S2. When compound 1was
combined with the pyrrole structure, the replacement of the
RSC Adv., 2022, 12, 15992–16002 | 15993
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chlorine atom at the meso position occurred by the nitrogen of
the pyrrole structure by removing HCl in the presence of N,N-
dimethylformamide as the solvent and sodium hydroxide
pellets for 5 h under an inert atmosphere of nitrogen gas,
yielding structure 4. Compound 4 was tested by element and
Bunsen tests, which gave negative results, conrming the
disappearance of chlorine. The IR spectrum exhibited no
absorption band at €y ¼ 3452 cm�1. This is considered evidence
of the formation of compound 4, as outlined in Scheme 1.

Alternatively, penta methine cyanine dye 5 (ref. 8) resulted in
the excellent synthesis of pentamethine cyanine dye 6 through
reaction with 4-chlorobenzaldehyde in basic medium in the
presence of N,N-dimethylformamide as the solvent and sodium
hydride as the base for 5 h under an inert atmosphere of
nitrogen gas. The structure 6 of was elucidated based on its
correct analytical and spectral data. Its IR spectrum revealed the
characteristic strong absorption band of the carbonyl group at €y
¼ 1728 cm�1. Moreover, its 1H NMR spectrum exhibited
a singlet signal at d ¼ 10.03 ppm due to the CHO proton and
absence of a signal at d¼ 10.51 ppm owing to the disappearance
of the NH proton. The mass spectrum of 6 showed the molec-
ular ion peak at m/z ¼ 625 (M+, 31%) corresponding to the
molecular formula of C36H33N2O4SCl, as shown in Scheme 2.

2.2. Photosensitization properties of novel series of cyanine
dyes 3, 4, 5 and 6

Cyanine dyes have a long-conjugated chain system. This system
increases their magnetic resonance, and thus their stability in
space, and increased generation of electron currents as a result
of the electronic excitation process from the ground state to the
rst excited state and then to the triplet excited state as a result
of the generation of singlet oxygen species. This process
Scheme 1 Representative form of novel fruitful chromophoric heptame

15994 | RSC Adv., 2022, 12, 15992–16002
increases with an increase in the conjugated system, which is
responsible for the activity of dyes. This occurs when it they are
exposed to a quantity of photons from an external light source
or sunlight. We found that the compounds possessed an
absorption wavelength following the order of 3: lmax ¼ 720 >; 4:
lmax ¼ 710; 6: lmax ¼ 707 and 5: lmax ¼ 700 (Fig. 2 and Table 1).

X-ray diffraction (XRD) gave information regarding the
crystallinity of the synthesized chromophoric structures, where
among the, compound 5 exhibited the highest crystallinity, as
displayed in Fig. S2.†

Successively, the stability of these dyes presented an oppor-
tunity to employ them effectively as photocatalysts. All the
compounds exhibited excellent stability, as demonstrated by
the thermal gravimetric analysis (TGA). Firstly, the loss of
moisture occurred at the point of weight loss due to the removal
of the substituent at the meso position at high temperature,
which typically had no inuence on the conjugated framework.
This indicates the suitability of these compounds for applica-
tion in the eld of renewable energy, as outlined in Fig. S3.†

The framework of the synthesized dyes 3, 4, 5 and 6 was
observed by scanning electron microscopy (SEM) (Fig. S4†). The
presence of white sites in SEM images revealed that the surface
morphology of these compounds has active sites and pores,
which allow the delocalization of their p-system and generation
of a current of electrons continuously.52,53 Alternatively, the
subsequent photosensitization of the chromophores aid in
their excitation to the triplet excited state, leading to the
continuous generation of singlet oxygen species.

Noticeably, the conjugated methine cyanine dyes were
screened as photo- and sono-catalysts for the production of
hydrogen. Compound 5 exhibited the highest activity due to the
presence of a free nitrogen atom, which increased its exibility
thine cyanine dyes 3 and 4.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Distinctive chromophoric photosensitizer 6.

Fig. 2 Visible-near infrared (vis-NIR) normalized molar absorptivity
(solid lines) and emission spectra (dotted lines).
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and delocalization of its p-system, followed by compound 4 in
reactivity owing to the presence of the pyrrole ring, which
increased its conjugated system, and then photosensitization
increased the generation of reactive oxygen species. The reac-
tivity of the other compounds followed the order of 6 > 3 >1,
where the carbonyl group of formyl in compound 6 increased its
resonance and allowed its free rotation in space, compound 3
was slightly rigid, which is attributed to its azo group, and then
the presence of chlorine in compound 1 decreased the active
sites in its structure because of its electron-withdrawing nature
rather than donating electrons to the system.

The prepared cyanine compounds were labelled aer they
were added to Ag/TiO2 as follows: C1(4), C2(5), C3(3), and C4(6),
respectively.

2.3. Characterization of sensitized Ag/TiO2

2.3.1 XRD analysis. The crystallinity of the prepared
samples and their particle size were determined by X-ray
diffraction analysis (XRD). The XRD patterns of 1% Ag/TiO2

and as-synthesized C1–Ag/TiO2, C2–Ag/TiO2, C3–Ag/TiO2, and
C4–Ag/TiO2 samples are shown in Fig. S5.† The distinct peak of
Ag was not observed, which is probably due to the high
© 2022 The Author(s). Published by the Royal Society of Chemistry
dispersion of Ag on the surface of TiO2, as mentioned later in
the EDS section, and its low concentration.54,55 In some studies,
when the silver doping was higher than 2 wt%, the XRD
diffraction peaks of silver appeared at 38.1� and 64.5�,54,56 but in
this work, the content of Ag was 1 wt%. The XRD peaks of Ag/
TiO2 and all the C(1–4)–Ag/TiO2 samples represented TiO2 as
the anatase phase, which is in agreement with the standard
anatase peaks (JCPDS 78-2486). The rutile phase was not
observed, which may be due to several reasons. When the Ag
content range is less than 1.5%, it may stimulate the crystalli-
zation of the rutile phase to anatase phase. In addition, it was
clear that the intensity of the anatase peaks representing 85% of
TiO2 P25 was quite low. This may have caused the rutile peaks to
not be visible. Also, the parameters of the analysis could be
a reason for the low intensities.

The particle sizes of the crystalline photocatalysts were
calculated through the Scherrer equation. Table S1† displays
a variety of large nanoscale particle sizes for the synthesized Ag/
TiO2 and C(1–4)–Ag/TiO2 due to the bulky organic structure of
the cyanine derivatives. Additionally, based on the geometry,
chemical composition, and structure of the cyanine derivative
dyes, the agglomeration of the particles may increase aer dye
sensitization. Also, there is a relation between the agglomera-
tion process and the anchoring groups (e.g., –COOH and
–SO3H). Nevertheless, introducing chlorine in the dye structure
decreased the active sites in the structure because of its
electron-withdrawing nature. Accordingly, in C4 with a particle
size of 71.1 nm, despite the presence of Cl�, the introduction of
carbonyl acid as an anchoring group in the dye structure led to
the formation of an ester linkage. Also, the amino group in C2
(94.4 nm) increased its particle size (delocalization of p elec-
trons). C3 had the largest particle size (104.6 nm), which can be
explained by the introduction of the rigid aromatic unit (azo
group) over the p-conjugated bridge.

2.3.2 SEM/EDX analysis. The study of the surface
morphology and elemental composition of pure Ag/TiO2 and
the cyanine-sensitized Ag/TiO2 photocatalysts was performed
through SEM and EDX, respectively. Fig. 3(A and B) illustrate
the SEM micrographs of the photocatalysts before and aer
sensitization with an average size of 108.77 nm and 105.72 nm,
respectively. They have a nearly spherical shape with nanoscale
particles as a result of the modication of TiO2 with silver.57

Fig. 3B displays slight particle agglomeration owing to the
RSC Adv., 2022, 12, 15992–16002 | 15995

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00788f


Table 1 Absorption spectroscopy features of the synthesized polymethine cyanine dyes 3, 4, 5 and 6

Compound no.
Absorption bands
lmax (nm)

Emission bands
lem (nm)

Molar absorptivity
log 3 (L mol�1 cm�1)

Stoke shi
lmax � lem (Quantum yield) Q

3 720 760 5.31 40 1.055
4 710 740 5.11 30 1.042
5 700 720 5.07 20 1.028
6 707 739 5.09 32 1.045
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sensitization of Ag/TiO2 with the cyanine dye derivatives.
Alternatively, the EDX elemental analysis of the sensitized C(1–
4)–Ag/TiO2, as shown in Fig. 7C, detected the presence of O, Ag,
Ti and C as the main constituents. The presence of carbon
indicates the successful cyanine sensitization of Ag/TiO2.
Moreover, the elemental analysis clearly showed the highly
uniform distribution of the silver and dye on the surface of
TiO2. Thus, the obtained results conrm the excellent prepa-
ration of these photocatalysts.

2.3.3 FTIR analysis. Fig. S6† illustrates the FTIR spectra of
the pure and the sensitized Ag/TiO2 to investigate the strong
attachment between the Ag/TiO2 surface and the dye molecules.
The FTIR analysis was recorded in the range of 4000–300 cm�1.
The broad peak at�3441 cm�1 is assigned to the hydroxyl group
stretching vibration mode (O–H bending) of the titanium
dioxide surface and the band at �1631 cm�1 is associated with
the O–H bending vibration, which indicate the adsorption of
water molecules or moisture in the samples.58,59 The strong
broad bands in the range of 675–512 cm�1 conrm the presence
of metal oxygen bonding, which can be attributed to the
bridging stretching and stretching modes of Ti–O–Ti, Ti–O, Ag–
O–Ti and Ag–O.60 The peak at 1382 cm�1 for C3–Ag/TiO2 is
ascribed to the C–H stretching of the alkyl group responsible for
Fig. 3 SEM images of Ag/TiO2 (A) before and (B) after sensitization and

15996 | RSC Adv., 2022, 12, 15992–16002
the attachment between C3 and the Ag/TiO2 surface, resulting
in an increase in the photocatalytic activity of C3–Ag/TiO2.
Meanwhile, the peak at �2900 cm�1 corresponds to the C–H
stretching vibration for the aldehyde group of C4–Ag/TiO2.

2.3.4 Optical properties. The main goal of adding metals is
to exploit the collection of visible light as much as possible,
which represents around 40% of sunlight. Fig. 4 demonstrates
the positive effect of incorporating of Ag in the TiO2 lattice by
the shiing its spectrum toward the visible region. However, its
absorbance is still not at the desired level. Thus, the idea of
modication of photocatalysts concerning an enhancement in
optical properties by sensitizing them by a dye is logical. As
shown in Fig. 4, the absorbance peaks of the sensitized Ag/TiO2

photocatalysts in the visible region were more intense and
broad owing to their conjugated double bonds.

3. Study of the activity of the
prepared photocatalysts for hydrogen
production
3.1 Photo- and sonophotocatalytic hydrogen production

The effect of these dyes, which harvest more energy in the
visible region, on the hydrogen evolution activity was as
(C) EDX mapping of sensitized Ag/TiO2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Optical spectra of Ag/TiO2 and the sensitized Ag/TiO2 samples.
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expected. As shown in Fig. 5(A), all the derivatives of cyanine
loaded on Ag/TiO2 were more effective (3.5–6 times) than that
without them. Furthermore, in the case of sonophotocatalysis,
as shown in Fig. 5(B), the activity increased by 5–7.5 times.
Moreover, the rate constant of the photocatalytic and sono-
photocatalytic hydrogen evolution over Ag/TiO2 was 0.088 and
0.33 mmol min�1, respectively. The presence of cyanine deriva-
tives promoted the photocatalytic rate to 0.39–0.55 mmol min�1

and 1.95–3.3 mmol min�1 in the case of the addition of acoustic
radiation to the photocatalysis process. The extent of the
formation electron/hole pairs, which are the main reactive
Fig. 5 (A) Photocatalytic activity and (B) sonophotocatalytic activity of
the prepared sample before and after the sensitization of Ag/TiO2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
species in this process, depends on the ability of the photo-
catalyst to absorb more energy from light and the lifetime of
these species. Thus, the structure of dyes molecules causes
them to play a main role in the formation of more reactive pairs,
as displayed in Fig. 4, which proved this effect concerning the
ability of absorption.

According to the comparison of sono- and photocatalysis,
the activity of the derivatives of cyanine were somewhat
different. Their activity in photocatalytic hydrogen production
followed the order of C2 > C1 > C4 > C3, noting that the behavior
of C1 and C2 in photocatalysis were nearly similar. This varying
effect of their activities is due to the structure of these dyes and
their properties in the sensitized Ag/TiO2 for the production of
the alternative fuel. The characterization studies mentioned
previously are consistent with the activity of the sensitized
photocatalysis. The higher absorbance, uniform distribution
and the particles size can be correlated with the positive effect of
these samples in this process. C3 exhibited the lowest activity
because it had the lowest absorbance intensity and largest
particle size.

Alternatively, Fig. 6 demonstrates the synergistic effect on
the amount of hydrogen evolved. By sonophotoirradiation of
the photocatalyst, the amount of hydrogen produced was larger
than that by only photoirradiation by 5.7 times aer 5 h. During
the heterogeneous reaction, the aggregation of small particles is
very probable. The agglomeration of particles is one of the
reasons for the reduction in the activity of catalysts in hetero-
geneous processes, lowering their surface area. Accordingly,
sound waves are a physical force that inhibits the aggregation of
nanoparticles. Additionally, the waves may contribute to the
formation of more photogenerated reactive pairs (electron/
hole), which yields higher activity.
3.2 Effect of catalyst dose

Because of the dependence of photocatalysis on the formation
of photogenerated species on the surface of the catalyst, the
number of illuminated particles should be considered. Fig. S7†
Fig. 6 Comparison between photo- and sonophotocatalytic
hydrogen production.
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Fig. 7 Suggested mechanism for the photocatalytic production of
hydrogen over the sensitized Ag/TiO2.
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clearly displays the effect of the catalyst dose. The optimum
dose was 0.14 g, aer which the hydrogen production
decreased. This result is in agreement with many previous
studies.61,62 Excess particles over the optimum dose shields
other particles from the light source. In addition, a large dose
may result in more agglomeration, which inhibits the activity of
photocatalyst. The behavior of the different particle sizes
initially and aer 5 h was similar.

3.3 The effect of methanol as a sacricial agent

The production of hydrogen gas from pure water is an uphill
reaction (DH ¼ 286 kJ mol�1). Thus, the addition of small
quantities of a sacricial reagent such as methanol is consid-
ered one of the ways to promote the efficiency of hydrogen
production signicantly, as obtained herein and in most
previous studies.63 Fig. S8† shows the obvious effect of meth-
anol molecules in enhancing of the amount of hydrogen
produced over C2/Ag/TiO2. A small amount of methanol (200
mL) was sufficient to increase the rate by 9 times, which indi-
cates to the importance of the presence of small organic
molecules. Methanol acts as an electron donor and is oxidized
by the photogenerated hole (cOH) formed at the HOMO of the
dye molecule or VB of TiO2 (lower probability). The reaction
between methanol and the photogenerated hole may produce
reactive oxidative radicals, which achieve one-half reaction of
water splitting. This indicated that the role of methanol is to
produce an electron donor, injecting its electrons to the
conduction band or LUMO of the dye.63–65 The following equa-
tions were suggested for the oxidation of methanol by Chen
et al.:63

H2O (l) + h+ / cOH + H+ (1)

CH3OH (l) + cOH / cCH2OH + H2O (2)

cCH2OH / HCHO (l) + H+ + e� (3)

Aer a series of steps, the nal products are CO2 and H2O.

3.4 The mechanism of the photocatalytic hydrogen
production

Themechanism for the photoactivity of the sensitized TiO2 with
some additives such as silver and methanol or the synergistic
action using sound waves has been suggested in many
studies,66–69 summarized Fig. 7. Considering that the results of
this study are consistent with the previous studies, it is possible
to predict the mechanism. The rst step in any photocatalytic
reaction is photoexcitation by light. The Xe lamp used mimic
the sunlight, in which UV radiation represents about 4%.
According to this, it is reasonable that the light absorption by
the dye molecule would be the more probable as the rst step
than the photoexcitation of TiO2.70 Aer photoexcitation, the
excited electrons transfer from the LUMO state of the dye to the
CB of TiO2, which has a lower energy than the excited level of
cyanine.71 The photocurrent analysis in similar studies
conrmed that the resistance of electron transfer plays a role in
the generation and accumulation of charge carriers. According
15998 | RSC Adv., 2022, 12, 15992–16002
to these results, it is expected that the resistance of the dye-
sensitized TiO2 is the lowest and the charge transfer is the
fastest, and therefore the probability of the recombination of
charge carriers would be the lowest in C2/Ag/TiO2, as displayed
by the photocatalytic hydrogen production.72,73 Additionally, the
four prepared cyanine sensitized photocatalysts may differ in
incident photo-to-electric conversion efficiency (IPECE), which
may act as an indicator of the rate of the back reaction between
injected electrons and the excited state of the dye.71

Silver as noble metal nanoparticles can act as photo-
generated electron trapping sites, and then reduce the electron–
hole recombination compared with the bare TiO2, the absorp-
tion of Ag/TiO2 shied to a longer wavelength (towards the
visible region) due to the localized surface plasmon resonance
(LSPR) of the Ag NPs. Alternatively, SPR effect can promote the
generation of charge carriers in the photocatalyst by increasing
the local electric eld near metal nanoparticles.74–76
3.5 The reusability of sensitized Ag/TiO2

Among the factors that should be considered in industry for
photocatalytic fuel production is the maintained activity for
many uses. The catalyst reusability process was investigated for
ve cycles. Specically, 0.1 g of C2/Ag/TiO2 in 100 mL of
deionized water and 8mMmethanol were irradiated for 60min.
Subsequently, the photocatalyst was separated, dried, and
reused. The prepared sensitized photocatalysts demonstrated
ability to be active for 5 cycles, as shown in Fig. 8. The activity of
C2/Ag/TiO2 decreased by only 6% aer the h use, which is
ascribed to the loss of some materials during treatment and/or
aggregation during the reaction.77,78 However, the low loss (6%)
makes these photocatalysts valuable due their stability and lack
of tendency to adsorb the reaction products, allowing their
further use.
4. Experimental
4.1. Preparation of various cyanine dyes

4.1.1 3-(2-((E)-1-Phenyl-2-((E)-2-(4-((E)-2-((E)-2-phenyl-2-(1-
(3-sulfonatopropyl)pyridin-1-ium-2-yl)vinyl)-6-((Z)-2-phenyl-2-
(1-(3-sulfonatopropyl)pyridin-2(1H)-ylidene)ethylidene)cyclo-
hex-1-en-1-yl)piperazin-1-yl)-3-((Z)-2-phenyl-2-(1-(3-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Reusability of C2/Ag/TiO2 for 5 cycles.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
:4

0:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sulfonatopropyl)pyridin-2(1H)-ylidene)ethylidene)cyclohex-1-
en-1-yl)vinyl)pyridin-1-ium-1-yl)propane-1-sulfonate (3). Under
nitrogen gas, a mixture of (0.01 mol) of compound 1 and
0.01 mol of E�4-((4-aminophenyl) diazinyl)-N,N-dimethylani-
line (2) was reuxed in a two-neck round-bottomed ask tted
with an air condenser in N,N-dimethylformamide and anhy-
drous sodium hydroxide (0.025 mol) for 5 h. The reaction was
le to cool overnight, and then poured into ice-cooled water and
was acidied by diluted HCl. The isolated solid was ltered and
puried by column chromatography using CH2Cl2 : hexane
(3 : 1), resulting in the formation of compound 3.

Yield 92%; red crystals; m.p. 219 �C; IR (KBr): ύ/cm�1 ¼ 3450
(NH), 3093 (Ar-H), 2924 (CH2), 1667 (C]N), 1598 (C]C); 1H
NMR (DMSO-d6) d/ppm ¼ 1.38 (m, 2H, C5–H2 of cyclohexenyl
ring), 2.93 (t, 4H, C4–H2 and C6–H2 of cyclohexenyl ring), 3.17–
3.61 (m, 6H, 2 CH2–SO3, CH2–N), 4.05 (t, 2H, CH2–N

+), 5.26 (s,
1H, ]CH), 6.12 (s, 1H, ]CH), 6.60–8.74 (m, 26H, Ar-H,
pyridine-H and pyridinium-H, two benzene rings), 10.23 (s,
1H, NH); 13C NMR (DMSO-d6) d/ppm ¼ 21.0, 30.6, 41.3, 101.8,
111.7, 112.4, 114.6, 121.1, 122.4, 125.0, 127.2, 127.9, 128.6,
136.6, 137.3, 144.4, 145.8.; MS: (m/z, %) 921 (M+, 95%), 841
(34%), 761 (25%), 719 (54%), 677 (60%), 633 (39%), 556 (26%),
528 (100%), 451 (53%), 437 (45%), 360 (40%); anal. calcd for
C52H53N6O6S2

� (921): C, 67.75%; H, 5.75%; N, 9.12%. Found: C,
67.74%; H, 5.74%; N, 9.10%.

4.1.2. 3-(2-((E)-1-Phenyl-2-((E)-3-((Z)-2-phenyl-2-(1-(3-sulfo-
natopropyl)pyridin-2(1H)-ylidene)ethylidene)-2-(1H-pyrrol-1-yl)
cyclohex-1-en-1-yl)vinyl)pyridin-1-ium-1-yl)propane-1-sulfonate
(4). Under nitrogen gas, a mixture of (0.01 mol) of compound 1
and 0.01 mol of pyrrole was reuxed in a two-neck round-
bottomed ask tted with an air condenser in N,N-dime-
thylformamide and anhydrous sodium hydroxide (0.025 mol)
for 5 h. The reaction was le to cool overnight, and then poured
into ice-cooled water and acidied with dil. HCl. The isolated
solid was ltered and puried by column chromatography
using CH2Cl2 : hexane (3 : 1), resulting in the formation of
compound 4.

Yield 85%; reddish brown crystals; m.p. 219 �C; IR (KBr): ύ/
cm�1 ¼ 3230 (Ar-H), 2924 (CH2), 1583 (C]N), 1536 (C]C); 1H
NMR (DMSO-d6) d/ppm ¼ 1.63 (m, 2H, C5–H2 of cyclohexenyl
ring), 2.33 (t, 4H, C4–H2 and C6–H2 of cyclohexenyl ring), 2.34
© 2022 The Author(s). Published by the Royal Society of Chemistry
(m, 6H, 2 CH2–SO3, CH2–N), 2.49 (t, 2H, CH2–N
+), 4.04 (d, 2H, 2

¼ CH), 4.17 (d, 2H, 2 ]CH), 6.30 (s, 1H, ]CH), 6.60 (s, 1H, ]
CH), 6.94–7.74 (m, 18H, Ar-H, pyridine-H and pyridinium-H,
two benzene rings); 13C NMR (DMSO-d6) d/ppm ¼ 11.0, 21.0,
30.6, 101.8, 112.4, 115.9, 116.1, 121.1, 122.3, 122.4, 127.2, 127.9,
128.6, 136.6, 137.3, 144.6, 147.1; MS: (m/z, %) 748 (M+, 71%),
686 (24%), 607 (31%), 527 (21%), 447 (57%), 411 (19%), 375
(82%), 298 (71%), 221 (63%), 150 (53%); anal. calcd for
C42H42N3O6S2

� (748): C, 67.37%; H, 5.61%; N, 5.61%. Found: C,
67.36%; H, 5.60%; N, 5.60%.

4.1.3. 3-(2-((E)-2-((E)-2-Chloro-3-(((4-formylphenyl)(phenyl)
amino)methylene)cyclohex-1-en-1-yl)-1-phenylvinyl)pyridin-1-
ium-1-yl)propane-1-sulfonate (6). Under nitrogen gas, a mixture
of 0.01 mol of compound 5 and 0.01 mol of 4-chlor-
obenzaldehyde was reuxed in a two-neck round-bottom ask
tted with an air condenser in N,N-dimethylformamide and
anhydrous sodium hydride (0.025 mol) for 5 h. The reaction was
le to cool overnight, and then poured into ice-cooled water and
acidied with dil. HCl. The isolated solid was ltered and
puried by column chromatography using NH2OH : CH2Cl2-
: hexane (0.5 : 3 : 1), resulting in the formation of compound 4.

Yield 67%; red crystals; m.p. 219 �C; IR (KBr): ύ/cm�1 ¼ 3230
(Ar-H), 2924 (CH2), 1583 (C]N), 1536 (C]C); 1H NMR (DMSO-
d6) d/ppm ¼ 1.63 (m, 2H, C5–H2 of cyclohexenyl ring), 2.34 (t,
4H, C4–H2 and C6–H2 of cyclohexenyl ring), 2.49 (t, 2H, CH2–

SO3), 4.19 (t, 2H, CH2–N
+), 6.32 (s, 1H,]CH), 6.63 (s, 1H,]CH),

6.94-7.74 (m, 19H, 3 Ar-H and pyridinium-H); 13C NMR (DMSO-
d6) d/ppm ¼ 29.7, 119.6, 121.6, 121.9, 126.4, 127.0, 127.1, 127.2,
127.9, 128.6,129.6, 140.0, 145.8, 147.1; MS: (m/z, %) 624 (M+,
54%), 595 (62%), 519 (51%), 505 (21%), 428 (25%), 348 (29%),
312 (62%), 298 (71%), 239 (100%), 162 (83%); anal. calcd for
C36H33ClN2O4S (624): C, 67.37%; H, 5.61%; N, 5.61%. Found: C,
67.36%; H, 5.60%; N, 5.60%.

4.2. Preparation of the sensitized Ag/TiO2

1% Ag/TiO2 was prepared asmentioned in our previous work via
the wetness-impregnationmethod. A paste of Ag/TiO2 wasmade
by adding an appropriate amount of AgNO3 solution gradually
to TiO2 powder (Degussa P25). The paste was dried, and then
calcined at 500 �C for 2 h. For the preparation of the cyanine-
sensitized Ag/TiO2, 0.5 g of this sample was vigorously stirred
in each cyanine derivative solution (1% w/v) for 24 h in the dark
to ensure the complete adsorption of the dye on the surface of
Ag/TiO2. The prepared sensitized photocatalysts were centri-
fuged, washed with ethanol, washed with deionized water three
times, and dried for 24 h.

4.3. Characterization

The melting point of the various cyanine dyes was measured
using a Gallenkamp electric melting point instrument. Infrared
(IR) spectra were measured (KBr disk) on a Mattson 5000 FTIR
spectrometer, 1H-NMR and 13C NMR spectra were measured on
a Bruker WPSY 200 MHz spectrometer with TMS as the internal
standard and the chemical shis are reported in d ppm using
DMSO-d6 and/or CDCl3 as the solvents at the Faculty of Science,
Mansoura University, Egypt. Mass spectroscopy was performed
RSC Adv., 2022, 12, 15992–16002 | 15999
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at 70 eV with a Varian MAT 311 and elemental analyses (C, H
and N) were performed at the Microanalytical Center, Faculty of
Science, Cairo University. The results were consistent (�0.03)
with the theoretical values. X-ray Diffraction (XRD) was
employed to determine the crystallinity of the polymer. X-ray
diffraction was performed using a Philips PW 3710 (Philips,
USA) diffractometer with CuKa radiation (l ¼ 0.1542 nm) in
a sealed tube at 40 kV and 30 mA. Energy dispersive X-ray
spectroscopy (EDS) and scanning electron microscopy (SEM)
were performed using a Philips XL 30CP, USA. The lms were
cut and mounted on a brass stub with double-sided adhesive
tape and coated with 50 Å of gold with an SCD-040 Balzers
sputter coater. The specimen was nally characterized by SEM
at accelerating voltage of 30 kV and at 7500, 10 000 and 15 000�
magnication of the original specimen size.

The prepared sensitized Ag/TiO2 was also characterized
using the same instruments as mentioned in the characteriza-
tion of the cyanine compounds.
4.4. Study of the photocatalytic and sonophotocatalytic
activity of the prepared sensitized Ag/TiO2

The hydrogen evolution was measured by withdrawing aliquots
every 30 min from the irradiated mixture of 0.1 g sample
dispersed in 100 mL of water and 0.2 mL of methanol. A 500 W
Xe lamp was used in this study. The samples were analyzed by
gas chromatography (Agilent GC 78900A) with a thermal
conductivity detector (TCD) using argon as the carrier gas, and
then the hydrogen gas was precisely detected. For the sono-
photocatalytic study, a sonicator (20 kHz, 1800 W) with a Ti
probe (20 mm) was used and immersed in the mixture to
transfer ultrasound waves from the generator to the suspension
irradiated by a Xe lamp simultaneously.
5. Conclusion

The photocatalytic hydrogen production was promoted signi-
cantly on the different derivatives of cyanine-sensitized Ag/TiO2.
However, the C2-sensitized Ag/TiO2 had the highest photo-
catalytic activity in both photocatalysis (7.5 times) and sono-
photocatalysis (9 times) compared with the unsensitized Ag/
TiO2. The optimum dose of the photocatalyst was 0.14 g, as
expected according to many similar studies, which means that
this small quantity of photocatalyst may give reasonable results.
Additionally, a small amount of methanol promoted the pho-
tocatalytic activity of the sensitized photocatalysts by 9 times.
The role of these molecules in photocatalytic hydrogen
production is the inhibition of electron/hole recombination by
consuming the generated holes. Therefore, the oxidation of
methanol molecules over the surface of the photocatalyst
resulting in the formation of more hydrogen gas. Besides, the
study of the stability of the prepared photocatalysts is important
economically, and this study conrmed their stability even aer
5 uses. Ag/TiO2 with the four different cyanine derivatives
exhibited a similar effect, while all of them gave a higher yield of
H2 than the unsensitized Ag/TiO2.
16000 | RSC Adv., 2022, 12, 15992–16002
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