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ABSTRACT

Hydrogen is regarded as a clean and sustainable energy with significant
potential to replace the traditional fossil fuels. Photocatalytic H» production combined
with reforming of methanol by using photocatalysts under solar irradiation offers a
novel approach to generate valuable chemicals while addressing environmental and
economic challenges. In this study, photocatalyst potassium poly(heptazine imide) (K-
PHI) deposited with “CoP co-catalyst and Pt co-catalyst were synthesized for
simultaneous production of H> and valuable chemicals from photocatalytic reforming
of the methanol solution under solar irradiation. Electron paramagnetic resonance
analysis was used to investigate the formation of intermediate free radicals and
elucidate their roles in influencing reaction pathways and product selection. The
presence of co-catalysts substantially improved the separation of the photogenerated
charges and therefore the reaction rates with the distinct roles. CoP served as an efficient
site for hole trapping, promoting the formation of reactive *OH radicals to activate the

C-H bonds in methanol and enabling effective C-C coupling of *CH2OH to produce
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ethylene glycol. In contrast, Pt site efficiently trapped electrons to enhance the H»
production through the coupling of *H radicals and facilitated the formation of acetate
via the generation of *CHs and *CO: radicals, derived from photocatalytic dehydration
of methanol. The selectivity of the products is close to 100% in the gas and liquid phases.
This work demonstrates the pivotal roles of co-catalysts in controlling reaction
pathways and product selection, offering significant insights into optimizing further

photocatalytic processes for solar fuel production and sustainable chemical synthesis.

Keywords: Carbon nitride photocatalyst, Cobalt phosphide co-catalyst, Platinum co-

catalyst, Hy production, Methanol reforming
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CHAPTER 1 INTRODUCTION

The environmental challenges associated with traditional fossil fuel
consumption have intensified the need for alternative energy sources. Developing
sustainable and economically viable approaches using renewable energy is crucial
[1,2,3]. Hydrogen is regarded as a clean and sustainable energy and has a significant
potential to replace conventional fossil fuels. The production of hydrogen through water
decomposition using photocatalysts under solar irradiation has gained considerable
attention as an effective solution to environmental and economic issues [4,5]. When
this reaction was combined with methanol photoreforming in aqueous systems, it
represents an innovative approach. This combination process not only produces various
valuable chemicals but also addresses environmental concerns while advancing green
chemistry technologies. The selection of photocatalysts with co-catalysts for optimizing

the reaction pathways and product selection remains a significant challenge [6].

Various photocatalysts have been utilized for light-absorbing conversion,
including TiO2, ZnO, CdS, and C:N4. However, these materials typically suffer from
low photocatalytic performance due to limited solar light absorption, inefficient charge
separation and migration [7,8,9]. To address these limitations, potassium
poly(heptazine imide) (K-PHI), derived from polymeric carbon nitride (PCN), has
emerged as a promising photocatalyst. K-PHI exhibits exceptional photocatalytic
activity owing to its superior optical and electronic properties. Notable advantages of

K-PHI include its low cost, ease of synthesis, strong light absorbance and suitable
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electronic redox levels. Additionally, K-PHI is capable of stabilizing photogenerated
charge carriers and favorable structural attributes, such as optimal crystallite size and
minimal defects, enhancing its potential as a photocatalyst for advanced photocatalytic

applications [10].

However, enhancing photocatalytic activity is often hindered by the fast internal
recombination of photogenerated carriers and inefficient surface charge utilization
within the photocatalyst. According to-the literature, integrating a co-catalyst is
effective in overcoming these limitations by improving the separation of
photogenerated electron—hole pairs and providing active sites for interfacial reactions.
Noble metals such as Pt are the effective co-catalysts for hydrogen production because
they capture and transfer photogenerated electrons, leaving photoholes in the
photocatalyst's valence band [11,12]. On the other hand, transition metal phosphides
(TMPs), including CoP, FeP, MoP, and Ni;P, have gained significant attention as an
alternative co-catalyst for photocatalytic reactions due to their cost-effectiveness, noble
metal-free, high electrical conductivity, and suitability for large-scale applications.
Among these TMPs, CoP has emerged as a particularly promising co-catalyst, offering
an excellent catalytic activity and stability in both reductive and oxidative processes

[13,14].

In photocatalytic methanol reforming under basic conditions, H>O reduction
generates *H radicals and OH™ by consuming photogenerated electrons, with the *H
radicals subsequently coupling to produce H: [15]. On the oxidation side, the formation
of multi-carbon (Cz2+) products via C-C coupling is preferred due to their higher

13



economic value compared to C: products [16,17]. The reforming reaction can produce
a wide range of products, depending on the activity of photogenerated charges that
influence the intermediate radical formation, leading to various reaction pathways.
Therefore, the functional role of co-catalysts is pivotal in guiding this complex C-C
coupling process and controlling the photoreforming reactions [18,19,20]. A deep
understanding of co-catalysts properties and their roles in photocatalytic reactions is
crucial for advancing the field of photocatalysis, investigating the diverse effects of co-
catalysts can elucidate the charge transfer mechanisms and the interplay between

reductive Hz evolution and oxidative methanol reforming into valuable chemicals.

In this study, we report the synthesis of the K-PHI and investigate the functional
roles of CoP compared with Pt co-catalysts in influencing product selection and
reaction mechanisms for the simultaneous production of Hz and valuable chemicals
through photocatalytic methanol reforming under solar irradiation. The presence of
these = co-catalysts — significantly improves the separation and migration of
photogenerated charges, resulting in effective performance for both H> production and
methanol reforming. Through the identification and analysis of intermediate free
radicals, the distinct roles of CoP and Pt were observed. These results highlight the
potential of co-catalyst modification to fine-tune reaction pathways, offering promising

advancements in solar fuel production and sustainable chemical processes.
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CHAPTER 2 EXPERIMENTAL SECTION

2.1 Materials Synthesis
2.1.1 K-PHI Photocatalysts

A 20 g of melamine (99%, Sigma-Aldrich, USA) was calcined in a crucible with
a lid at 550 °C for 4 h using a 2 °C min™! of ramp rate, followed by natural cooling to
room temperature. The polymeric carbon nitride (PCN) was obtained by grinding the

calcined material into a powder.

K-PHI was prepared by grinding 1 g of PCN mixed with 2 g of KSCN (99%,
Sigma-Aldrich, USA). The mixture was loaded into an alumina boat and placed in a
tube furnace. The powders were heated to 400 °C with a 25 °C min™" of tamp rate in an
argon atmosphere and held at 400 °C for 60 min. Subsequently, the temperature was
increased to 500 °C at a 25 °C min™! of ramp rate and held at this temperature for 30
min. After naturally cooling down, the obtained K-PHI catalyst powders were washed

and dried overnight in a vacuum oven at 60 °C [10].

2.1.2 CoP@K-PHI Photocatalysts

A 1.2 g of Co(NO3)2 - 6H>0 (>98%, Alfa Aesar, England) was dissolved in 100
mL of deionized water with stirring. A 16 mL of 0.5 M NaOH solution was
subsequently dropped into the solution and continuously stirred for 4 h at room
temperature. The obtained Co(OH), was washed and dried under vacuum at 60 °C
overnight. Then, 50 g of Co(OH); and 500 mg of NaH>PO» - H>O were positioned on
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the both sides of the alumina boat, with Co(OH) placed at the downstream side in the
tube furnace. The samples were heated at 430 °C with a 2 °C min™! of ramp rate and
kept for 1 h in the continuous argon atmosphere to get CoP co-catalyst. Afterward, the

CoP co-catalyst was washed with diluted HCI solution followed by deionized water and

then dried at 60 °C for 6 h.

After attaining both K-PHI and CoP, a 50 mg of K-PHI was ground with 5 wt%
of CoP resulting a CoP@K-PHI which was subsequently calcined at 300 °C for 1 h

under an argon atmosphere in the tube furnace to enhance the interfacial interactions

[21].

2.2 Photocatalytic Reforming of Methanol

In a Pyrex reaction vessel with side-irradiation (4 cm in diameter of flat
illumination window) connected to a closed glass gas circulation system and using a
solar simulator (Oriel Instruments, AM 1.5 G, 100 mW c¢m 2, USA) as the irradiation
source, all photocatalytic reactions were conducted. Before irradiation, the reaction
system was degassed to remove air and lowered the system pressure to 0.1 bar.
Subsequently, 50 mg of CoP@K-PHI was suspended and sonicated in a 250 mL
solution containing 225 mL of deionized water and 25 mL of methanol (=99.9%,
Aencore, Australia). and the pH of this solution was adjusted to be 9 by using 0.5 M
NaOH. The reaction system was carried out over 4 days, with gas product analyzed by
gas chromatography (GC, GC-2014, Shimadzu, Japan) using a thermal conductivity
detector and Ar as the carrier gas. The reaction system was operated and evacuated
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every 12 h. Liquid product was analyzed by gas chromatography-mass spectroscopy

(GC-MS, QP2010, Shimadzu, Japan) every 12 h and stored at 4 °C.

For comparison, CoP@K-PHI was substituted with K-PHI and 3-wt%
H>PtCls-6H,O was in-situ deposited into the solution as a co-catalyst, then analyzed

and compared with the conditions described above.

2.3 Characterization of Photocatalysts
2.3.1 High-Resolution Transmission Electron Microscopy (HR-TEM)

High-resolution transmission electron microscopy (HR-TEM) is a powerful
analytical technique used to image the internal structure of materials at the atomic scale.
Unlike conventional transmission electron microscopy (TEM), which offers imaging
resolutions typically on the order of nanometers, HR-TEM achieves sub-angstrom
resolution, enabling researchers to visualize individual atoms and atomic columns
within crystalline materials. It is an effective method for obtaining additional data, such
as crystal lattice, defects, grain boundaries and interfacial analysis.

The principle of HR-TEM lies in its ability to utilize phase contrast imaging,
which is generated by the interference of electron waves scattered by the specimen. As
an electron beam passes through a thin sample, it interacts with the atomic potentials of
the material, causing the beam to diffract. The transmitted and diffracted beams
interfere with each other, forming a complex wavefront. When this wavefront is
projected onto an imaging device, it produces an interference pattern that corresponds
to the atomic structure of the specimen achieving optimal resolution [22,23,24]. The
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transmission electron microscopy (Jeol 2100 F, Japan) was used to perform HR-TEM

for the data of the catalysts in this study.

2.3.2 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is an analytical technique used to determine the purity
and structure of crystalline materials. This method works by irradiating the target
materials with a monochromatic X-ray beam, which interacts with the crystal planes
and produces diffraction patterns through constructive and destructive interference.
These diffraction patterns provide critical information about the long-range order of
crystalline solids and are used to identify specific crystalline materials due to their
unique atomic structures. XRD is typically used as a fundamental characterization tool
for the structural and compositional analysis of materials. Through XRD analysis,
researchers can gain valuable insights into the crystallographic phase, lattice parameters,
and overall purity of these materials, which are essential for developing and optimizing
various catalytic processes [25].

In this study, XRD analysis was performed using a Rigaku X-ray diffractometer
(Rigaku RINT-2000, Japan) equipped with-a Cu-Ko radiation source. The
measurements were conducted with a count rate of 10 seconds per 0.05° increment over

a 20 range of 10-80° for catalyst analysis.
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2.3.3 In-Situ Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) Spectroscopy is a powerful analytical
technique used to investigate the interaction between infrared (IR) radiation and a
sample, which can be in solid, liquid and gaseous forms. This technique measures both
the frequencies and intensities at which the samples absorb IR radiation, enabling the
identification of the samples’ chemical composition. The specific absorption
frequencies correspond to the chemical functional groups absorbing radiation at unique
frequencies. The intensities of these absorptions can also be used to determine the
concentrations of specific components within the sample. The resulting IR spectrum is
a two-dimensional plot of intensity versus frequency, serving as a fingerprint for
identifying chemical compounds. FTIR spectroscopy is applicable to a wide range of
materials and conditions, making it an invaluable tool for both qualitative and
quantitative analyses of functional groups and molecular bonds [26]. In this study, the
catalyst powders were embedded in potassium bromide (KBr) pellets before analyzing
FTIR spectra using Nicolet 6700 spectrometer (Thermo Fisher Scientific Inc., USA).

Fourier transform spectrophotometer provides rapid and detailed spectral
analysis by emits a beam of IR radiation from a glowing black-body source, which
passes through an interferometer where spectral encoding occurs. In the interferometer,
beams with different path lengths combine to create interference patterns known as
interferograms. These beams then enter the sample compartment, where specific
frequencies are absorbed by the sample leading to produce a characteristic absorption
pattern. A detector records the interferogram signal, measuring energy versus time

across all frequencies simultaneously. A reference beam is superimposed to ensure
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accurate measurements. The final spectrum is obtained by using Fourier transformation
software to subtract the background spectrum, yielding a precise representation of the
sample’s absorption characteristics. This advanced capability makes FTIR
spectroscopy an essential technique in the analysis and identification of complex

chemical structures [27].

234 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy
for Chemical Analysis (ESCA), is a technique used to measure the core-level binding
energies (BEs) of photoelectrons ejected from atoms at/near the surface of the sample.
By analyzing the peak heights, relative binding energies and peak areas, XPS can
identify the elemental composition and estimate their relative concentrations on the
surface along with the expected bonding of the materials. This surface-sensitive
spectroscopic method provides detailed information about the elemental composition,
chemical state, and electronic structure of the materials, which is crucial for
understanding their properties and potential applications. XPS is particularly effective
in revealing both the presence of specific elements and their interactions with other
elements. Moreover, XPS also provides insights into the chemical and electronic states
of core-ionized atoms through the analysis of BE shifts and satellite structures. Proper
interpretation of BE shifts is critical for obtaining material information necessary to
predict catalytic properties and understand surface chemistry. XPS is frequently used

for depth profiling when combined with ion-beam etching and for line profiling of
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elemental compositions across surfaces [28]. The XPS (AXIS Ultra DLD, Kratos, UK)
equipped with an Al-Ka radiation source was used to analyze the chemical structure

and composition of the prepared catalysts in this study.

24 Optical and Photophysical Properties of Photocatalysts

24.1 UV-Visible Spectroscopy (UV-Vis)

UV-Visible spectroscopy is a rapid analytical technique that measures the
absorbance or transmittance of light at specific wavelengths to understand electronic
transitions in molecules. These transitions occur when light excites electrons from a
lower energy orbital, known as the highest occupied molecular orbital (HOMO), to a
higher energy unoccupied orbital, known as the lowest unoccupied molecular orbital
(LUMO). Although the UV wavelength spans from 100 to 380 nm and the visible
component extends up to 800 nm, the most spectrophotometers operate within a
practical range of 200-1100 nm. This range covers UV, visible, and a part of the near-
infrared spectrum, with the practical application of UV-Visible spectroscopy focused
between 200 and 800 nm. Below the wavelength of 200 nm, it is known as vacuum UV
while the wavelength above 800 nm extends into the infrared region.

Light interacts with samples in various ways: it can be transmitted through
media, reflected surfaces, or refracted by crystals. The absorbance of light at specific
wavelengths is attributed to covalently unsaturated compounds, known as
chromophores, which are responsible for the colors observed in the materials. These

compounds absorb UV-visible light due to electronic transition energy differences that
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match the energy of the incident light. In addition to chromophores, auxochromes are
groups that do not directly absorb UV-visible light but influence the absorption
characteristics of chromophores. Auxochromes are electron-donating groups that
enhance the color intensity of chromophores without altering their own color. When
UV-visible radiation interacts with chromophores, it induces electron excitation, where
electrons in the ground state transition to an excited state. This phenomenon is crucial
for understanding the optical properties and behavior of materials. UV-visible
spectrophotometers utilize a light source directed through a sample, with a detector on
the opposite side to measure the transmitted light. The recorded transmittance data
reveals how much light is absorbed at each wavelength, providing valuable insights into
the molecular structure and composition of the sample. By analyzing the absorption
spectra, researchers can identify functional groups, quantify concentrations, and assess

the purity of various chemical compounds [29,30].

2.4.2 Photoluminescence (PL)

When a material absorbs light of sufficient energy, photons excite electrons to
higher energy levels, creating electronic excitations. As these excitations relax, the
electrons return to the ground state. Photoluminescence (PL) is the emission of light
from a material as it transitions from an electronically excited state to the ground state,
following the absorption of energy from an external light source. PL spectroscopy
involves measuring parameters such as lifetime, intensity, and line shape, and has

become a widely used non-contact and non-destructive technique for analyzing the
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properties of photocatalysts and various materials [31]. With a fluorescence
spectrophotometer (F-700, Hitachi, Japan), steady state PL spectra of the prepared
catalysts in this work were revealed.

The photoluminescence intensity can be further analyzed under varying external
parameters, such as temperature and applied voltage, to gain deeper insights into the
material's electronic states and bands. PL is inherently dependent on the nature of the
optical excitation. The energy of the excitation determines the initial photoexcited state
and affects the penetration depth of the incident light. The PL signal's intensity often
correlates with the density of photoexcited electrons, allowing researchers to adjust the
incident beam's intensity to control this parameter. This makes PL spectroscopy a
versatile tool for investigating the optical and electronic properties of materials, helping
researchers explore various phenomena such as energy band gaps, defect states, and

charge carrier dynamics [32].

24.3 UV Photoelectron Spectroscopy (UPS)

Photoelectron Spectroscopy (PES) is an analytical technique that measure the
excitation of'a sample by photons to release photoelectrons, providing insights into the
electronic structure of materials. When a material is illuminated with light of a specific
wavelength, electrons are emitted if the light's energy is sufficient to overcome the
sample's work function which is the minimum energy needed to dislodge an electron

from the Fermi level to an external rest state. UV Photoelectron Spectroscopy (UPS)
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focuses on the UV range, with the excitation energy between 8 and 50 eV. During UPS
measurement, a sample is exposed to monochromatic UV light.

UPS is effective for examining surface electronic states, as it operates with high-
resolution spectral excitation sources like He I and He II gases, ensuring excellent
monochromaticity [33]. The primary function of UPS is to analyze the spin separation
of ions, resonance structures, energy band structures, void states, or surface states of
materials. Although UPS operates similarly to X-ray Photoelectron Spectroscopy
(XPS), it utilizes lower energy than X-rays, which are typically employed for
examining core-level electrons. X-rays can only effectively target outer valence
electrons and those in the valence band, providing high energy resolution. Conversely,
UPS offers superior resolution for investigating the electronic structure of the valence
band due to its ability to assess the energy distribution of electrons within the valence
shell. By analyzing the energy distribution of these electrons, UPS can extract relevant
information such as valence band energy, work functions, and electron density
distributions. This makes UPS a tool for understanding the material properties at the

electronic level, aiding in the study of complex electronic configurations [34].

2.5 Gas Chromatography-Mass Spectrometry (GC-MS)

Gas Chromatography-Mass Spectrometry (GC-MS) is a widely used analytical
platform for analyzing volatile and thermally stable chemicals, offering precise
separation and identification capabilities. For the gas chromatography, samples are

typically diluted or dissolved in a solvent and then injected into the heated intake port,
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where they vaporize into a gaseous state. The sample is then carried through the column
by an inert gas serving as the mobile phase. Different components within the sample
interact variably with the stationary phase, causing them to move through the column
at distinct rates. This differential movement leads to the separation of sample
components detected as they exit the column. The resulting chromatogram shows peaks
that represent each separated compound. The height of each peak indicates the quantity
of the compound detected, while the position of the peak corresponds to the time it
takes for the compound to move through the column.

After the separation in the GC, each compound is introduced to the mass
spectrometer (MS) for further analysis. It is started with the ionization process
occurring to break the compounds into charged particles or ions by directing a high-
energy electron beam at the molecules of the sample. These ions are characterized by
their mass-to-charge ratio (m/z), calculated by dividing the fragment's mass by their
charges. The ions are then subjected to a magnetic field and accelerated through a tunnel,
leading to their deflection based on m/z ratios. Upon reaching the detection plate, the
relative abundance and m/z ratios are determined, resulting in the creation of a mass
spectrum. This spectrum—a graphical representation of signal strength or abundance
of each fragment versus its m/z ratio for each chemical compound. Although GC-MS
excels in analyzing volatile and low to moderate molecular weight compounds, it is
limited to mass range and lower effectiveness for high molecular weight molecules.
Nevertheless, GC-MS remains a powerful tool in identifying complex mixtures due to

its precise separation and detection capabilities [35].
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The GC-MS analysis for the liquid products in this study (1 uL samples) was
conducted by using a Shimadzu GC-2010 gas chromatograph (Japan) fitted with an HP-
INNOWAX column (60 m x 0.25 pum x 0.32 mm; Agilent Technologies, USA), in
conjunction with a Shimadzu GCMS-QP2010 mass spectrometer (Japan) using helium
as the carrier gas. The analysis was performed under specific conditions: a pressure of
91.8 kPa, a total flow rate of 24.7 mL min™', a column flow rate of 2.2 mL min™', a linear

!, a split ratio of 10, an oven

velocity of 37.9 cm s, a purge flow of 5 mL min
temperature of 40°C, and an injection temperature of 150°C. Within the GC oven, the
temperature program was set to be 40°C for 15 minutes, followed by an increase of
25°C min! to 200°C, maintained for 20 minutes. The mass spectrometry settings were
as follow: an ionization energy of 70 eV, an ion source temperature of 230°C with
electron ionization mode, an interface temperature of 250°C, a solvent cut time of 1
minute, a detector gain of 0.8 kV, thresholds of 5, a start time of 2 minutes, an end time
of 5.58 minutes, acquisition mode for selected ion monitoring, and a mass range of 0 to

100 m/z. Data analysis was carried out using Shimadzu's GC-MS Solution Software,

version 4.30.

2.6 Electron Paramagnetic Resonance Spectroscopy (EPR)

Electron Paramagnetic Resonance (EPR) is a form of spectroscopy that is used
to examine intermediates or radicals in reactions through their interaction with
electromagnetic waves. It is crucial for understanding the reactivity of the sample

chemical species. Unlike most spectroscopies where the energy is varied, EPR typically
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maintains a constant frequency while sweeping the magnetic field. This approach
changes the energy levels of the sample to match the spectrometer, allowing for precise
analysis. The resonance condition is achieved by applying an external magnetic field,
which separates the degenerate spin energy levels to align with the energy of
microwaves. Paramagnetic materials, which become magnetized in the presence of a
magnetic field without retaining a permanent magnetic moment, possess the necessary
electron spin energy levels for this analysis. The magnetic dipole moment of unpaired
electrons serves as the physical basis for this paramagnetism, making EPR an
invaluable tool in exploring the electronic structure and dynamics of paramagnetic
substances [25].

EPR analysis for this study was performed by using Miniscope MS-5000 EPR
spectrometer (Freiberg Instruments, Germany), equipped with a 0.575-W visible-light
laser (462 nm single wavelength) and high-power light-emitting diode as the light
source for spectrometer. 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPQO) was added to
detect radicals in the 50 uL sample solution. All samples were exposed to radiation for
1 min. The measurement parameters included a field modulation of 0.2 mT, modulation

frequency of 100 kHz, scan range of 15 mT, and microwave power of 10 mW.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Preparation and Characterization of Photocatalysts

To characterize the microstructures of K-PHI and CoP@XK-PHI, the TEM and
HR-TEM analyses were performed. In Figure 1a, CoP can be clearly observed in the
black area, which was evenly distributed on K-PHI in the gray area. HR-TEM image in
Figure 1b further reveals distinct characteristics of CoP. The lattice spacings of 0.199
nm and 0.245 nm corresponded to the (211) and (102) planes of CoP, respectively
[36,37]. Moreover, EDS elemental mapping results of CoP@K-PHI in Figures 1¢ and

d show that Co and P elements in CoP were distributed on K-PHI.
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(c) Co element (d) P element

Figure 1 (a) TEM image (b) HR-TEM image and (c-d) EDS elemental

mappings of CoP@K-PHIL.

Figure 2 illustrates the XRD patterns of CoP, K-PHI, and CoP@K-PHI. K-PHI
exhibited two weak diffraction peaks at 8" and 9.67" along with the main peak at 28.16¢,
related to the (110), (010), and (002) planes of K-PHI, respectively [38,39]. For pure
CoP, the diffraction peaks located at 31.63" and 36.5° corresponded to the (011) and (102)
planes [40], while the peaks at 46.28°, 48.18° and 56.72° can be indexed to the (112),
(211) and (013) planes of CoP, respectively [41]. The XRD pattern of CoP@K-PHI still
exhibits the characteristic diffraction peaks of both CoP and K-PHI with no obvious
shift observed. These observations indicate that the introduction of CoP co-catalyst did
not affect the crystal structure of K-PHI catalyst. Moreover, the peaks with low

intensities of the CoP in CoP@K-PHI samples might be attributed to its low content
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and high dispersion. Figures 1 and 2 demonstrate the successful preparation and

integration of CoP co-catalyst into K-PHI catalyst.
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Figure 2 XRD pattern of CoP, K-PHI and CoP@K-PHI.

Figure 3 depicts the FTIR spectra of K-PHI and CoP@K-PHI to confirm the
chemical structure and similarities of the prepared catalysts. In both K-PHI and
CoP@K-PHI, the sharp peak at 805 cm™! indicated the vibration modes of the triazine
group unit [42,43] and strong absorption peaks at 1100-1700 cm™ resulted from the
stretching modes of heterocyclic compounds [43]. Various characteristic signals of K-

PHI were presented, including the vibration mode of the C—N observed at 914 and 991
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cm’!. The peak at 2175 cm! can be ascribed to the stretching vibration of terminal cyano
group (C=N) [44,45], which was related to the defects in the heptazine units in K-PHI.
These defects typically occurred during molten salt synthesis [46]. Additionally, the
broad absorption peak positioned at 2950-3600 cm™! represented the N-H stretching
vibration or O-H bands involved in uncondensed amino groups and adsorbed water
molecules [47,48]. However, although the similar patterns and positions of the peaks
from the both catalysts were observed, the lower intensity peaks of CoP@K-PHI
compared to K-PHI can be observed. This is attributed to the interaction of CoP with

K-PHI via n—x interactions [49].
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Figure 3 (a) FTIR spectra of K-PHI and CoP@K-PHI (b) Zoom view of FTIR

spectra reveals the wavelength range of 700-2000 cm™ of K-PHI and CoP@K-PHI.
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X-ray photoelectron spectroscopy (XPS) was employed to analyze the chemical
states and elemental compositions of K-PHI and CoP@K-PHI catalysts. In Figure 4a,
the survey scan spectra of CoP@K-PHI indicated the presence of six elements including
C, K, N, O, Co and P, whereas Co and P elements were not detected in K-PHI. From
the C 1s XPS spectra (Figure 4b), both K-PHI and CoP@K-PHI displayed a major peak
at a binding energy of 288.2 eV attributed to the sp>-hybridized carbon (N-C=N) in the
heptazine units and a minor peak at 288.6 eV corresponding to the cyano group (C=N),
resulting from the decomposition or incomplete polymerization during synthesis, which
wass consistent to the FTIR results. In addition, the 2 peaks located at 295.6 eV and
292.8 eV were related to K 2pi2and K 2ps3p, respectively. These peaks from the K 2p
chemical state reveal the interposition of K™ ions in the K-PHI framework [45,46].
Figure 4c. illustrates the N 1s XPS spectra of both K-PHI and CoP@K-PHI catalysts.
The prominent peak at 398.6 eV was ascribed to the sp>-hybridized nitrogen (C—N=C)
in heptazine units. Small peaks at 400.1 and 401 eV were related to tertiary nitrogen
groups (N-(C)3) and terminal amino groups (C—N—H). These peaks represented the
basic substructure units in the formation of the K-PHI catalyst [50]. For CoP@K-PHI,
3 peaks can be observed in the Co 2p XPS spectra (Figure 4d.). The peak at 781.4 eV
was Co 2ps32 with the satellite peak located at 785.2 eV belonging to oxidized cobalt
species, while the peak at 778.1 eV corresponded to the binding energy of Co—P bond
in CoP [51,52]. The P 2p XPS spectra (Figure 4e) show 2 peaks at 129.2 eV and 133.6
eV, which can be attributed to P 2p3» of CoP and oxidized phosphate species,
respectively [51]. XPS results supported the presence of CoP and successful synthesis

of the K-PHI and CoP@K-PHI catalysts
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Figure 4 High resolution XPS spectra of (a) Survey (b) C Is (c¢) N 1s of K-PHI

and CoP@K-PHI (d) Co 2p and (e) P 2p of CoP@K-PHI.

3.2 Optical and Photophysical Properties of Photocatalysts

UV-Vis absorption and PL spectra were conducted to investigate the optical
properties of the K-PHI, CoP@K-PHI and Pt@K-PHI. Figure 5 displays the UV-Vis
spectra of the prepared catalyst. The band gap value was determined based on the Tauc
plots in Figure 6. As a result, all catalysts exhibited an absorption edge at ~460 nm.
The increased absorption intensity, which implied the efficiency for using solar
irradiation in the photocatalytic reaction, in the entire visible light region of CoP@XK-
PHI and Pt@K-PHI compared to K-PHI demonstrated that CoP and Pt co-catalyst can
improved light absorption ability of K-PHI. Furthermore, the absorption edge of

CoP@K-PHI and Pt@K-PHI did not significantly shift after loading co-catalyst
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indicating that CoP and Pt did not affect the internal crystal structure of K-PHI [53],

which was in good agreement with the XRD results.
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Figure 5 UV-Vis absorption spectra of K-PHI, CoP@K-PHI and Pt@K-PHI.
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Figure 6 Tauc plots obtained from the absorption spectra of K-PHI, CoP@K-

PHI and Pt@K-PHL

The steady-state photoluminescence (PL) spectra under 325 nm excitation of K-
PHI, CoP@XK-PHI and Pt@K-PHI catalysts are shown in Figure 7. The PL spectrum
revealed an emission peak at approximately 460 nm. The lower PL intensity of
CoP@K-PHI and Pt@K-PHI compared to K-PHI indicated that loading co-catalysts
into the K-PHI help increase the separation and migration efficiency of photogenerated
charge carriers of the catalyst, resulting in the suppression of the internal recombination
[54,55,56]. These enhancements in light absorption and charge transfer-separation
contributed to improved photocatalytic activities for both hydrogen evolution and

methanol reforming [57].
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Figure 7 Steady-state PL spectra under 352 nm excitation of K-PHI, CoP/K-

PHI and Pt/K-PHI.

The electronic structure of photocatalysts is crucial for determining the
feasibility of photogenerated charge transfer, thereby controlling the photocatalytic
redox processes and influencing the overall reaction performance. Figure 8 presents the
ultraviolet photoelectron spectroscopy (UPS) spectrum of K-PHI, CoP@K-PHI and
Pt@K-PHI, which was used to identify the valence band maximum (VBM) level
against the vacuum. The conduction band minimum (CBM) levels of these

photocatalysts were assessed based on the VBM levels and bandgap energy obtained
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from the Tauc plots. As shown in the schematic energy-level diagrams of the
photocatalysts relative to the levels of H>O reductions and OH™ oxidations in an aqueous
solution (Figure 9), the VBM levels of the K-PHI, CoP@K-PHI and CoP/K-PHI were
-6.14 eV, -5.84 ¢V and -5.77 eV, respectively. The CBM levels of the photocatalysts
were sufficiently high to enable the reduction of H>O by photogenerated electrons,
leading to H» production. Incorporating the co-catalysts increased the CBM levels and
decreased the bandgap energy of K-PHI, thus enhancing the photocatalytic efficiency.
These changes suggested that the co-catalysts played a significant role in modifying the
electronic properties of K-PHI, resulting to be more effective for photocatalytic

applications [58,59].
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Figure 8 UPS spectra of K-PHI, CoP@K-PHI and Pt@XK-PHI. The UPS widths
(black lines) can be determined by these two intercept binding energies, and the VB can

be calculated by subtracting these widths from the excitation energy (21.2 eV).
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Figure 9 Schematic energy-level diagrams of the K-PHI, CoP@K-PHI and
Pt@K-PHI relative to the levels of H2O reductions and OH’ oxidations in an aqueous

solution.

33 Photocatalytic Reforming of Methanol

Photocatalytic reforming of methanol using CoP@K-PHI compared with
Pt@K-PHI was performed under the reaction conditions presented in experimental
section (Chapter 2). GC-MS was used to analyze the liquid phase product from this
photocatalytic reaction. Figures 10 and 11 present the GC-MS spectra of the solution
after 96 h reaction period using CoP@K-PHI and Pt@K-PHI as photocatalysts,
respectively. The spectrum indicated that ethylene glycol (C2H4(OH)2) was the only
product formed in the solution when CoP@K-PHI was employed in the reforming

reaction. In contrast, the use of Pt@K-PHI led to the formation of acetate (CH3;COO"),
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demonstrated that the difference of co-catalyst significantly influenced the reaction

pathway and the resulting product. The structures of products were confirmed through

MS analysis with electron impact ionization, which identified acetic acid (m/z =60) as

a product while using Pt@K-PHI and ethylene glycol (m/z =62) for CoP@K-PHI. For

the gas phase, H> was the only product detected in the GC profile during the

photoreforming process.

(a)
Retention time (mln) Name Area peak
13.642 1,2-Ethanediol .~ 1318358/~
=
(72}
c
2
=
)
=
©
]
24
i L
T T T T
1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17
min
(b)
Retention time: 13.642
100 3
1,2-Ethanediol (C;Hs0)
27 L] 62
20 °© ' 3 89 101 ] 139 (145 158 168 187 196
10 20 30 40 50 60 70 80 90 100~ 110 120 130 140 150 160 170 180 190

Figure 10 (a) Liquid products from the GC-MS analysis in the solution of

methanol photoreforming containing CoP@K-PHI after 96 h irradiation. (b) Mass

spectra of the compounds obtained from GC spectra with CoP@K-PHI. All the

compounds have been confirmed with the standard solutions.
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Figure 11 (a) Liquid products from the GC-MS analysis in the solution of
methanol photoreforming containing Pt@K-PHI after 96 h irradiation. (b) Mass spectra
of the compounds obtained from GC spectra with Pt@K-PHI. All the compounds have

been confirmed with the standard solutions.
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Figure 12 illustrates the reaction products, which were analyzed every 12 h
during 96 h of photocatalytic methanol reforming reaction using CoP@K-PHI as a
photocatalyst. Ethylene glycol, the only product in the liquid phase, was rapidly
produced in substantial quantities during the first 12 h (258 pmol h™!) and the production
rate gradually decreased to a stable level of approximately 109 pmol h'!' after 24 h.
Similarly, HER activity in the gas phase exhibited a similar reaction trend, with a
production rate of 218 umol h™!' during the first 12 h and gradually decreased to be 123
pumol h! after 24 h. In comparison, Figure 13 depicts the reaction products over the
same duration using Pt@K-PHI as a photocatalyst. In addition to the difference in the
liquid phase product, it was evident that the reaction trends differed significantly
between 2 co-catalysts. During the first 12 h, the production rates of acetate in the liquid
phase and hydrogen in the gas phase were relatively low, at 59 umol h! and 131 pmol
h!, respectively. Then, these rates gradually increased reach to the highest production
rates of 101 umol h™' from acetate and 197 pmol h'! from hydrogen after 60 h. The total
amount of hydrogen from Pt@K-PHI was slightly higher than that from CoP@XK-PHI,
due to Pt was more effective in trapping photogenerated electrons for HER. However,
CoP@K-PHI also demonstrated the effective performances in methanol reforming and
hydrogen production. Considering the cost and product differences, CoP may emerge
as a promising co-catalyst in the photocatalytic reactions. The distinct reaction trends
observed may be attributed to the co-catalyst loading method into K-PHI. In the first
12 h, Pt was in the initial photodeposition progress, while CoP was pre-deposited prior

to the reaction's commencement [58].
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Figure 12 Productions of (a) ethylene glycol (liquid phase) (b) hydrogen (gas

phase) over 12 h intervals during 96 h of photocatalytic methanol reforming with

CoP@K-PHI under simulated solar irradiation.
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Figure 13 Productions of (a) acetate (liquid phase) (b) hydrogen (gas phase)
over 12 h intervals during 96 h of photocatalytic methanol reforming with Pt@K-PHI

under simulated solar irradiation.

47



34 Mechanism of Methanol Reforming over CoP@K-PHI and Pt@wK-PHI

Due to the effect of different co-catalysts on the product selections in the
photocatalytic reforming of methanol, the associated free radicals and the functional
roles of CoP and Pt co-catalysts were studied by analyzing the reaction pathways via
electron paramagnetic resonance (EPR). Figures 14 and 15 display EPR signals using
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the spin trapping agent to further explore
the formation of the intermediate free radicals in the photocatalytic methanol reforming
reaction using CoP@K-PHI and Pt@K-PHI as photocatalysts, respectively. The
spectrum of the solution with CoP@K-PHI after 1 min of irradiation (Figure 14a)
revealed signal patterns of the adducts DMPO-+CH>OH, DMPO-+H and DMPO—OH,
consistent with documented reference spectra (Figure 14b). In contrast, the spectrum of
Pt@K-PHI (Figure 15a) showed significantly different intermediate free radical
formations, exhibiting the signal patterns of the adducts DMPO—-CH3z, DMPO—CO2,
DMPO—+H and DMPO-+OH, also consistent with the documented reference spectra
(Figure 15b) [59,60,61]. The generation of free radicals indicated that *H and *OH
radicals might have been produced from H,O reduction and oxidation of OH" in the
photocatalytic reaction, respectively. The *CHj and *CO;" radicals observed in the
solution using Pt@K-PHI co-catalyst were generated from the photocatalytic
dehydration of methanol with reactive *H and *OH, respectively [59]. The «CH.OH
radical was produced from C-H bonds activation of methanol by reactive *OH.
These *CH>0H radicals were the major intermediate for the ethylene glycol production

[62,63]. Thus, it was evident that the photoholes and *OH from the oxidation reaction
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played a crucial role in ethylene glycol production from the photocatalytic reforming
of methanol using CoP@K-PHI.

The modification of co-catalysts into K-PHI could significantly enhance the
efficiencies of photocatalytic H> production and methanol reforming reactions with the
different roles, resulting in different reaction pathways and selective product formations.
The CoP co-catalyst may provide the active sites to promote hole trapping and the
selective cleavage of inert C-H bonds of methanol subsequent C-C coupling of «CH,OH
radicals to produce the ethylene glycol. Additionally, the photogenerated charge
separation and migration efficiency of CoP influence the coupling of *H radicals to
produce H; on the K-PHI surface. Conversely, Pt acts as an effective co-catalyst to act
as H>O reduction sites with electrons to facilitate H, production and subsequently

improve the photocatalytic C-C coupling reaction to produce acetate [62,64].
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Figure 14 Analysis of free radicals by employing spin trapping by DMPO and
subsequent analysis through EPR. (a) EPR spectrum captures the spin-trapping adducts
from the photocatalytic methanol reforming with CoP@K-PHI after 1 min irradiation.
(b) Documented EPR spectra of spin-trapped species, DMPO—CH,OH, DMPO—H

and DMPO—OH.
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Figure 15 Analysis of free radicals by employing spin trapping by DMPO and
subsequent analysis through EPR. (a) EPR spectrum captures the spin-trapping adducts
from the photocatalytic methanol reforming with Pt@K-PHI after 1 min irradiation. (b)
Documented EPR spectra of spin-trapped species, DMPO-+CH3;, DMPO—-COy,

DMPO—H and DMPO—OH.
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Figure 16 illustrates the reaction pathways involved in the photocatalytic
hydrogen evolution reaction (HER) and the reforming of methanol into ethylene glycol
using CoP@K-PHI as a photocatalyst. Under irradiation, the process initiated with the
absorption of light by K-PHI exciting electrons in the valence band (VB) to the
conduction band (CB), so the holes were left in the valence band. These photogenerated
electrons participated in the reduction of H>O, leading to the formations of OH™ and <H.
The *H radicals on the K-PHI surface participate in coupling to produce H» [65,66].
Along with the photocatalytic reduction, photogenerated holes from K-PHI migrated to
the CoP co-catalyst and combined with OH™ to form reactive *OH species, which
efficiently activated the C-H bonds of methanol. The *CH>OH radicals produced from
the C-H bond activation of methanol underwent C-C coupling to form ethylene glycol
which was the valuable product of this photocatalytic methanol reforming reaction [62].
CoP served as an effective co-catalyst by providing active sites for the transfer and
assembly of photogenerated holes from K-PHI preventing the charge carrier
recombination and allowing a higher concentration of electrons accumulated on the K-
PHI surface for enhancing H>O reduction reactions, thereby improving the HER

process [67].
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Figure 16 Proposed mechanism in the photocatalytic reforming of methanol

over CoP@K-PHI to produce ethylene glycol and functional role of the CoP co-catalyst.
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Figure 17 shows the distinct reaction pathways and the functional role of the Pt
co-catalyst in the photocatalytic reforming of methanol. Pt has been well-recognized
for its efficiency in photocatalytic HO reduction by trapping photogenerated electrons
from K-PHI to generate *H radicals, which subsequently couple to produce Ha [15,67].
In addition to hydrogen production, the reactive *H radicals formed on the Pt co-catalyst
through the interaction of photogenerated electrons and H,O were also responsible for
photocatalytic dehydration of methanol. These *H radicals attacked the C-OH bond in
methanol, leading to the formation of *CHj3 radicals. Concurrently, the effective charge
carrier separation and transfer facilitated by the Pt co-catalyst resulted in a large number
of holes accumulation on the K-PHI surface, which was sufficient to produce the
reactive *OH radicals through the photooxidation of OH'. These *OH radicals
contributed to the reforming of methanol via photocatalytic dehydration, resulting in
the formation of *CO: radicals [59]. The generated *CHs and <CO;  radicals
subsequently underwent C-C coupling to produce acetate as the valuable product of this
photocatalytic reaction. However, the presence of intermediates such as formaldehyde
or formate could not be detected in our analysis, suggesting that the reaction proceeded

rapidly.
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Figure 17 Proposed mechanism in the photocatalytic reforming of methanol

over Pt@K-PHI to produce acetate and functional role of the Pt co-catalyst.

Table 1 provides a comparative analysis of recent studies on photocatalytic
methanol reforming reactions, focusing on key parameters such as the photocatalyst
used and experiment conditions resulted to the reforming products, conversion rates,
and selectivity. These parameters are crucial for evaluating the efficiency and
practicality of photocatalytic processes, as they reveal the influence on specific reaction
pathways, product selection, and overall performance. By summarizing these findings,
the table highlights current advancements, identifies variations in outcomes, and
pinpoints knowledge gaps in the field, offering a foundation for optimizing

photocatalytic systems.
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Table 0 Literature review on photocatalytic methanol reforming reaction.

Photocatalyst Exper.n'nent Irradiation source Reforming product Conversion Main pl.'o.d uct Ref.
conditions selectivity
225 mL of H,O + . o o This
CoP@K-PHI 25 mL of CH.OH Solar simulator Ethylene glycol 2.3% 100% work
225 mL of H,O + . o o This
Pt@K-PHI 25 mL of CH:OH Solar simulator Acetate 1.2% 100% work
_ 0
PU/TIO; 1 L of CH;OH UV irradiation Farpalayayds, \ 36.1-100% depend on [20]
Methyl formate operation temperature
300 W Xenon lamp;
5.0 cm?,76 wt% e b - j Ethylene glycol
CoP/Zn,In,Ss ’ visible light i 4.5% 90% [64]
CH3;0H + 24 wt% H>O K ldehyd
3 W70 2 (7»:400-780 nm) ormaldenydae
. Formaldehyde, o
PUTIO; Photo-steam reforming Formic acid 38.5% [71]
. reactor recirculation . Formaldehyde, o
Ag/TiO, mode with 40 mL min™! rig?gu}iilzlgf?;ﬁp Formic acid g 98.8% [71]
. of a 2% CH3OH/3% > Formaldehyde, 0
AUTIO; H>O/N> (balance) gas (A =350-400 nm) Formic acid ) 38.9% [71]
Au-Ag/TiO; mixture Formaiienyds 3 40.9% [71]
Formic acid
. 0.5 mL DO + 20 uL - | Xenon lamp (350 nm Methyl glycol,
PA/TIO; CH;0H <X <400 nm) Hemiacetal, Formic acid J ) [72]
Cu/TiO; S0 mL C.HSOH 300 W Xenon lamp Formaldyhyde - 100% [73]
solution
. . 300 W Xenon lamp o
Ni/CdS CH;0H solution (. >420 Ain) Formaldyhyde - 100% [74]
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Photocatalyst Exper.il'nent Irradiation source Reforming product Conversion Main pl.'o.d uct Ref.
conditions selectivity
100 mL 5 vol% 300 W Xenon lamp o
g-C3N4/LaCoOs3 CHLOH solution (.= 450 nm) Methane - 100% [75]
Bi2WOs, BiOBr, 100 mL CH,OH tu3noostz\r/1 h?‘?%i?or Formaldyhyde - - [76]
BixMoOs, BiVO4 solution g brol Yy
lamp
Formaldyhyde,
Pt/TiO; CH;0H solution 300(;\/: )i;r(l)orrllniz;mp Methylene glyeol, - - [77]
Methoxymethanol
Methoxymethanol,
TiO; CH30H solution 300 W Xenon lamp Methylene glycol, - - [78]
Methyl formate
Hg-Xe lamp and
dichroic filters Formic acid
0, s
Pt-Nb/TiO; 30 V(S)cl)ﬁ: t(ijOI:I:OH allowing exposure of Formaldehyde, - 85% [79]
the catalysis to the Methyl formate
UV (280400 nm)
Hg-Xe lamp and
dichroic filters iz
0
Pt-Nb/TiO; 30 vol% CH3OH allowing exposure of e agid, - 91% [79]
solution . Methyl formate
the catalysis to the
Visible (420—680 nm)
500W Mercury lamp
0
CuO/TiOx-T I'vol% CH;OH (. =365 nm), Methyl formate 93.3% 89.4% [80]
solution \
UV-Light
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Experiment

Photocatalyst o Irradiation source Reforming product Conversion Main pl.'o.d uct Ref.
conditions selectivity
0
CuO/CuZnAl Ivol.% CH;OH | S00W Mercury lamp |y o1 gormate 80% 60% [81]
solution (A =365 nm)
MoS,/CdS 76 vol.% CH;OH Xenon lamp
nanorods solution (L =420-680 nm) Ethylene glyeal ] i [82]
300'W Microsolar Methylal, 0
2D SnS/g-C3N4 Pure CH30H lamp Methylformate - 54.3% [83]
MgO porous Mercury lamp
nanocrystal Pure CH3;0H (.= 200-2500 nm) Formaldehyde - - [84]
500 W Hg-Xe arc
0
Au NDs/ TiO» 10-vol.% .CH3OH lamp and cut-off Formal‘deh}./de, - - [85]
solution Formic acid,

filter (A > 400 nm)
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35 Study of Photodegradation of Atrazine

The previous experimental results demonstrated the advantages of
photocatalysts and photocatalytic processes for enhancing chemical value and
producing environmentally friendly fuels. Building on this foundation, we extend our
research to address environmental remediation challenges by studying the
photodegradation of atrazine, a persistent and toxic herbicide widely used in agriculture
[68] by focusing on the effects of solution height and the TiO» photocatalyst for
potential practical applications. This shift explores the various benefits of
photocatalytic processes—not only as a tool for clean fuel and valuable chemicals
production but also as a promising approach for pollutant degradation.

The experiments were conducted in a 11.4 x 18.9 x 13.4 cm reactor containing
40 ppm atrazine dissolved in a 30:70 ratio of DI water to methanol solution using UVC
lamp as' the irradiation source. The concentration of atrazine in the solution was
analyzed by using high performance liquid chromatography (P2000 HPLC, 223 nm UV
detector, C18 QuasarTM column). Figure 18 shows the atrazine concentration during
the photodegradation process without catalyst at different solution heights. After 150
min, the degradation efficiencies were approximately 47.77%, 42.66%, 39.73%,
30.77%, and 18.63% at the solution heights of 2, 3, 4, 8, and 12 cm, respectively. These
results indicated that solution height significantly affects atrazine degradation
efficiency. As the solution height increased, the concentration of light absorbed by

atrazine molecules to enter the excited state reaction was reduced. Therefore, the
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solution heights of 8 cm and 12 cm were unsuitable for this process due to the low
degradation efficiency observed.

To investigate the effects of catalyst concentration, TiO2 photocatalyst was
introduced into the atrazine solution with conditions described above and stirred until
homogeneous before irradiation. The TiO2 concentrations used were 1, 2, and 4 g/L at
each solution height. I mL samples of the solution were collected and then analyzed
using HPLC. Figure 19 illustrates the atrazine concentration at different solution
heights with varying amounts of TiO: as the photocatalyst. The presence of the TiO:
enhanced the atrazine degradation efficiency compared to that without a catalyst
reaction. At solution heights of 4 cm (Figure 19a.) and 3 cm (Figure 19b.), the
degradation rates followed similar trends. The increased catalyst amounts led to
improved degradation efficiency due to the effective ability of the catalyst to trap and
transfer photogenerated charges. On the other hand, Figure 19¢ shows a distinct trend
at a solution height of 2 cm by increased the amount of catalyst resulted in a decreased
degradation efficiency, which was attributed to the excess catalyst. The accumulation
of catalyst from the lower solution height led to faster sedimentation resulted in lower
surface area and blocked the active sites of TiO2 [69]. Additionally, the excess catalyst
can scatter light at the solution surface, decreasing light penetration and subsequently

reducing the energy absorbed by the atrazine molecules [70].
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Figure 18 The concentration of atrazine in the solution during photodegradation

without catalyst at the different solution heights.
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Figure 19 Photodegradation of atrazine with the different amount of TiO2

catalyst at the height of solution (a) 4 cm (b) 3 cm (c) 2 cm.
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CHAPTER 4 CONCLUSION

This study explored the photocatalytic H> production combined with the
reforming of methanol into high-value products using K-PHI photocatalyst under solar
irradiation. Our results provided significant insights into the functional roles of CoP
and Pt co-catalysts in this process, particularly in influence on product selection and
reaction pathways. From electron paramagnetic resonance (EPR) analysis, it was
identified that the formation of various intermediate free radicals play crucial roles in
determining the final products of the reaction. H> was the sole product in the gas phase
that was generated through coupling of *H radicals. In the liquid phase, CoP@K-PHI
was found to be particularly effective in promoting the selective production of ethylene
glycol by generating and coupling of *CH,OH radicals. The CoP co-catalyst served as
an efficient site for photogenerated charge separation and holes trapping, promoting the
C-H bond activation of methanol and the subsequent C-C coupling required for
ethylene glycol formation. In contrast, Pt acted as an effective co-catalyst for trapping
photogenerated electrons to produce *H radicals. Pt@K-PHI facilitated the production
of acetate by generating methyl (¢CHs) and carbon dioxide anion (*COy") radicals
through the photocatalytic dehydration of methanol, showcasing its efficiency in
hydrogen evolution reaction (HER) and methanol reforming via distinct reaction

pathways.

In summary, this study revealed the potential of modifying co-catalysts to fine-

tune reaction pathways and produce desired products. CoP exhibited selective ethylene
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glycol production, offering a promising route for cost-effective and environmentally
sustainable processes. On the other hand, Pt showed robust activity in HER,
contributing to efficient hydrogen production while also facilitating acetate formation.
The strategic use of co-catalysts like CoP and Pt in photocatalytic reactions could lead
to significant advancements in solar fuel productions and green chemistry, with broader

implications for energy and environmental sustainability.
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