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1. Introduction

Enhanced photocatalytic hydrogen production via
water splitting using cobalt-based organic
nanofibers under visible light irradiation

Nasser A. M. Barakat, © *2 Aghareed M. Tayeb,? Rahma Hamad,? Mohamed Hashem,?
Hassan Fouad,® Hak Yong Kim © 9 and Rasha A. Hefny®

This study focuses on the development of cobalt-based organic nanofibers as efficient photocatalysts for
hydrogen production via water splitting under visible light irradiation. The depletion of fossil fuels
necessitates the exploration of alternative energy sources, with hydrogen emerging as a promising
candidate due to its clean and renewable nature. While conventional photocatalysts have shown
potential, their limited activity under visible light and fast electron—hole recombination hinder their
efficiency. In this work, cobalt acetate/poly(vinyl alcohol) (CoAc/PVA) nanofibers were electrospun and
treated in a novel reactor design under water gas atmosphere at 160 °C to produce continuous, smooth,
and stable nanobelts. The nanofibers displayed a band gap energy of 2.29 eV, indicating strong
absorption in the visible light range. Detailed characterization using FTIR, XPS, SEM, and TGA confirmed
the formation of organic—inorganic hybrid nanofibers with uniform cobalt distribution. Hydrogen
production experiments showed that the proposed nanofibers significantly outperformed CozOg4
nanofibers, with an optimal hydrogen generation rate of 3.266 mmol g, * s~ at 70 vol% methanol.
Furthermore, the treated nanofibers demonstrated good stability over multiple cycles, maintaining
a constant hydrogen production rate after the third run. The study highlights the advantages of cobalt-
based organic nanofibers in overcoming the limitations of traditional photocatalysts, providing a novel
route for sustainable hydrogen production.

gasification, and electrolysis.> However, these traditional
methods rely on fossil fuels, limiting their potential to achieve

The rapid depletion of fossil fuels and the growing concerns
over their environmental impact have created an urgent need
for alternative energy sources. Among the various options,
hydrogen has emerged as one of the most promising candidates
to replace fossil fuels due to its clean and renewable nature.
Hydrogen combustion results in the production of water vapor
as the only byproduct, making it an environmentally friendly
fuel that could play a vital role in addressing both energy and
environmental challenges.

Several methods have been developed for hydrogen
production, including steam methane reforming, coal
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a sustainable, low-carbon future. In this context, green
hydrogen, produced through renewable energy-powered
processes, has gained significant attention.* One of the most
promising routes for green hydrogen production is water
splitting driven by solar energy, also known as photocatalytic
water splitting. This process uses sunlight to split water into
hydrogen and oxygen, making it a highly sustainable and
renewable method for hydrogen production.*

For efficient water splitting, the selection of an optimum
photocatalyst is crucial. An ideal photocatalyst should have
a band gap that allows for the absorption of visible light, which
constitutes a large portion of the solar spectrum.>® However,
many of the most commonly introduced photocatalysts have
several limitations, including their applicability mostly under
UV radiation and low photocatalytic efficiency due to the fast
recombination of photogenerated electron-hole pairs.”

Extensive research has been conducted on inorganic semi-
conductors for photocatalytic water splitting, primarily focusing
on half-reactions such as proton reduction and water oxidation,
where sacrificial reagents are often used to suppress the
opposing reaction.®® This has led to the development of systems
with promising activity for overall water splitting.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In contrast, organic semiconductors have received signifi-
cantly less attention, despite their potential due to the flexibility
offered by a variety of synthetic methods. Reactions like
palladium-catalyzed  cross-coupling, including  Suzuki-
Miyaura,'®"* Stille,”> and Sonogashira'® coupling, have been
extensively employed to produce photocatalysts, but these
methods typically require monomers with two distinct func-
tional groups, such as boronic acids and halides in Suzuki-
Miyaura coupling. Other coupling techniques, like the Kumada
reaction, also need different functional groups but can generate
the Grignard reagent in situ from halogenated compounds.**
The Yamamoto coupling method, although it requires stoi-
chiometric amounts of nickel(0), can combine halogenated
compounds without additional functionalization.™

The challenge of water oxidation in organic materials arises
from the need for low-lying HOMO levels and overcoming the
kinetic barriers associated with the process.*® Although oxygen
itself is not of high value, improving water oxidation is an
essential step toward achieving overall water splitting with
organic photocatalysts. Various metal-free methods have also
been explored for synthesizing organic photocatalysts,
including oxidative coupling," imine condensation,'® Knoeve-
nagel condensation,” and cyclotrimerization."** These
approaches yield polymeric materials that are free from metal
impurities, which can act as unintended co-catalysts.

In 2007, the Cooper group introduced conjugated micropo-
rous polymers (CMPs) as a new class of porous materials,* and
by 2015, they demonstrated the ability to tune the optical
properties of CMPs by varying the ratios of phenyl and pyrene
units.** Specific combinations of monomers produced polymers
that were both stable and effective for hydrogen evolution from
water, in the presence of TEA as a sacrificial electron donor,
without the need for post-synthesis metal loading.”* Enhancing
the performance of CMPs has been achieved by incorporating
different building blocks, such as benzothiadiazole, dibromo-
phenanthroline, dibenzothiophene sulfone, and benzothiadia-
zole derivatives.”

To date, there have been limited examples of organic pho-
tocatalysts capable of facilitating water oxidation, with many
requiring a metal co-catalyst to overcome the kinetic challenges
and the short-lived nature of photogenerated holes.”*** Cobalt
and ruthenium oxide co-catalysts are commonly used for this
purpose, applied via techniques such as impregnation, photo-
deposition, or calcination.”*?® Alternatively, co-catalysts can be
pre-synthesized and subsequently applied to the photocatalyst
using methods like ultrasonication. In some cases, cobalt
hydroxide has been formed in situ during alkaline treatments of
cobalt salts in the presence of a photocatalyst.>**

Generally, several cobalt-based compounds have shown
great potential as photocatalysts in water splitting applications
due to their favorable electronic properties and suitable band
gap.*** They are also relatively abundant and stable. However,
to further enhance their photocatalytic performance, it is
essential to address the structural and electronic limitations
that hinder their efficiency. One promising approach is to
explore the use of nanostructured cobalt-based materials,
particularly nanofibers, which offer several advantages over

© 2024 The Author(s). Published by the Royal Society of Chemistry
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other nanostructures. Nanofibers provide a high surface area,
large axial ratio, improved charge transport, and enhanced light
absorption, making them excellent candidates for
photocatalysis.>***

The electrospinning technique is widely used for the
production of nanofibers due to its simplicity, versatility, and
ability to produce continuous nanofibers with controlled
diameters.*® Electrospun nanofibers offer an network structure
that facilitates better charge transfer, which is critical for
improving the photocatalytic efficiency.>**”

In this study, we introduced a novel approach for the fabri-
cation of organic-based cobalt-containing nanofibers through
electrospinning, followed by a unique thermal treatment
process in a water gas environment. The resulting nanofibers
exhibited enhanced photocatalytic performance under visible
light radiation for water splitting, leading to efficient green
hydrogen production. This work presents a significant contri-
bution to the field of photocatalysis and green hydrogen
production by developing a high-performance, visible-light-
active photocatalyst with improved stability and electron-hole
separation efficiency. Methanol was used as an electron scav-
enger to facilitate the photocatalytic hydrogen generation
process. Methanol plays a crucial role in suppressing the
recombination of photogenerated electron-hole pairs by acting
as a sacrificial agent, efficiently capturing holes and allowing
electrons to participate in the reduction reaction to generate
hydrogen. The use of methanol significantly enhances the
overall hydrogen production rate by providing an alternative
oxidation pathway, preventing the reverse reaction (water
oxidation), which typically occurs when using water alone.?**

2. Materials and methods
2.1 Materials

The following materials were used in this study: Cobalt(u)
acetate tetrahydrate (CoAc, 98% assay), sourced from Junsei
Chemical Co., Ltd, Japan. Poly(vinyl alcohol) (PVA) with
a molecular weight of 65000 g mol ', obtained from DC
Chemical Co., Ltd, South Korea. Distilled water was used as the
solvent throughout the experiment.

2.2 Preparation of electrospun CoAc/PVA nanofibers

To prepare the electrospinning solution, 1 g of cobalt acetate
tetrahydrate was dissolved in 5 mL of distilled water to form an
aqueous solution. Separately, a 10 wt% poly(vinyl alcohol)
aqueous solution was prepared by dissolving PVA in distilled
water. A volume of 15 mL of the 10 wt% PVA solution was then
mixed with the 5 mL CoAc aqueous solution. This mixture was
stirred continuously for 5 hours at 50 °C to ensure complete
dissolution and homogeneity of the components. The prepared
electrospinning solution was loaded into a syringe connected to
the electrospinning setup. The electrospinning process was
carried out under the following conditions: applied voltage of 20
kv, distance between the tip and collector is 15 cm and feeding
rate 0.33 mL h™". The solution was electrospun onto a rotating
stainless steel drum collector, forming nanofibrous mats. Once
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the electrospinning process was complete, the obtained nano-
fiber mats were vacuously dried in an oven at 60 °C for 24 hours
to remove any residual solvent and ensure structural stability.

2.3 Reactor design and treatment of nanofibers

The dried nanofibrous mats were treated in a specially designed
reactor. The reactor used in this study was a modified lab-scale
autoclave reactor. The modifications to the autoclave were as
follows: a metallic bottle filled with distilled water was placed
inside the reactor to generate water vapor during the treatment
process. Above the metallic bottle, a graphite granule bed (3 cm
in thickness) was inserted to act as a source for carbon reacting
with the released hot steam from the bottle to achieve water gas
synthesis reaction (C + H,O = CO + H,). The electrospun
nanofibers were enveloped in a stainless-steel mesh to prevent
direct contact with the graphite bed and were then placed on
top of the graphite granules within the autoclave. Once all the
components were assembled inside the autoclave, the reactor
was closed by its cover and placed in a furnace. Fig. 1 displays
a schematic diagram for the designed reactor. The nanofibers
were treated at a temperature of 160 °C for a duration of 10
hours. The combination of water gas and heat facilitated the
chemical transformation and restructuring of the nanofibers
into the desired morphology. After the 10 hour treatment, the
autoclave was allowed to cool down to room temperature. The
treated nanofibers were carefully removed from the stainless-
steel mesh for further characterization and analysis.

2.4 Water splitting experiment

In this study, water splitting experiments were performed using
methanol as a sacrificial agent under simulated solar light
irradiation to evaluate the photocatalytic activity of the prepared
nanofibers. A 2000 W halogen lamp was employed as the source

cohc/PVA ki

Fig. 1 Schematic diagram for the used reactor for preparation the
organic cobalt nanofibers.
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of solar light, simulating sunlight conditions to drive the pho-
tocatalytic reactions. The experiments were carried out using
a methanol/water mixture with a 50 : 50 vol% ratio as the reac-
tion medium. A total of 100 mL of the methanol/water mixture
was used for each experiment, and 10 mg of the photocatalyst
was added to the reaction flask. The experiments were con-
ducted at room temperature (25 °C) to eliminate the influence
of temperature on the catalytic process and ensure that the
photocatalytic activity of the nanofibers was solely driven by
light absorption.

2.5 Characterizations

XRD analysis was performed using a Rigaku X-ray diffractom-
eter equipped with a Cu-Ko radiation source (A = 1.5406 A). The
scanning was conducted over a 26 range from 10° to 80°, with
a step size of 0.02° and a scanning rate of 2° min~'. The XRD
patterns were used to determine the crystalline phases of the
nanofibers and identify the structural transformations that
occurred during thermal treatment. FTIR spectra were recorded
using a PerkinElmer Spectrum 100 FTIR spectrometer in the
range of 4000-400 cm ™. The attenuated total reflectance (ATR)
mode was applied to ensure accurate identification of func-
tional groups present in the nanofibers. FTIR analysis allowed
for the examination of the chemical bonds and molecular
structure changes during the thermal decomposition and post-
treatment. XPS measurements were conducted using a Thermo
Scientific K-Alpha XPS system equipped with a monochromatic
Al-Ko X-ray source (1486.6 eV). The survey and high-resolution
spectra were recorded at a pressure of 10~° mbar. The spectra
were calibrated using the C 1s peak at 284.8 eV as a reference.
The XPS analysis provided information about the surface
elemental composition, oxidation states, and chemical envi-
ronment of the elements present in the nanofibers. TGA was
performed using a TA Instruments Q50 thermogravimetric
analyzer under an air atmosphere. The samples were heated
from room temperature to 800 °C at a rate of 10 °C min . This
analysis was used to assess the thermal stability and decom-
position behavior of the nanofibers. The weight loss profile
provided information on the different stages of thermal degra-
dation, the release of volatile components, and the final residue
composition, confirming the formation of Co;0, as the residual
solid.

UV-Vis spectra were recorded using a JASCO V-770 UV-Vis-
NIR spectrophotometer over the wavelength range of 200 to
1200 nm. The diffuse reflectance spectra were converted into
absorbance using the Kubelka-Munk function to estimate the
optical band gap of the nanofibers. This technique provided
insights into the light absorption capabilities of the nanofibers,
which is crucial for their photocatalytic applications. The
morphology of the nanofibers was examined using a JEOL JSM-
7610F scanning electron microscope (SEM) operating at 15 kV.
The SEM images were captured at different magnifications to
observe the surface morphology, fiber uniformity, and any
structural changes induced by the thermal treatment.
Elemental mapping was performed using EDX integrated with
the SEM. This technique provided detailed information on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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elemental distribution of cobalt, carbon, and oxygen across the
nanofibers.

3. Results and discussion
3.1 Catalyst morphology

The SEM images presented in Fig. 2A and B reveal that the
treated nanofibers maintain their fibrous morphology even
after exposure to the proposed treatment strategy under water
gas atmosphere at 160 °C. Despite the high temperature and
reactive gas environment, the nanofibers exhibit a continuous,
smooth structure without any visible beads or irregularities,
which is a significant indicator of the stability of the nanofiber
fabrication process and the treatment's non-disruptive nature.

Interestingly, the nanofibers appear to have undergone
a transformation into nanobelts. This morphological change can
be attributed to the high-pressure conditions inside the custom-
designed reactor, which likely exerted compressive forces on the
nanofibers. Under such pressures, the cylindrical geometry of the
nanofibers could have been flattened or elongated, resulting in
the belt-like structure observed in the SEM images. The smooth
surface of the nanobelts suggests that the water gas environment
and elevated temperature not only preserved the integrity of the
nanofibers but also facilitated a gradual reconfiguration of the
fibers into nanobelts without inducing surface defects. Overall,
these SEM results confirm that the proposed reactor setup and
treatment strategy are effective in modifying the nanofibrous
morphology into a more advantageous belt-like form without
compromising the material's quality.

View Article Online
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Calcination of the CoAc/PVA electrospun nanofibers at 500 °©
C in air led to the formation of interconnected nanofibers with
a rough surface, as shown in Fig. 2C and D. This rough surface
can provide more active sites for photocatalytic reactions.
However, compared to the calcined nanofibers, the continuous
and smooth discrete nanobelts obtained through the proposed
treatment method may exhibit superior photocatalytic activity.
The nanobelts, with their uniform morphology and higher
surface area, can enhance light absorption and facilitate effi-
cient charge transport.

3.2 Chemical composition

The X-ray diffraction (XRD) pattern presented in Fig. 3A for the
treated nanofibers shows a peak at ~27° (26), which is indicative
of an amorphous or poorly crystalline graphite.* The absence of
other sharp diffraction peaks suggests that the treated nano-
fibers do not possess long-range crystalline order. This is
consistent with materials that have undergone extensive thermal
or chemical treatments, leading to either the formation of
amorphous phases or the generation of nanostructured compo-
nents that are too small to produce significant diffraction.
Additionally, the minor bumps observed in the broad hump
may correspond to traces of nanocrystalline domains that are
either too small or too disordered to give well-defined peaks.
The lack of distinct peaks for cobalt oxides, which might be
expected in a highly crystalline material, further supports the
hypothesis that the cobalt species present in the nanofibers are
either amorphous or in a highly dispersed phase. This finding is

Fig. 2 Two magnifications SEM images for the treated nanofibers; (A and B) and CozO4 nanofibers; (C and D).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns for the treated; (A) and CozOy; (B) nanofibers.

aligned with the XPS results (below), which suggest the presence
of cobalt in various oxidation states, including Co(OH),, organic
cobalt, and Co;0,, though these species are not seen as crys-
talline phases in the XRD pattern. On the other hand, calcina-
tion of the electrospun CoAc/PVA nanofibers led to produce
Co;0,4 nanofibers as it can be concluded from the XRD analysis
as shown in the corresponding pattern in Fig. 3B. Typically, the
observed strong and sharp diffraction peaks at 26 values of
31.35, 36.98, 44.93, 59.52 and 65.36° corresponding to (220),
(311), (400), (511) and (440) crystal planes confirms the forma-
tion of cubic crystalline Co30, (JCDPS, card no. 42-1467).
Basically, it was observed that the prepared nanofibers are
insoluble in water. Accordingly, it is highly expected, due to
treatment under high-temperature treatment (160 °C) in a water
gas environment and the water-insolubility of the nanofibers,
both PVA and cobalt acetate have undergone significant chem-
ical changes. The high temperature likely led to decomposition,
crosslinking, or formation of new compounds. FTIR analysis is
a powerful tool to check the new chemical bonds. Fig. 4 display

CoAc/PVA NFs
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Co,0, NFs
=
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Fig. 4 FTIR spectra of the original CoAc/PVA electrospun nanofibers,
the treated nanofibers and CozO4 nanofibers.
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FTIR spectra for the initial CoAc/PVA nanofibers, the treated
nanofibers and, Co;0, nanofibers prepared by calcination of the
CoAc/PVA nanofibers in air atmosphere at 700 °C.*»*

Basically, the characteristic absorption bands for PVA can be
observed at 3249 cm™ ', which corresponds to O-H stretching,
and at 2936 cm ' for asymmetric CH, stretching. The
symmetric CH, stretch is seen at 2906 cm ™', while the peak at
1643 cm ™' is attributed to water absorption. The bending of
CH, appears at 1416 cm ', and the ¢ (OH) rocking, accompa-
nied by CH wagging, occurs at 1325 cm ™. The crystalline form
of PVA shows a C-O shoulder stretch at 1138 cm™*, while the
amorphous form features a C-O stretch and OH bending at
1083 cm ™. Additional peaks include CH, rocking at 916 cm™*
and C-C stretching at 822 cm™ "%

On the other hand, based on literature, the FTIR spectrum of
cobalt acetate tetrahydrate (CoAc) reveals key peaks between
500-700 cm ™', corresponding to acetate modes (v5, v11, v15),
with the 537 cm™" peak indicating water liberation and the
610 cm ™' peak representing CO, rocking. Water-related bands
are observed at 742, 810, and 883 cm ™, associated with wagging
and twisting of crystallization water molecules. A C-C stretching
vibration occurs at 949 cm™ ', while CH; symmetric bending
appears at 1351 cm™ '. Between 1400-1475 cm ™', overlapping
CO and CH; stretching bands are present, and broad OH
stretching peaks are seen at 3131 cm ™' and 3496 cm ™ *.*54

However, the IR spectrum of Co3;0, features two character-
istic bands linked to the stretching vibrations of metal-oxygen
bonds. The first band, appearing at 570 cm ™", corresponds to
the OB; vibration within the spinel structure, where B repre-
sents Co®" in an octahedral site. The second band, observed at
664 cm ', is attributed to the ABO; vibration, with A signifying
Co** occupying a tetrahedral site.**

Accordingly, the observed peaks in the FTIR spectrum of the
treated nanofibers can be identified as follow:

(1) The peak at 478 cm™" (very small peak) may be attributed
to metal-oxygen (Co-O) vibrations, suggesting the formation of
cobalt-related compounds. The small size indicates that this
could correspond to a weak or less crystalline cobalt oxide phase.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(2) The peak 621 cm ' (medium peak) is likely due to
metal-oxygen bonding (Co-O) in cobalt oxide species. Despite
the lack of XRD peaks, the FTIR signal indicates cobalt oxide-
like formation, as Co3;0, exhibits similar peaks around
664 cm™'. Given the environment, cobalt species may have
formed in a non-crystalline or amorphous state, undetectable
by XRD.

(3) The peak at 1072 cm™ " (medium and broad with plat-
form) corresponds to C-O stretching or O-H bending. After
treatment, PVA likely decomposed or crosslinked, so the C-O
functionality could be part of newly formed organic compounds
in the nanofibers.

(4) The strong peak at 1400 cm ™' could be associated with
CH, bending, which may still be present in a modified form
after the degradation or crosslinking of PVA. Additionally, it
might indicate the presence of carbonyl groups (C=0) formed
during the thermal treatment from the decomposition of cobalt
acetate or PVA.

(5) The broad peak at 1622 cm™' is likely due to water
absorption and the presence of conjugated C=0 bonds, which
might have formed during the thermal treatment. The
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broadness suggests interaction with water gas during the
process, leading to some residual hydroxyl or carbonyl groups.

(6) The small peak at 2931 cm ™' corresponds to asymmetric
stretching of CH, groups, though after high-temperature treat-
ment, it might also indicate remnants of PVA or its thermally
decomposed products. The CH, groups could have partially
degraded but still contribute to this signal.

(7) The medium and broad peak at 3192 cm ™" corresponds to
O-H stretching vibrations. After the treatment, these groups
may originate from the hydroxyl groups in residual PVA frag-
ments or from water molecules adsorbed during the water gas
process. The broadness suggests hydrogen bonding.

(8) The shoulder at 3421 cm ™" is likely due to the stretching of
O-H bonds from hydroxyl groups. The shoulder indicates possible
crosslinking or chemical changes in the PVA structure after the
high-temperature treatment. It might also point to the formation
of water-insoluble polymeric or cobalt-containing species.

Overall, the FTIR analysis pointed towards significant
changes in both cobalt acetate and PVA, indicating the forma-
tion of cobalt-containing compounds and residual organic
material after the high-temperature treatment. The high-
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Fig. 5 XPS spectra for the prepared nanofibers: survey; (A), O 1s; (B), C 1s; (C) and Co 2p; (D).
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temperature treatment likely led to the formation of cobalt
oxide or cobalt-containing compounds and the crosslinking/
decomposition of PVA, resulting in new chemical structures
and the loss of water solubility.

X-ray photoelectron spectroscopy (XPS) is a powerful tech-
nique used to analyze the surface composition of materials by
measuring the binding energies of electrons ejected from
atoms. In the survey spectrum, each element typically shows
a broad peak corresponding to a specific electron energy level.
However, when these peaks are studied in detail, they often split
into multiple peaks due to factors like spin-orbit coupling,
chemical shifts, and variations in oxidation states. This split-
ting provides more detailed information about the chemical
environment and the specific bonding states of the elements in
the material. Fig. 5 displays the XPS analyses for the prepared
nanofibers. Fig. 5A represents the survey spectrum, as shown
the characteristic peaks of C 1s, O 1s and Co 2p orbitals. Fig. 5B
introduces detailed information about the O 1s peak. As shown,
deconvolution of this peak resulted in getting several peaks with
different areas under these peaks. The deconvoluted peak,
which covers the maximum area (46.56%), at 532.9 eV assigned
to oxygen in (CeH100s), indicates the presence of
polysaccharide-like structures, which may arise from PVA
decomposition and subsequent crosslinking.*® The second
species content, based on the area under the peak, can be
suggested as bisphenol-A poly(carbonate). Typically, the
deconvoluted peak at 534.2 eV, covering an area of 40.06%,
assigned to oxygen in bisphenol-A poly(carbonate), indicating
a significant portion of polymeric material in the nanofibers.*
This suggests the formation of complex organic polymer chains,
potentially formed from modified PVA. There are other two
additional peaks at 531.9 and 530.8 eV, covering small areas;
7.56% and 1.1%, respectively indicating presence of cobalt in
the surface of the treated nanofibers. The peaks at 531.9 and
530.8 €V can be assigned to Co-O in Co(OH), and tris(2,4-pen-
tanedionato-0,0')cobalt, respectively indicating the formation
of cobalt hydroxide.”** Small area percentages suggest minor
contributions of these two compounds.

Fig. 5C illustrates the deconvolution of the C 1s peak,
revealing multiple carbon species. The peak at 285 eV (9.28%) is
attributed to bisphenol-A polycarbonate, suggesting the
formation of a polycarbonate-like structure, likely due to the
thermal decomposition and restructuring of PVA.>> At 285.68 eV
(22.21%), the peak is assigned to poly(ethyl methacrylate),*
indicating additional polymeric structures that may have
formed from the interaction of PVA breakdown products with
cobalt complexes or other decomposition by-products. The
dominant peak at 286.98 eV (51.95%) corresponds to poly(tert-
butyl methacrylate),*® showing that methacrylate-like structures
are the primary carbon species in the nanofibers, possibly
arising from modifications to PVA. A peak at 289.4 eV (12.95%)
is associated with cobalt carbonate (CoCOj3),>* suggesting that
cobalt acetate reacted with CO, released during PVA decom-
position or from the water gas treatment. Lastly, the peak at
291.1 eV (2.82%) indicates the presence of poly(ethylene tere-
phthalate)  (-CH,CH,OC(O)C¢H,C(0O)O-),,>*>  representing
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a minor polymeric structure formed during the thermal
process.

The deconvolution of the Co 2p peak in Fig. 5D reveals
a complex spectrum with multiple components, confirming the
presence of various cobalt species in the nanofibers. The peak at
~782 eV (16.66%) is attributed to tris(2,4-pentanedionato-0,0’)
cobalt,* consistent with the O 1s peak at 531.9 eV observed in
XPS, indicating that this cobalt complex remained intact or
reformed after thermal treatment. The presence of this complex
suggests that cobalt acetate may have partially transformed into
organometallic compounds during the process. A significant
peak at 798 eV (10.28%) corresponds to Co(OH),,* which aligns
with the O 1s peak at 530.8 eV. This confirms the presence of
cobalt hydroxide, possibly formed as a result of interaction
between cobalt species and water gas during the treatment. The
existence of Co(OH), in the sample is further supported by the
FTIR data, which shows broad O-H stretching bands, possibly
related to hydroxide groups.

Another important binding energy observed at ~103 eV
corresponds to either 3s in CoO*”*® or 2ps,, in C030,.*°. This
suggests that cobalt is present in oxide forms, though the
absence of clear XRD peaks for crystalline oxides indicates that
these oxides might be amorphous or poorly crystalline. This
observation is consistent with the XRD results, which did not
show distinct peaks for cobalt oxides, implying that the oxide
phases are not well-ordered or are present in small quantities.
The FTIR spectrum, however, did not show the typical metal-
oxygen stretching vibrations around 570 and 664 cm ™' that
would be expected for Co;0,, further supporting the idea that
cobalt oxide is amorphous or exists in small amounts.

The additional peaks observed at 778, 787, 788, 789, 795, and
803 eV in the Co 2p spectrum are indicative of various cobalt
oxidation states, including Co(OH),, CoO, and C0;0,.°**® This
suggests a complex mixture of cobalt species, with both Co**
and Co®" states present. The coexistence of multiple oxidation
states and hydroxide and oxide forms highlights the multifac-
eted nature of the nanofiber structure after treatment, where
the chemical environment promotes the formation of various
cobalt compounds. The absence of clear crystalline oxide
signals in XRD, combined with the presence of these species in
XPS, underscores the likelihood that cobalt oxides and
hydroxides are either amorphous or exist as small particles
dispersed within the nanofiber matrix.

Overall, the XPS results provide a deeper understanding of
the cobalt species’ complex chemical environment, supporting
the findings from FTIR and XRD. While FTIR and XRD do not
reveal strong evidence of crystalline cobalt oxides, XPS confirms
the presence of both hydroxide and oxide forms in varying
oxidation states, suggesting a nuanced transformation of cobalt
acetate and PVA during the thermal treatment process.

The elemental analysis of the introduced nanofibers (Fig. 6)
reveals the uniform distribution of carbon, oxygen, and cobalt
(Co) across the nanofibers, which holds significant implications
for both the structure and functionality of the material. The
homogeneity in the elemental distribution supports the
formation of a well-integrated nanocomposite, where all
elements contribute to the material's overall properties. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Elemental mapping analyses for the treated nanofibers.

uniform cobalt distribution suggests that the electrospinning
and subsequent thermal treatment processes were effective in
creating a homogenous material where cobalt is uniformly
incorporated into the nanofibers. The presence of uniformly
distributed Co enhances the catalytic performance by ensuring
a consistent and accessible catalytic surface throughout the
nanofibers. The presence of carbon is attributed to the
decomposition of poly(vinyl alcohol) (PVA) used during the
electrospinning process. FTIR and XPS data would show that
after thermal treatment, residual carbon remains in the form of
organic compounds. The carbon's role as a conductive matrix
could also assist in reducing recombination rates of electron-
hole pairs, enhancing the photocatalytic efficiency of the
material. The FTIR results, confirming the transformation of
PVA and the possible presence of C-O or C=0 bonds, further
strengthen this argument. The XPS analysis would also show
shifts in carbon peaks, suggesting interactions between carbon
and cobalt oxide. The presence of carbon and cobalt is further
supported by TGA results.

The thermogravimetric analysis (TGA) curve of the treated
nanofibers, conducted in an air atmosphere (Fig. 7), shows
a multi-step weight loss pattern as the temperature increases
from room temperature to 900 °C. The initial weight slightly
decreases as the temperature rises to around 100 °C, indicating
the loss of adsorbed water and any other volatile components.
This is consistent with the presence of residual moisture and
volatile degradation products from the polyvinyl alcohol (PVA)
used during the electrospinning process.

The significant weight loss observed between 200 °C and
500 °C corresponds to the decomposition of organic compo-
nents in the nanofibers which was confirmed earlier by FTIR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis. This decomposition involves the breakdown of poly-
meric chains, leaving behind inorganic cobalt species. The
onset of this major weight loss indicates that the organic
compounds begin to degrade in this temperature range, further
corroborating with the XPS and FTIR results, which suggested
the presence of cobalt complexes that may interact with the
degradation products. The peak between 285 eV and 291 eV in
the XPS C 1s spectrum was assigned to various polymeric
species, which are thermally decomposed at these
temperatures.

As the temperature approaches 500 °C, the weight stabilizes,
indicating the complete combustion of organic residues. The
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Fig. 7 Thermal gravimetric analysis for the treated nanofibers under
air atmosphere.
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remaining solid material, with a final weight near 30%, is cobalt
oxide (Co30,4). The thermal stability of the inorganic cobalt-
based phase is evident beyond 500 °C, where no significant
weight loss is observed, confirming that Co;O, remains intact
and does not further oxidize or decompose under the condi-
tions of the TGA analysis in air. This result indicates that the
cobalt content in the treated nanofibers is around 21 wt%.
However, based on the used amounts of cobalt acetate tetra-
hydrate and poly(vinyl alcohol), maximum content of cobalt in
the initial electrospun CoAc/PVA nanofibers is 9.6 wt%. There-
fore, this another proof for the strong change in the chemical
composition upon the proposed treatment strategy.

3.3 Optical properties

The absorbance spectrum presented in Fig. 8A shows the ability
of the treated nanofibers to absorb light across a wide range of
wavelengths, extending from the UV region (~200 nm) to the
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visible and near-infrared regions. The treated nanofibers exhibit
a broad absorption spectrum, particularly absorbing strongly in
the UV and visible regions. This broad absorption indicates that
the nanofibers are capable of harvesting light over a wide range
of wavelengths, which is a crucial property for applications in
photocatalysis. In particular, the strong absorption in the
visible light range (~400-700 nm) is significant, as visible light
accounts for most of the solar radiation.

The Kubelka-Munk (K-M) plot is a commonly used method
to estimate the band gap energy of semiconductors based on
their diffuse reflectance or absorption spectra.’* It provides
valuable insight into the optical properties of materials by
linking the absorbance data to the band structure of the
material. The Kubelka-Munk function (F(R)),* is derived from
the reflectance data and is applied to estimate the band gap
energy for semiconductors using the Tauc method. The func-
tion is expressed as:

visible and even near-infrared (~1400 nm). The absorbance F(R.) = (1-R)’ (1)
starts high in the UV region and then gradually decreases as the 2R
wavelength increases, reaching a lower absorbance level in the
1.8
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Fig. 8 Absorbance versus wavelength; (A) and reflectance versus wavelength; (B) for the treated nanofibers. Tauc plot of photons energy at
direct band gap energy as function of (ahw)? for the treated nanofibers; (C) and CosO,4 nanofibers; (D).
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where R, is the diffuse reflectance of an infinitely thick sample,
and R is the reflectance at a specific wavelength.®® For materials
that absorb light, the Kubelka-Munk function is related to the
absorbance and can be plotted against photon energy to esti-
mate the band gap. The Tauc method is then applied, where the
absorbance coefficient («) is related to the photon energy (Av)
according to the equation:**

(F(Rw) x hw)' = A(hv — Ey) 2)

where: A is a constant, E, is the band gap energy, n is the
exponent that depends on the type of transition (e.g., for direct
allowed transitions, n = 2). In the Kubelka-Munk plot, the
function (F(R«.) x hv) is plotted against (hv), and the linear
portion of the curve is extrapolated to the x-axis (where (F(R«) X
hv)*> = 0), giving the band gap energy. From Fig. 8B and C, this
method yielded an estimated band gap of 2.29 eV for the
introduced nanofibers.

The band gap of 2.29 eV corresponds to light absorption at
a wavelength of approximately 540 nm, which lies in the visible
light region. This is highly advantageous for photocatalytic
applications, as visible light constitutes a significant portion of
the solar spectrum, making the nanofibers capable of efficiently
utilizing sunlight. Compared to traditional photocatalysts such
as TiO, which mainly absorb UV light, which constitutes only
about 4% of the solar spectrum, whereas the visible region
constitutes about 43%. Thus, the treated nanofibers are more
efficient for solar-driven processes. Fig. 8D shows Tauc plot for
the prepared Co;0, nanofibers. As shown, the estimated band
gap is around 0.6 eV which indicates poor photocatalytic activity
of these nanofibers under the visible light irradiation.

3.4 Photocatalytic activity

As shown in Fig. 9, the hydrogen generation rate from the
methanol/water (50% vol% methanol) solution demonstrates
a significant difference between the prepared organic cobalt

L] CoSO ’
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Fig. 9 Hydrogen generation rate from methanol/water solution (50%
methanol) under visible radiation using the treated and CozO4
nanofibers.
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nanofibers and the Co;0, nanofibers, with the organic
cobalt nanofibers producing 2.122 mmol H, per g... per s of
hydrogen, while the Co;0,4 nanofibers produce only 0.187 mmol
H, per geac per s.

This difference in hydrogen production is striking and
suggests several key factors that contribute to the superior
catalytic activity of the treated nanofibers. The organic cobalt
nanofibers, composed of different cobalt-based compounds
embedded in organic compounds and carbon matrix (as infer-
red from the synthesis and characterization, including FTIR
and XPS), exhibit a synergistic effect between the cobalt species
and the other species. Carbon provides better electron
conductivity, which facilitates the transfer of electrons gener-
ated during the photocatalytic reaction. This is particularly
important in water splitting, where the electron-hole pairs
produced need to be efficiently separated and directed to the
active sites.

The cobalt species in the treated nanofibers, likely including
a mixture of different oxidation states such as Co*" and Co**,
play a critical role as active sites for the water splitting reac-
tion.*® The presence of both oxidation states could offer more
active catalytic sites compared to Co;0, alone, improving the
overall reaction kinetics. Moreover, the organic compounds/
carbon matrix may improve light-harvesting efficiency by
reducing reflection and scattering, making the overall material
more effective at absorbing photons.

The band gap of the treated nanofibers (~2.29 eV) is ideal for
absorbing visible light and generating charge carriers with
enough energy to drive the water splitting reactions. In contrast,
Co30, has a lower band gap (~0.6 eV), which allows it to absorb
light over a broader range, including infrared. Finally, the
observed superior activity of the organic cobalt nanofibers
compared to the single oxide nanofibers can be attributed to the
synergetic effect of the different species in the prepared
complex nanofibers. On the other hand, Co;0, is a pure mate-
rial, and the absence of a synergistic interaction means that its
photocatalytic activity is inherently limited by its intrinsic
properties, such as surface area and charge carrier dynamics.

The surface chemistry of the treated nanofibers, as
confirmed by FTIR and XPS analyses, shows the presence of
cobalt oxides and carbon-related species, which may introduce
additional functional groups that enhance reactants adsorption
and subsequent oxidation. These functional groups could act as
active centers for water splitting, speeding up the reaction rate
and boosting hydrogen production.

The results regarding hydrogen generation from water photo
splitting using methanol as a scavenger show interesting
trends. Methanol, in this case, plays a critical role by acting as
a hole scavenger, preventing electron-hole recombination and
thus enhancing the photocatalytic efficiency of the nano-
fibers.®*®” The increase in hydrogen production rate with
increasing methanol content up to 70 vol% (Fig. 10) can be
attributed to the higher availability of methanol molecules to
scavenge the photogenerated holes. This reduces recombina-
tion losses and maximizes the number of electrons available for
hydrogen generation from water.
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Fig. 10 Effect of methanol content on the hydrogen generation rate
from methanol/water solution under visible radiation using the treated
nanofibers.

At 70 vol% methanol, the hydrogen production rate reaches
its peak (3.266 mmol H, per g, per s), which implies that the
balance between methanol content and water concentration
provides optimal scavenging activity while ensuring sufficient
water for hydrogen generation. Beyond this percentage (80%
and 100% methanol), the rate begins to decline, likely due to
excessive methanol limiting the amount of water available for
splitting. Additionally, methanol may start to absorb more of
the incident light or hinder the access of active sites on the
catalyst for water molecules, further reducing the efficiency of
the process. At pure methanol solution, the reaction transfers to
methanol reforming reaction.

The hydrogen production performance of the prepared
organic cobalt nanofibers over six successive days under direct
sunlight radiation provides significant insights into both the
stability and practical applicability of the photocatalyst. The
experimental data, as displayed in Fig. 11, reflect the variation
in hydrogen production rates during the course of outdoor
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water splitting reactions, with fluctuations in the early stages
and stabilization over time, highlighting key advantages of the
nanofibers in real-world conditions.

On the first day of experimentation, hydrogen production
rates showed some instability across the eight consecutive runs.
The rate began at 0.267 mmol H, per g... per s in the first run
but increased to a maximum of 0.426 mmol H, per g.,c per s by
the fifth run. This initial fluctuation may be attributed to several
factors, such as the gradual adjustment of the nanofiber surface
to outdoor environmental conditions (e.g., varying sunlight
intensity or temperature). The relatively high rate in the fifth
run could suggest an optimal stabilization of the photocatalyst,
wherein electron-hole recombination is minimized, and the
photocatalytic surface becomes fully active after initial exposure
to sunlight. The lowest observed rate of 0.183 mmol H, per gca
per s in the sixth run suggests a potential temporary deactiva-
tion of some catalytic sites or a slight variation in sunlight
conditions, but the general trend indicates promising activation
of the photocatalyst.

The second day's results show greater consistency, with the
hydrogen production rate peaking at 0.416 mmol H, per gca
per s in the first run and stabilizing with an average rate of
0.322 mmol H, per g., per s across subsequent runs. This
reflects the improved stability and reusability of the prepared
nanofibers, as the photocatalyst demonstrates consistent
activity with reduced fluctuations compared to the first day.
This consistency in performance suggests that the nanofibers
have adapted well to the outdoor conditions, maintaining
effective charge separation and photocatalytic activity over
multiple runs.

By the sixth day, the nanofibers continued to exhibit stable
photocatalytic performance with an average hydrogen produc-
tion rate of 0.287 mmol H, per g... per s. The decrease in
performance during the early cycles could be attributed to
surface changes or slight degradation of the active sites on the
nanofibers, a common occurrence in photocatalytic reactions
where surface contamination or rearrangement may occur.®**
The relatively stable rates observed throughout the eight runs
on this day indicate that the prepared nanofibers retain their
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Fig. 11 Stability of the proposed treated nanofibers as a photocatalyst for hydrogen generation from methanol/water solution (70% methanol)

under solar radiation within 6 days working time.
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photocatalytic efficiency over time, showing minimal degrada-
tion even after prolonged exposure to direct sunlight. This long-
term stability is crucial for practical applications, where pho-
tocatalysts need to maintain performance over extended
periods to be commercially viable.

The stability and performance of the nanofibers under
sunlight can be attributed to their unique structure and
chemical composition. The organic-cobalt composition likely
enhances charge separation, minimizing the recombination of
photogenerated electron-hole pairs, which is a common limi-
tation in many inorganic photocatalysts. Additionally, the
nanofiber morphology provides a high surface area, promoting
efficient interaction between the photocatalyst and reactants
(water and methanol), further enhancing hydrogen generation.
The presence of methanol as a scavenger plays a crucial role in
improving the photocatalytic performance by capturing holes
and preventing electron-hole recombination, thus sustaining
high hydrogen production rates.

Overall, the prepared organic cobalt nanofibers have
demonstrated exceptional stability and effectiveness under
direct sunlight, making them a promising candidate for prac-
tical photocatalytic water splitting. The observed hydrogen
production rates, combined with the catalyst's resilience over
six days of outdoor experimentation, suggest that these nano-
fibers could play a vital role in future solar-to-hydrogen energy
conversion systems, promoting sustainable green hydrogen
production.

The superior photocatalytic performance of the treated
nanofibers can be attributed to several factors related to the
material's unique morphology, structure, and processing:

e The electrospinning technique plays a critical role in
determining the morphology and surface area of the nano-
fibers. The process produces continuous, uniform nanofibers
with a high surface-to-volume ratio. This unique fibrous struc-
ture enhances light absorption by allowing more photons to
interact with the material's surface, improving the efficiency of
the photocatalytic process. Additionally, the nanofibrous
morphology provides increased active surface area, which
promotes more efficient interaction between the photocatalyst
and the reactants (methanol and water), leading to higher
hydrogen production rates.”

e The nanofiber structure offers enhanced charge carrier
mobility, reducing the recombination of photogenerated elec-
tron-hole pairs. This improved separation of charge carriers is
crucial for sustaining the redox reactions required for photo-
catalytic hydrogen production. The interconnected network of
nanofibers provides a pathway for efficient electron transport,
facilitating faster and more efficient charge transfer to the
reaction sites.”

e The treatment process used in the reactor enhances the
surface characteristics of the nanofibers, ensuring better
stability and longer-lasting photocatalytic performance
compared to conventional cobalt oxides or other photocatalytic
materials.

e The treated nanofibers possess an optimal band gap of
2.29 eV, allowing them to efficiently absorb visible light. This is
a key advantage over conventional photocatalysts that are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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typically limited to UV light absorption. The increased light
absorption in the visible range contributes to the higher pho-
tocatalytic activity of the treated nanofibers.

4. Conclusions

In conclusion, this study successfully demonstrates the devel-
opment of cobalt-based organic nanofibers as highly efficient
photocatalysts for hydrogen production via water splitting
under visible light. The nanofibers, produced through electro-
spinning and treated in a specially designed reactor, exhibit
a unique organic-inorganic hybrid structure, as confirmed by
various analytical techniques. The treated nanofibers showed
strong visible light absorption with a band gap energy of
2.29 eV, making them suitable for solar-driven hydrogen
generation. The hydrogen production experiments revealed that
the treated nanofibers significantly outperformed traditional
Co30, nanofibers, with a maximum hydrogen generation rate of
3.266 mmol g.,; ' s ' at 70 vol% methanol. Additionally, the
treated nanofibers exhibited good stability, maintaining their
performance over multiple water-splitting cycles. These find-
ings highlight the potential of using cobalt-based organic
nanofibers for green hydrogen production, offering a promising
solution to the limitations of conventional photocatalysts and
contributing to the advancement of sustainable energy
technologies.
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