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ABSTRACT

A microkinetic model was developed to describe the kinetics of hydrogen production via methanol photoreforming under UV and visible light irradiations. The model
integrates DFT calculations with experimental results to uncover mechanistic insights on the photoreforming process. The reaction mechanism and its governing rate
coefficients were embedded into the design equation of a batch reactor to simulate the experimentally measured hydrogen evolution rates. Methanol exhibits a
moderate reaction barrier to the methoxy anion (0.39 eV) and a low barrier to formaldehyde (0.16 eV), which serves as a key intermediate enabling multiple reaction
pathways. In contrast, water shows moderately accessible formation of the hydroxyl radical (reaction barrier: 0.43 eV) while the formation of oxygen radicals is less
accessible (reaction barrier: 0.66 eV). Radical coupling results in the exothermic formation of formic acid. Direct oxidation of formaldehyde yields carbon monoxide,
whereas its hydroxylation leads to the formation of carbon dioxide. The microkinetic model incorporating DFT-derived energies showed good agreement with
experimental methanol photoreforming data. The production of CH20 closely follows that of Hy, emerging as the most kinetically accessible oxidation pathway. The
production of Oy is predicted to be negligible across all metals, and the production of CO and COx is predicted to be minimal. These findings demonstrate the power of
microkinetic modelling methodologies to accurately predict photocatalytic behaviour and guide the rational design of more efficient hydrogen evolution systems.

1. Introduction

Since the idea of photocatalytic water splitting powered by solar
energy was theorised by Honda-Fujishima [1], it has remained of great
interest as a desirable route to clean hydrogen production. However, its
practical applications remain limited due to low solar-to-hydrogen ef-
ficiencies and hydrogen production rates [2]. Challenges in photo-
catalysis arise from the limitations of many semiconductor materials,
including wide band gaps, poor electron-hole separation, and poor
exciton migration to the surface. Several strategies including semi-
conductor surface loading with noble metals [3] [4] [5] [6] [7], Z- and
S-schemes [8] [9] [10] [11] and various p-n heterojunction systems [12]
[13] [14] have been explored in an attempt to mitigate these issues.
However, none have yet resulted in an economically viable solution
suitable for large-scale hydrogen production.

Despite these limitations, research efforts have increasingly focused
on identifying and optimising semiconductor materials to overcome
these issues. Among them, TiOs is a typical and widely researched ma-
terial in the field of photocatalysis, which still receives considerable
attention [15] [16] [17]. It primarily exists as two crystalline phases —
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rutile and anatase — with a third, less common phase known as brookite
[18]. Among these, anatase is generally considered as the most photo-
active phase with a band gap (Eg) of 3.2 eV [19] [20] [21] and therefore,
it is frequently employed as a model system in photocatalytic research
[22] [23] [24] [25] [26]. Photocatalytic water splitting is a key reaction
studied using TiOy [27] [28] [29] [30] [31] [32] [33] where the pro-
duction of Hy from water-splitting is driven by the irradiation of a
photocatalyst generating electron-hole (e -h') pairs. The photo-
generated holes facilitate the oxidation of adsorbed HyO molecules,
yielding protons (H') and oxygen (O,), while the photogenerated
electrons reduce H™ to produce hydrogen (Hy) [34]. However, the
overall efficiency of this reaction is often limited by the rapid recom-
bination of charge carriers and the thermodynamically favourable
backward reaction, which forms water from its dissociated state. The
introduction of a sacrificial agent, such as methanol (CH30H), enables
irreversible scavenging of holes, thereby enhancing the Hy production
rate [35] [36] [37] [38].

The incorporation of metal co-catalysts onto anatase has gained
considerable attention over the years to improve its photocatalytic
performance [39] [40] [41]. These co-catalysts serve as charge trapping
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sites, significantly enhancing photocatalytic efficiency, although their
effectiveness is highly dependent on factors such as metal selection [42]
[43] and loading concentration [44] [45]. In a recent study, we inte-
grated computational and experimental techniques to shed light on how
different noble metals such as Pt, Pd, Au, and Ag affect the photo-
catalytic enhancement of TiO, activity for hydrogen production via
methanol reforming [46]. Despite these insights, a comprehensive
mechanistic understanding of the reaction pathway remains essential for
accurately predicting hydrogen evolution and guiding the rational
design of more effective photocatalysts.

Mechanistic studies using quantum mechanical methodologies are
crucial for interpreting experimental phenomena at the atomic level,
elucidating reaction barriers, electronic structure, and adsorption en-
ergies [47] [48] [49] [50] [51] [52]. When integrated with experi-
mental studies, these theoretical approaches enable a comprehensive
understanding of reaction mechanisms [53] [54] [55] and identification
of catalyst descriptors for further catalyst development [56] [57].
Modelling approaches, building upon these quantum mechanical in-
sights, offer a complementary framework to translate atomic-level in-
formation into a dynamic description of the -catalytic process.
Microkinetic modelling, in particular, is based on the construction of a
reaction network composed by elementary steps that adhere to the
principle of microscopic reversibility, without requiring any a priori
identification of rate-determining steps. Estimating rate coefficients
from density functional theory (DFT) calculations provides a rigorous
basis for elucidating the reaction mechanism, enabling the quantifica-
tion of transient intermediates and product distributions within the re-
action network. These models have been broadly applied to catalytic
transformation over transition metals [58] [59], zeolites [60] [61], and
metal oxides [62] [63] [64]. However, the application of microkinetic
modelling to photocatalytic transformations remains limited. Kovacic
et al. [65] incorporated electronic excitation effects in their modelling of
CO, photoreduction over Cu/TiO;. Solé-Daura et al. [66] combined
spectroscopic techniques with DFT and microkinetics in their modelling
of CO; reduction using metal-organic frameworks. Other studies have
addressed systems such as methane to methanol conversion [67] and
C—H bond activation [68] [69]. To date, however, no studies have
applied microkinetic modelling to investigate photocatalytic hydrogen
production. This study introduces the first experimentally validated
microkinetic model to describe the kinetics of methanol photoreforming
for hydrogen production, offering insights at the mechanistic level. TiO,
is used as a model photocatalyst, coupled with noble metal co-catalysts
such as Pt, Pd, Au, and Ag, to form characteristic Schottky hetero-
junctions that enhance charge separation and photocatalytic
performance.

The paper is structured as follows: Section 2 outlines the computa-
tional and experimental methodology, encompassing DFT calculations,
microkinetic model development, and experimental hydrogen evolu-
tion. In Section 3.1 we elucidated the full photoreforming mechanism,
including methanol oxidation to formaldehyde, carbon monoxide, and
carbon dioxide, as well as water splitting. In Section 3.2 we provided a
general description of the reaction kinetics by presenting the results of
the microkinetic modelling with experimental validation and reaction
pathway analysis.

2. Methods and materials
2.1. Computational methods
2.1.1. DFT calculations

DFT calculations were performed using the 5.4.4 version of the
Vienna Ab initio Simulation Package (VASP) [70] [71]. The Generalised
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Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof
functional (PBE) was employed to compute exchange-correlation en-
ergies in all calculations [72]. The Projector Augmented Wave (PAW)
method was used to describe the inner electrons [73] [74], with a cutoff
energy of the plane-wave basis set of 520 eV. Molecules in the gas phase
were calculated in boxes with dimensions 8x8x8 A. Van der Waals in-
teractions were accurately captured by including Grimme’s DFT-D3
dispersion correction method, combined with the Becke-Johnson (BJ)
damping approach for interatomic distances [75] [76]. To address
electron self-interaction within the semiconductor material, corrections
were applied using the Coulomb interaction U and the electronic ex-
change J within Dudarev’s GGA + U framework [77]. A U value of 3.9
eV was used as suggested by previous literature [50]. The lattice pa-
rameters for the anatase structure were optimized to be a = 7.49 Aandb
—10.47 A. The (101) surface is widely recognised as the most thermo-
dynamically stable facet of anatase [78] and is typically the predomi-
nant exposed surface under standard synthesis conditions [79] [80].
Accordingly, our catalyst was modelled as a Ti4O4g anatase (101)
supercell to replicate the bulk lattice structure (Fig. S2), in line with
numerous theoretical studies reported in the literature [81] [82] [83]
[84] [85] [86]. The (101) surface was chosen as the preferential expo-
sure of anatase nanocrystals according to X-ray diffraction analyses re-
ported in our previous work [46]. A 5x5x1 Gamma point grid was used
to sample the Brillouin zone. A vacuum height of 20 A was used to
prevent spurious interactions with neighbouring slabs. The convergence
criteria for all optimisation calculations were set at 1 x 107° eV for the
self-consistent field and 0.01 eV/A for atomic forces. To achieve struc-
tural optimization, a conjugate-gradient optimisation method was
employed.

For frequency calculations, the self-consistent field convergence
criterion was set to 1 x 107 eV. Transition states were determined using
the Nudged Elastic Band (NEB) method [87], implemented with the
VTST toolkit [88]. Convergence criteria for all NEB images were set at 1
x 1077 eV for the self-consistent field and 0.05 eV/A for the atomic
forces. The Vaspkit code was used to apply thermal corrections to the
Gibbs free energy [89]. We assessed the sensitivity of our results to
solvation by applying an implicit solvation model [90] using a polar
medium with a water-like dielectric constant (¢ = 78.35) as the solvent.
The thermodynamic and kinetic properties of methanol oxidation in the
presence of the solvent remained largely unaffected compared to vac-
uum calculations.

The Gibbs free energy change associated with a generic reaction step
(AG) was calculated as:

Aer—n = AErxn + AEZPE - T’Asrxn (1)

Where AEzpg and AS,,, are the difference in zero-point energy (ZPE) and
difference in entropy between products and reactants, respectively. T is
the temperature of 298 K. AE,,, represents the total energy change be-
tween products and reactants for the generic reaction step. For instance,
the adsorption energy of a molecular species (adsorbate) onto the sur-
face of TiOy (AE.4) was calculated as:

AEads = Eadsorbatei@TiOZ - (Eadsorbate + ETiOZ) (2)

where Eggsorbateatio, i the energy of the adsorbate on the TiO surface,
Eodsorbate 1S the energy of the molecular species, and Erjo, is the energy of
the pristine TiO; surface.

2.1.2. Microkinetic model development

A microkinetic model was developed to integrate insights from
experimental findings and computationally derived rate coefficients,
providing a detailed kinetic characterization of the photoreforming
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mechanism. Each elementary reaction step was assumed to be revers-
ible, with no a priori assumption on the rate determining step. Thus, the
rate constants for forward reaction steps k_, were expressed according to
the transition state theory [91]:

kBT _AGL
—-——"_¢ RT

h

k. 3
Where kg is the Boltzmann constant, T is the temperature, h is the Planck
constant, AG!, is the activation free energy obtained as the Gibbs free
energy difference between the transition state and the reactants, and R is
the universal gas constant.

To ensure thermodynamic consistency of the microkinetic model, the
rate coefficients of the reverse reactions k. were calculated as:

k<— = Kieq (4)

Where K, was expressed as:

Ky =€ RT 5)

Adsorption steps were assumed to be enthalpically unactivated.
Therefore, the rate coefficients for the adsorption steps kqs were
expressed as:

ASt
K = T ®)

The rate coefficients for the desorption steps were calculated from
DFT-derived adsorption energies. The entropy change AS}st was esti-
mated using the approach proposed by Campbell and Sellers [92],
assuming that the transition state for adsorption experiences an entropy
loss equivalent to one-third of the translational entropy of the molecule
in the gas phase (S°_..), calculated as [93]:

trans

2aMks T\ ** \ ks T\ 5
In ( ( (T) po + E (7)
Where p° is the standard pressure and M is the molecular mass of the
species. The vibrational and rotational entropies were assumed to
remain unchanged between the free molecule and the adsorbed phase,

implying that the entropy change is solely attributed to the loss of
translational entropy.

0
Smlns

=R

2.2. Experimental methods

2.2.1. Materials

Titanium (IV) oxide (anatase nanopowder, particle size <25 nm,
density 3.9 gemL™!, specific surface area 45-55 mZeg™!, 99.7 %),
palladium (II) chloride (PdCly, > 99.9 %), silver nitrate (AgNOs, ACS
reagent, > 99.0 %), gold (III) chloride trihydrate (AuClze3H50, >99.9 %
trace metals basis), chloroplatinic acid hexahydrate (HyPtClge6H50,
ACS reagent, > 37.50 % Pt basis) and methanol (99 %) were obtained
from Sigma Aldrich. All reagents were used as received. All experiments
employed doubly distilled water.

2.2.2. Photocatalytic experiments

Photocatalytic experiments were conducted at room temperature
using a 300 mL annular glass batch reactor with a height of 40 cm and a
diameter of 75 mm, following a previously reported procedure [94]. The
reactor was equipped with a magnetic stirrer operating at 1200 rpm and
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a light source enclosed in a quartz jacket. The stirring speed was selected
to ensure homogeneous mixing of the reaction solution and to eliminate
any external mass transfer limitations (see Section S1 of the Supporting
Information).

A 400 W medium-pressure mercury (Hg) lamp (Photochemical Re-
actors Ltd) served as the light source. The lamp primarily emits UV light
irradiations at 302, 313, 334, and 366 nm, and visible light irradiations
at 406 and 436 nm (manufacturer’s data). The lamp’s effective irradi-
ances were determined using a Delta OHM HD2102.1 photo-radiometer
fitted with two probes, covering the 0-400 nm and 400-1000 nm
wavelength ranges. The measured irradiances at 302, 313, 334, 366,
406, and 436 nm were 1.17 x 107, 3.19 x 107, 3.41 x 1077, 6.97 x
107, 3.04 x 107>, and 6.62 x 107> Eines !, respectively. Radiations
below 300 nm were filtered out using a cut-off filter.

In a typical run, 150 mg of TiO, and selected concentrations of noble
metal precursors were dispersed in 0.3 L of unbuffered doubly distilled
water solution containing methanol in the concentration range 0.0-3.0
M. The Schottky metal/TiOy heterojunctions (metal concentration of
0.5 mol%) were prepared through in-situ photodeposition. Resulting
materials were extensively characterized in our previous work using a
comprehensive suite of techniques to investigate their structural,
morphological, and optical properties [46].

To maintain an oxygen-free environment in the reactor, nitrogen gas
was purged through the solution for 40 min prior to initiating the
photocatalytic reaction, effectively eliminating the possibility of in-
teractions between dissolved oxygen and photogenerated electrons.
During the entire reaction process, nitrogen gas was continuously sup-
plied at a flow rate of 1 Lemin~! and cooling water was continuously
circulated through the lamp jacket to prevent overheating of the lamp.
Gas samples were collected at various time intervals using 1 L Tedlar
sampling bags and analysed using a Thermo Scientific Trace 1310 gas
chromatograph. The instrument was fitted with a HS-Q column (2 m,
60/80 mesh) and a thermal conductivity detector (TCD), with argon
employed as the carrier gas for all analyses.

The Weisz-Prater criterion was applied to confirm that the experi-
mental results reflect the intrinsic kinetics of the process without
interference from internal (intraparticle) diffusion (see Section S2 of the
Supporting Information).

3. Results and discussion
3.1. Reaction mechanism

Due to the vast range of possible products arising from radical
coupling, simulations of elementary steps were restricted to a selection
of representative reactions. In this study, a reaction network was con-
strained to C; products, reflecting the fast conversion of radical species,
as well as the low concentration of hydroxyl radicals on the anatase
surface, which suggests that any heavier products are likely to have
negligible concentration. Key elementary reaction steps describing the
oxidation of methanol and water are displayed in Fig. 1 and analysed in
detail in Sections 3.1-3.4. Methanol, water, and the reaction in-
termediates interact with the surface as adsorbed species on five-
coordinated Ti atoms (Tidd) [22] [95]. The recombination of the
hydrogen radicals occurs on the transition metal sites (TM) [96] [97]
[98].

The oxidation of methanol to formaldehyde has been extensively
studied [50] [99] [100] [101] [102] and is deemed to proceed through
two initial pathways: thermal dissociation followed by hole assisted
cleavage, or radical assisted cleavage. Water can form a hydroxyl radical
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Fig. 1. Schematic illustration of the key elementary steps in the hydrogen production process through simultaneous oxidation of methanol and water on the (101)

anatase surface.

which can further oxidise to oxygen radicals or undergo radical coupling
to form hydrogen peroxide, which can then decompose to molecular
oxygen. The oxidation of formaldehyde can yield methanediol
(CH2(OH)2) or a formyl radical (CHO) as reaction intermediates.
Methanediol undergoes oxidation to form formic acid (CHOOH), which
subsequently converts to carbon dioxide (CO3). Alternatively, the formyl
radical can be oxidised to carbon monoxide (CO) or undergo radical
coupling with a hydroxyl radical to form formic acid.

3.1.1. Methanol oxidation to formaldehyde

Fig. 2 shows dissociation of adsorbed CH3OH via hydrogen bonding
of the methanol hydrogen to the Oy, site (I-III, Fig. 2b), resulting in the
formation of a CH30O™ anion on Tiéér (step 1-2, Fig. 1). The first depro-
tonation step of an adsorbed CH3OH is an endergonic heterolytic
cleavage with an energy barrier of 0.39 eV (Fig. 2a). The corresponding
backward reaction step has a barrier of 0.18 eV. The low reverse barrier
arises from the comparatively weaker stabilisation of the charged frag-
ments on the anatase surface relative to that of the methanol molecule.
The resulting CH30~ anion binds strongly to the Tidl atom, with a
Tig{—O bond length of 1.86 A (IIl, Fig. 2b). A theoretlcal study of
methanol dissociation on rutile by Zhang et al. [103] found that the
initial dissociation step is primarily driven by thermal activation rather
than photoactivated. This is because the photogenerated hole from

photon excitation becomes trapped at an Oy, site next to the adsorbed
methanol; the presence of a hole on the O, site reduces the Coulombic
attraction between this oxygen and methanol hydrogen, leading to an
increased energy barrier for methanol O—H dissociation. They
concluded that the hole did not facilitate the O—H dissociation process
but was involved in the next step of C—H bond cleavage. Therefore, after
the initial O—H bond cleavage step, a photogenerated hole was added to
our simulation system. The photogenerated hole oxidises the CH30™
anion (step 2-3, Fig 1), generating a CH3Or radical (IV, Fig. 2b) and
extending the T1 +_0 bond to 2.07 A (Fig. 2(b)). Once the hole is suc-
cessfully trapped on the adsorbate, the dissociation of the C—H bond
becomes favourable, with a low energy barrier of 0.16 eV. This is due to
a change in the surface orientation of the CH30* structure, which allows
for a more kinetically feasible transition state (VI, Fig. 2b) via the
elongation and subsequent cleavage of the C—H bond, while main-
taining sufficient stability through a temporary hydrogen bond to the
Oy site. During the dissociation process, the Tiéc+ site accepts an electron
from the CH3Or radical and is reduced to Ti (structure 4, Fig. 1). As the
C—H bond breaks, the newly formed CH,0 blnds Weakly to the Tid¢ site
(VII, Fig. 2b). Following C—H bond cleavage, the Ti2{ can accept a hole,
and is regenerated as an active site (structure 5, Fig. 1, Fig. 2a).

An alternative pathway involves the interaction of the adsorbed
methanol with pre-existing surface hydroxyl species on the surface of
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Fig. 2. (a) Reaction coordinate diagram describing the oxidation of methanol
to formaldehyde over the (101) anatase surface. Surface species are adsorbed
on Tig!, unless specified. Protons are adsorbed on Oy, sites. Black lines corre-
spond to calculated Gibbs free energies. Purple lines correspond to gain/loss of
charged species: photoexcitation processes (uphill step) which create a hole in
TiO,, followed by the loss of a proton (downhill step). The energy of the
positively charged system after the addition of a hole and before the loss of a
proton is represented by increasing the energy of the reactant system by the
value of Eg (the band gap of the material, 3.2 eV [19] [20] [21]). In this and the
following figures, species in the gas phase are denoted by (g). The horizontal
blue and red dashed lines correspond to the energies of gas-phase methanol and
formaldehyde, respectively. The symbols * and ¢ indicate the Ti and oxygen
bridge active sites. (b) Optimized geometries of surface species and transition
states with characteristic bond lengths. Atoms are coloured as follows: O (red),
Ti (blue), C (brown), H (light pink).

TiO,, as depicted in Fig. 3. The presence of the hydroxyl group on the
surface facilitates methanol adsorption by lowering its binding energy to
—0.68 eV. The adsorbed hydroxyl group interacts with a hydrogen atom
of the alcohol group, forming a hydrogen bond with a length of 1.62 A.
This interaction facilitates the dissociation of hydrogen from methanol,
occurring with a minimal activation barrier of 0.05 eV, and leading to
the formation of a methoxy anion and water. The reverse reaction occurs
with a slightly higher barrier of 0.16 eV. The formed CH30* radical
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Fig. 3. Reaction coordinate diagram describing the oxidation of methanol to
formaldehyde on the (101) anatase surface via a hydroxyl-assisted reaction
pathway. Surface species are adsorbed on Tigs, unless specified. Protons are
adsorbed on Oy, sites. Notation is the same as Fig. 2.

intermediate follows the same oxidation pathway to formaldehyde as
described in Fig. 2. However, the methoxy radical formation pathway
depicted in Fig. 3 is likely to be favoured compared to the one in Fig. 2,
due to its lower barrier of the initial dissociation step facilitated by
hydrogen bonding with surface hydroxyl and due to its overall exergonic
nature. The availability of surface hydroxyls has a key role in promoting
this facile pathway, highlighting the synergy between methanol and
water.

3.1.2. Formaldehyde oxidation to carbon monoxide

The conversion of formaldehyde to carbon monoxide was considered
to proceed via OH* assisted C—H cleavage (step 5-6, Fig. 1). This is
based on a theoretical study by Tao et al. [104] which elucidated that
OH-" assisted C—H bond cleavage is energetically more favourable than
cleavage mediated by photogenerated holes. During this process, the
C—H bond undergoes spontaneous cleavage (I-III, Fig. 4b), making the
reaction barrierless and exergonic by 0.13 eV (Fig. 4a), and yielding a
formyl radical (CHO*) and water (structure 6, Fig. 1). The formyl radical
binds weakly to the Ti site, with a bond length of 2.55 Ain the presence
of water (III, Fig. 4b). The reaction proceeds towards CO formation
through a second C—H dissociation (step 6-7, Fig. 1). In this step, the
weakening of the Ti—O bond (IV, Fig. 4b) facilitates the transfer of the
hydrogen atom to the Oy, site, proceeding with an energy barrier of 0.03
ev. As CHO- dissociates, the Ti{ site accepts an electron, and is reduced
to Ti3¢ (structure 7, Fig. 1). The resulting CO intermediate binds weakly
to the Ti site with a Ti—O distance of 4.11 A (VI Fig. 4b). After accepting
a photogenerated hole, Tid{ is reoxidised to Tidg, further i increasing the
Ti—O distance to 4.34 A (VII, Fig. 4b), and enabling CO desorption from
the surface (structure 8, Fig. 1). The CO intermediate appears to be
surface bound through a C—H interaction (2.03 A), while the Ti—O
distance is too long to be considered a bond. The inclusion of a photo-
generated hole reduces the G—H interaction distance to 1.93 A. In this
reaction mechanism, all steps involved are either thermodynamically
downhill, characterized by low activation barriers, or are photo-
activated, suggesting that the pathway is mechanistically feasible.
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Fig. 4. (a) Reaction coordinate diagram describing the oxidation of formalde-
hyde to carbon monoxide on the (101) anatase surface. Surface species are
adsorbed on Tigl, unless specified. Protons are adsorbed on Oy, sites. (b)
Optimized geometries of surface species and transition states with characteristic
bond lengths. Notation is the same as Fig. 2, with the exception of the hori-
zontal dashed lines representing formaldehyde (blue) and carbon monoxide
(red) respectively.

3.1.3. Water oxidation

The competitive adsorption between water and methanol, coupled
with the large excess of water in the reaction system, suggests that
surface active sites are likely to be predominantly occupied by water.
The first step in water oxidation is the dissociation of adsorbed HyO (I-
I, Fig. S4), which occurs via O—H heterolytic bond cleavage to yield
OH™ and H' through an endergonic thermal process (step 9-10, Fig. 1,
Fig. 5). The forward reaction exhibits a barrier of 0.43 eV, while the
backward reaction has a lower barrier of 0.08 eV. The reduction in
barrier for the reverse reaction compared to the dehydrogenation of
CH30H presented in Section 3.1.1 can be attributed to the lack of a
stabilising effect in the adsorbed hydroxyl. The methyl group on CH30*
facilitates a redistribution of charge within the methoxy group, stabil-
ising the adsorbed methoxy structure. Similar to CH3OH oxidation, the
transfer of a photogenerated hole to molecular HyO is thermodynami-
cally unfavourable due to the significantly higher valence band
maximum of TiO; compared to the Oy, level of the adsorbed H,O. Zhao
et al. [105] reported that the activation barrier for O—H dissociation of
water adsorbed on titania remains unchanged between a neutral and a
positively charged system, indicating that the presence of a hole has a
minimal impact on the O—H dissociation energy; this was attributed to
the hole being localised on a nearby Oy, site rather than on the reacting
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Fig. 5. Reaction coordinate diagram describing the overall water splitting re-
action over the (101) anatase surface. Protons are adsorbed on Oy, sites while
the other surface species are adsorbed on Tid{. Species in the gas phase are
denoted by (g). * and ¢ indicate the Ti and oxygen bridge active sites. Notation
is the same as Fig. 2, with the exception of the horizontal dashed lines repre-
senting water (blue) and oxygen (red) respectively.

oxygen. The resulting hydroxyl anion (IIl, Fig. S4) captures the photo-
generated hole (IV, Fig. S4), forming a hydroxyl radical (step 10-11,
Fig. 1). Our results show that the second O—H dissociation step (VI,
Fig. S4) occurs with a barrier of 0.66 eV, resulting in a proton loss and
the formation of an oxygen adatom, which is 0.40 eV less stable than the
adsorbed hydroxyl (11-12, Fig. 1). The high barrier and the more
strongly endergonic nature of this reaction compared with methanol
dehydrogenation or the first dehydrogenation of water, can be attrib-
uted to the small size of the oxygen anion and its limited ability to
delocalise the negative charge. In addition, this reaction competes with
the more rapid consumption of hydroxyl radicals by methanol and
formaldehyde, making this pathway kinetically disfavoured. Once the
oxygen adatom has formed, it can subsequently react with an Oy, site
(IX, Fig. S4), leading to the formation of a surface-bound peroxo inter-
mediate (13, Fig. 1). At this stage, the release of Oy is highly unfav-
ourable due to the instability of the anatase surface with an oxygen
vacancy. Instead, a second HyO molecule can adsorb onto the surface (X,
Fig. S4) near the peroxo species (structure 14, Fig. 1) and dissociate
similarly to the first water molecule, releasing a proton, and forming an
adsorbed OH™ anion (structure 15, Fig. 1, XII, Fig. S4). The peroxo group
proceeds to cleave one of its Ti—O bonds by accepting a hole, resulting
in the formation of a superoxo intermediate (Fig. S3). The second OH*
group dissociates with a barrier of 0.80 eV, releasing its last proton (step
16-17, Fig. 1). This results in the remaining oxygen atom leaning to-
wards the superoxo species and forming a bond with the first oxygen
(step 17-18, Fig. 1). The two adsorbed O atoms can finally recombine to
form an Oy molecule (XVII, Fig. S4) and desorb from the TiO5 surface,
restoring the Oy, site.

The formation of hydrogen peroxide on the surface of TiO, was
additionally evaluated, as an alternative fate of adsorbed hydroxyl
groups. Our results showed that the hydroxyl radicals are more stable
when separated on the surface (Fig. S5) and that OH® is preferentially
consumed by other reactions, suggesting the formation of hydrogen
peroxide is minimal or negligible under the operating conditions
investigated in this work.

3.1.4. Synergistic interactions between methanol and water in methanol
oxidation to COy

As previously discussed, hydroxyl radicals generated from water
dissociation, can promote both methanol and formaldehyde oxidation.
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Fig. 6. Hydration of formaldehyde and its subsequent oxidation to CO, over
the anatase (101) surface. Surface species are adsorbed on Tid¢, unless speci-
fied. Protons are adsorbed on O, sites. Species in the gas phase are denoted by
(g). The symbols * and o indicate the Ti and oxygen bridge active sites. Notation
is the same as Fig. 2, with the exception of the horizontal dashed lines repre-
senting formaldehyde (blue) and carbon dioxide (red) respectively.

Therefore, synergistic interactions of adsorbed methanol and water
molecules both without and in the presence of hydroxyl radicals were
included in the reaction network. CH,O formed from methanol oxida-
tion may either desorb as an intermediate product or undergo additional
surface reactions. For instance, formaldehyde can capture a water
molecule, forming a hydrated formaldehyde species (methanediol,
Fig. S6). This reaction on TiO3 proceeds with an activation barrier of
0.72 eV (Fig. 6), while the reverse reaction has a barrier of 0.43 eV,
indicating that the hydration is endergonic. This may be attributed to
the distances between the Tigc+ active sites, which necessitates the
dissociation of the Ti-H,O bond before the water molecule can react
with CH50. When both CH50 and H50 are co-adsorbed on the surface of
TiOg, their respective Ti—O bond lengths are 2.29 A and 2.33 A. This
differs from the bond lengths observed during isolated adsorption in-
teractions with the TiO, surface. The HyO-Ti bond becomes weaker,
with its length increasing from 2.26 A. This suggests that the presence of
CH5O0 slightly influences the binding of H,0 to the TiO5 surface. This
effect is unlikely to arise from hydrogen bonding between the two mo-
lecular species; rather, it may be attributed to a stronger interaction
between one of the H atoms in water and an Oy, site. As a result, the
H-O,; bond length decreases from 2.15 A as an isolated adsorbed spe-
cies, to 1.91 A in the presence of CH»O.

Methanediol may subsequently undergo thermal dissociation via
heterolytic cleavage (Fig. S7) of an O—H bond with an activation barrier
of 0.14 eV (Fig. 6). The reverse reaction has a barrier of 0.47 eV, indi-
cating that the forward dissociation is exergonic, and that the CH,OHO™
intermediate is thermodynamically more stable than the reactants. This
can be attributed to the stronger hydrogen bonding between the
adsorbate intermediate and the catalyst surface. A photogenerated hole
can then be scavenged by the CH;OHO ™ intermediate, resulting in the
formation of a CHyOHO" radical (Fig. 6). This radical exhibits a signif-
icantly weaker interaction with the Ti site compared to the anion, with
an O—Ti bond length of 1.85 A for the anion and 2.07 A for the radical.
The weakening of the O—Ti bond is crucial for facilitating the kinetics of
C—H bond dissociation. One of the C—H bonds is heterolytically cleaved
with an activation barrier of 0.37 eV, and an electron is transferred from
the dissociated CHOOH intermediate to the titania surface, reducing the
Tidt site to Ti2d and producing a neutral formic acid adsorbate. The
subsequent interaction between the newly formed formic acid and the
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reduced Ti site is weak, with a bond length of 2.27 A. Following the
dissociation, a photogenerated hole can regenerate the Tigd site, while
the cleaved proton readily leaves the TiO, surface. The resulting O—Ti
bond length between the formic acid and the Tig site is 2.12 A. Addi-
tionally, formic acid generation may also proceed via radical coupling
between the formyl radical generated from step 6 in Fig. 1 and a hy-
droxyl radical, as illustrated in Fig. S8.

The formation of methanediol relies on the concentration of surface
formaldehyde and a large excess of water but is hindered by a high re-
action barrier. In contrast, the formation of formic acid via radical
coupling is driven by the availability of surface hydroxyl radicals. The
two mechanisms can coexist, with formic acid production likely to be the
more favourable pathway. This reaction also competes with the forma-
tion of the CO intermediate as discussed in Section 3.1.2.

The oxidation of formic acid species to CO, follows a mechanism
similar to the oxidation of methanol to formaldehyde and methanediol
to formic acid. The process begins with the dissociation of the O—H
bond, which occurs readily due to the strong hydrogen bonding between
the hydrogen of the OH group of formic acid and the O, site with a bond
length of 1.42 A. This interaction is substantially stronger than the
corresponding Op,—H hydrogen bond observed with methanol (2.28 10\)
and methanediol (2.27 }o\), indicating that the O—H dissociation in
formic acid is significantly more favourable than in these related species.
The ease of O—H bond dissociation in formic acid is consistent with the
higher acidity of the acid compared to the alcohol. As seen in Fig. 6, this
reaction is effectively barrierless and slightly exothermic, with an en-
ergy release of 0.11 eV. Following O—H bond cleavage, the resulting
CHOO™ (formate) intermediate rotates (I to II, Fig. 7) to form a stable
configuration that bridges two Tig¢ sites, with Ti—O bond lengths of
2.09 A. The introduction of a photogenerated hole to facilitate proton
charge transfer slightly weakens the binding of the formate intermediate
to the two Tiéc+ sites, increasing the Ti—O bond length to 2.12 A (I,
Fig. 7). The final oxidation step to CO; proceeds via an exergonic C—H
bond dissociation step (V, Fig. 7), with an activation barrier of 0.23 eV.
Upon CO,, formation, the Ti—O bond length further weakens to 2.21 A
(VI, Fig. 7). The structure has a bent configuration, with an O=C=0
bond of 139°, likely due to the reduced positive charge on the Tis. site.
The introduction of a photogenerated hole in the system causes the
release of CO from the surface (VII, Fig. 7) and its transition to a linear
structure, which maintains a single weak interaction with a Ti site
(Ti—O bond length of 2.45 A). Following the removal of the final proton,
the CO, molecule rotates 90° horizontally (VIII, Fig. 7), resulting in a
further increase of the bond length to 2.54 Aanda very weak binding to

CHOO* TS
uav) )
2.12A
& A o
- Oéo\y TN o
CO; + H* co;
RZ0)) % o2k (VHD %oy 254

ole R S0

Fig. 7. Optimized geometries of surface species and transition states with
characteristic bond lengths for the oxidation of CHOOH to CO, over the (101)
anatase surface. Atoms are coloured as follows: O (red), Ti (blue), C (brown), H
(light pink).
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Table 1

List of elementary reaction steps that are embedded in the microkinetic model,
along with the corresponding DFT-calculated rate coefficients (k), and expres-
sions of the reaction rates. The symbols * and ¢ indicate the Ti and oxygen bridge
active sites, respectively. 9o and ¢, represent the fractional coverages of Tids
and oxygen bridge vacant sites, respectively. 9; and ¢; represent the fractional
coverages of surface species i on the TiZ¢ and oxygen bridge sites, respectively.
C; represents the concentration of molecular species i in the reacting system. Cp:

and C,- indicate the concentrations of surface-reaching holes and electrons in
monolayer.

Reaction Reaction k@™ Reaction rate
# expression

1 CH30H + *—CH3;0H" 3.1710"°  r = kCen,ondo

2 CH50H"—CH30H + * 7.4810°  r = kdcmon

3 CH30H" + 6—CH30™" + H'® 1.5810° 1 = kdcm,0upo

4 CH30™" + H"*—CH3;0H" + o 5.6110°  r =kdcmo ou-

5 CH50H" + OH" —CH30" + 8.8610"" 1 = kdcmondom
H,0"

6 CH30" + H,0'>CH;0H" + 11810  r = kScu,0 90
OH"

7 CHs0~" + h* >CHs0* 6.2110"%  r = kdcm,0- Ce

8 CH30% + o—CH,0},. + H*® 1.2210"°  r = kdcu,0 9o

K CH>0ls. + h* >CH,0" 6.2110" 1 = kfcmo,.. Cn

10 CH»0 + *—CH,0" 3.3810° 1 =kCer09

11 CH,0"—CH,0 + * 5.8010'°  r =kdch,0

12 CH,0" + OH"-CHO" + H,0" 6.21110'2  r = k9cm,0%n

13 CHO*" + o—COy,. + H* 1.9310"  r = kdcuo 9o

14 COp. + hF—CO" 6.21-10"  r =kdcm,0,,. Cis

15 CO+ *—-CO" 3.6210'°  r =kCco%

16 CO™ »CO+ * 6.2110'"%  r =kdco

17 H,0 + *—H,0" 5.6310'° 1 = kCu,09

18 H,0 >H,0 + * 110107  r =kduo

19 H,O" + o—»OH " + H** 3.3210°  r =kIuo00o

20 OH™" + H®—Hy0" + o 27610 r = kdon @y

21 OH™" 4+ h*>OH* 6.21-10'2 1 = kdou-Cp

22 OH" + 050"+ H™® 4.2810" 1 =kdou ¢y

23 O~ + H*SO0H" + o 24910 r =kdo- gy

24 0" +ht =0 6.21-10"  r =k, Cn

25 O2+*+¥=0"+ 0’ 31710 1 =kCo, 5

26 0 '+ 0" >0y + ¥+ * 6.21-10"  r = k92

27 CHO" + OH"—CHOOH" + * 6.21-10" 1 = kdcro dou

28 CHyO" + HyO'>CHy(OH) + *  6.1110° 1 =kScmo9mo0

29 CHy(OH); + *—~CH,0" + H,0©  3.3210° 1 = kS, (0m), %0

30 CHy(OH), + *—CHy(OH), 2.0310"  r = kCen,(om), %

31 CH;(OH),~CH,(OH), + * 2.4910° = kdcu,om),

32 CH(OH), + o—~CH,O0H " + 3.80-10° r = kdcu, om), Po
H+o

33 CH,O0H™" + H'*— 1.4810*  r = kdcmo0n -
CHy(OH), + o

34 CH,O00H " + h*—CH,00H"* 6.2110'2  r = kcm,00u Ch

35 CH,00H* + o—CHOOH ;. + 9.9810° 1 = kdcmoom ¥o
H+o

36 CHOOH,, + h*—~CHOOH' 6.21-10"  r = kdcuoon,,. Ch+

37 CHOOH + *—CHOOH" 2.2010'°  r = kCcroondo

38 CHOOH' —CHOOH + * 4.0710" = kdcroom

39 CHOOH" + o—~CHOO ™" + H*® 6.21-10"2 1 = kdcroon®o

40 CHOO™* + H™*—CHOOH" + o 4.0710" 1 = kScuoo- ¢y

41 CHOO™" + h*—-CHOO" 6.2110'%  r = kScnoo Ch+

42 CHOO™" + 0=CO, , +H™ 8.0110° 1 = kdcroo ¥o

43 CO, . + h*=CO;, 6.2110"  r =kdco,,,. Ch-

44 CO, + *~CO0j 2.3010"°  r =kCco, %

45 CO,~CO, + * 8.8610" 1 = kdco,

46 H™ + H* 4+ 2e"—Hy+ o+ o 1.0010"  r = kg2, o C2

the surface, only 0.09 eV below gas-phase COs.

This detailed analysis of the mechanism of methanol oxidation
highlights the complexity of the process, with two pathways available
for methanol oxidation to formaldehyde (a photoinduced pathway and a
hydroxyl-assisted pathway), and two possible follow-up oxidation
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pathways: hydroxyl-assisted oxidation of formaldehyde to carbon
monoxide and water-assisted oxidation of formaldehyde to COj. In
particular, the latter two pathways differ in the number of photo-holes
required to complete the process and in the nature of the final oxida-
tion product. While the data on the reaction mechanisms and energy
barriers can be used to assess the thermodynamic and kinetic favour-
ability of these pathways and expected products and intermediates, they
do not provide information on the amounts of products and in-
termediates formed in this complex photocatalytic process. To obtain
quantitative insight into the prevalence of various products, the infor-
mation on reaction steps based on the DFT modelling have been com-
bined with microkinetic modelling in the second step of this study.

3.2. Microkinetic model

Table 1 provides an overview of all elementary reaction steps
incorporated in the microkinetic model, along with the corresponding
DFT-calculated rate coefficients (k) and expressions of the reaction rates.
These reaction steps describe the mechanistic pathway of methanol
reforming into C; products and water splitting, with simultaneous for-
mation of Oy and Hj. The symbols * and ¢ indicate the Tiéc+ and oxygen
bridge active sites, respectively. 99 and ¢, represent the fractional
coverages of Tiz¢ and oxygen bridge vacant sites, respectively. 3; and g,
represent the fractional coverages of surface species i on the Tidd and
oxygen bridge sites, respectively. C; represents the concentration of
molecular species i in the reacting system with respect to the standard
state concentration (1 mol-L ™). Cp+ and C,- indicate the concentrations
of surface-reaching holes and electrons in monolayer. In Table 1, the
generic kinetic expressions for the adsorption (ads) and desorption (des)
of species i as well as for surface (surf) reactions, are expressed as
follows:

Tads = kadsci190 ®
Tdes = kdeslgi (9)
Tsurf = kxwa&i (10)

with specific reference to the Ti2g sites. In reactions involving charge
carriers, the concentrations of photogenerated electrons or holes are
explicitly included in the rate expression.

The critical role of charge recombination in determining photo-
catalytic performance of metal-loaded semiconductors is extensively
reported in the literature [106] [107] [108]. In our previous work [46],
photoluminescence spectroscopy revealed that surface modification of
anatase with different noble metals effectively suppressed electron-hole
recombination, following the trend Pt > Pd ~ Au > Ag under UV and
visible light irradiation. On the other hand, no clear correlation was
observed between nanoparticle size/dispersion and hydrogen evolution
rates, indicating that these parameters are not the primary factors con-
trolling photocatalytic efficiency. Wang et al. estimated the concentra-
tion of surface-reaching holes of ~ 1 e 10~° (monolayers) for pristine
TiO4 [109] based on a study by Thompson and Yates [110] where TiO,
was irradiated by UV light (365 nm), matching the dominant emission
wavelength of the lamp used in the present study. Variations in photon
flux could change the concentration of holes and electrons reaching the
catalyst surface [111] [112] [113]. Such variations can be incorporated
in the model by adjusting the concentration of charge carriers. For
instance, a higher concentration of surface charges would enhance the
generation of surface radical species, thereby promoting the oxidation
pathways and ultimately increasing the overall hydrogen production.
The concentrations of surface reaching holes for the metal loaded TiO,
were estimated (Table S3) by scaling this value with respect to the in-
tensity of the photoluminescence spectra reported in [46].

To evaluate the energy change associated with the migration of an
adsorbed proton from the Oy, site to a metal site, we constructed a trimer
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Table 2
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DFT-calculated and estimated rate coefficients and equilibrium constants with their 95 % confidence intervals for key elementary steps included in the reaction

network. Reaction 46 is irreversible and therefore has no associated K¢ value.

Reaction # Reaction DFT calculated rate coefficient Estimated rate coefficient

k(s Keq k™ Keq
1&2 CH30H + * < CH3OH" 3.17-10%° 4.2410° (3.50 + 0.34)-10%0 (1.58 +0.25)-10°
3&4 CH30H" + o CH;0~" + H*® 1.5810° 2.81107* 1.5810° * (3.69 4 0.91)-10°5
5&6 CH5O0H' + OH" < CH30"" + H,0" 8.86:10'! 7.54-10" (3.69 4+ 0.17)-10'2 (2.26 4+ 0.52)-10"
17 & 18 Hz0 + * < Hy0* 5.6310'° 5.10-10° (3.74 + 0.82)-10%° (4.51 +£0.42)-10°
19 & 20 HyO" + 0 OH" + H*® 3.3210° 1.2110°¢ 3.32:10° * (3.3240.83)10°8
22 & 23 OH* + 60" + H** 4.2810" 1.721077 4.2810" * 1.20 4 0.22)-10®
46 H* + H* + 2e">Hy + o+ 0 1.00-10"3 - (1.54 +0.13)-103 -

* Rate coefficients not included in the estimation procedure.

metal cluster on anatase as described in our previous work [46]. In all
cases, the transfer of a proton from the Oy, to a metal site was found to be
energetically favourable with a downhill energy profile as depicted in
Table S4. For this reason, the migration of the proton from the oxygen
bridge to the photodeposited metal cluster was assumed to occur as a
barrierless process without an energy penalty. As a result, and in
consensus with other kinetic models [114] [115], hydrogen recombi-
nation was considered to occur exclusively on the transition metal sites,
with H, formation fast and irreversible (k = 1013 s~1).

To assess the change in Gibbs free energy of adsorption when mul-
tiple molecules adsorb onto the catalyst surface, we analysed the
coverage-dependent adsorption configurations of methanol and water
across a coverage range of 0.25 to 1 ML, where 1 ML is defined as one
molecule per surface Tis. atom. Fig. S9 presents the coverage-dependent
Gibbs free energies of adsorption for methanol and water. This analysis
indicates that, on a fully covered TiO; surface, the adsorption free en-
ergy decreases by approximately 34 % for methanol and by 29 % for
water compared to the adsorption on an empty surface. Accordingly, to
reflect the fully covered state of the catalyst, all desorption barriers
included in the model were reduced by 34 % with respect to the values
calculated for the adsorption on an empty surface, with the exception for
water, whose desorption barrier was reduced by 29 %.

The reaction rates listed in Table 1 were incorporated into the design

0074 © Pd
m Ag ‘_*__ ——————— =
A Pt et
0.06 Au ;__
2 005 &
g &
= 0.04 - .
K] x
B y
3 0.03 %
<
o
N .
£ o
———————————— Y
JEPTTIAou .
0.014 -
000 -------p--- - B . -
T T T : T .
0.0 0.5 1.0 15 2.0 25 3.0

Methanol Concentration (mol/L)

Fig. 8. H; production from methanol reforming over anatase loaded with Pd
(grey), Ag (red), Pt (pink), and Au (gold) at 2 h of reaction time as a function of
methanol concentration. Symbols and dashed lines represent experimental and
simulated hydrogen productions, respectively. Experimental conditions: Cata-
lyst load = 500 ppm, neutral pH, T = 298 K, UV and visible light irradiation.

equation of an ideal batch reactor to simulate the results of the experi-
mental procedures. The resulting mathematical model consisted of 46
differential equations describing the change in concentration (or surface
coverage) of each molecular (or surface) species, and two algebraic
equations describing the material balances on the active sites. These
were expressed according to egs. (11) and (12) for the Tiéé’ and Oy,
active sites, respectively.

Zsﬁ@o =1 amn

Pu+@o =1 (12)

The total number of active sites was calculated based on a Ti§C+ site
density of 5.17-10'* sites cm ™2 [116], and an anatase specific surface
area of 100 m? g’1 [117].

The reaction rate constants, as derived from transition state theory,
were used to describe the kinetics of the process. Key rate coefficients
listed in Table 2 were adjusted within 2 orders of magnitude. These
adjustments reflect the intrinsic uncertainty associated with DFT cal-
culations at the GGA level, which typically exhibit an error margin of
approximately 20 kJ mol ! [118], and the effect of structural in-
homogeneities, such as minority facets [78] and surface defects [119] on
the anatase surface, on the reaction barriers.

The model was integrated using the DDASAC solver [120], while
parameter estimation was conducted with a gradient-based local opti-
mizer (GREG) [121]. This estimation aimed to minimize an objective
function defined as the sum of the squared errors between experimental
and calculated hydrogen productions. Table 2 lists the values of the rate
coefficients included in the estimation procedure together with their
DFT-calculated values.

Fig. 8 shows a comparison of experimental and calculated hydrogen
production over anatase loaded with Pd, Ag, Pt, and Au, and the best fit
of the microkinetic model. The amount of hydrogen produced increases
with methanol concentration in the range 0.0-3.0 M. At low methanol
concentrations the reaction kinetics are limited by the surface avail-
ability of methanol molecules, as indicated by the increase in hydrogen
production rate. As methanol concentration increases, hydrogen pro-
duction gradually reaches a plateau. Among the investigated co-
catalysts, Pt exhibits the highest activity in terms of hydrogen evolu-
tion, while Ag shows the lowest performance. Under UV/visible light
irradiation, the trend in hydrogen production follows the order Pt > Pd
~ Au > Ag, reflecting the differences in the charge carrier recombination
rates experimentally revealed from photoluminescence spectroscopy
[46].

The proposed model can accurately (mean absolute error of 1.34 e
1073 mol L 1) capture the hydrogen production rate as a function of the
concentration of methanol.

The simulated methanol and water surface coverages on metal-
loaded anatase collectively account for over 99 % of the total catalyst
coverage. Comparable surface coverage trends were observed across all
metal-loaded catalysts, with no significant differences between them.
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Fig. 10. Net-rate analysis for the photoreforming of methoxy radical into CO, or CO over Pd (grey), Ag (red), Pt (pink), and Au (gold) on TiO at a concentration of

methanol of 1.00 M and at 2 h of reaction time. The net rate values have units s~

1, The arrows for adsorption/desorption (curved) and surface reactions (straight) are

directed towards the species with a positive rate of formation. (g) indicates the species in the gas phase.

The production of CO (Fig. 9a) decreases before reaching a plateau with
increasing methanol concentration. In contrast, CH,O (Fig. 9b) and CO4
(Fig. 9¢) exhibit similar behaviour to Hy production with increasing
methanol concentration. Fig. 9d shows that increasing methanol con-
centration results in a sharp decrease in Oy production. This effect is
two-fold: first, the decreased H,O surface coverage reduces the rate of
dehydrogenation reactions that generate hydroxyl anions; second, the
increased methanol coverage results in the formation of more transient

10

methanol-derived products which consume additional hydroxyl radi-
cals. This means that fewer hydroxyl radicals overcome the activation
barrier to form oxygen radicals, reducing the overall amount of molec-
ular oxygen produced.

A net-rate analysis of a segment of the reaction network illustrating
the oxidation of the methoxy radical to CO and COj is presented in
Fig. 10. The arrows in the network point to species with a positive rate of
formation, with the net-rates expressed in s~'. The primary reaction



M.J. Wigglesworth et al.

pathway involves the partial oxidation of methanol to CO proceeding
through the intermediate formation of formaldehyde. CO; is predomi-
nantly produced from the oxidation of formic acid, which originates
from the hydration of formaldehyde. However, the overall CO; yield
remains low due to the kinetic limitations of this pathway. The hydra-
tion of formaldehyde is considerably less kinetically favourable than its
partial oxidation to the formyl radical. Surface hydroxyl radicals are
primarily consumed through the interaction with formaldehyde, leading
to the formation of the formyl radical. However, the desorption of
formaldehyde along with the low concentration of surface hydroxyls
results in low production of CO.

4. Conclusion

This work presents a comprehensive investigation of the mechanism
of methanol reforming and the construction of a microkinetic model to
describe the kinetics of hydrogen production via methanol photo-
reforming on metal loaded anatase at a mechanistic level. A reaction
network was developed to map the photoreforming process forming C;
products with no a priori assumptions on the rate determining steps. The
rate coefficients governing the process were estimated based on DFT
calculations and transition state theory. Our DFT calculations show that
the photoreforming of methanol to carbon monoxide is thermodynam-
ically and kinetically accessible. By comparison, hydrogen production
from water is less accessible, because the splitting of the OH radical is
unfavourable due to its high barrier (0.66 eV) and significantly endo-
thermic nature, which can be attributed to the small size of the oxygen
anion and its limited ability to delocalise the negative charge. However,
synergistic pathways involving formaldehyde and its intermediates, in
combination with surface hydroxyl species, offer kinetically favourable
routes for hydrogen production. The microkinetic model simulations
were validated using experiments conducted under UV and visible light
irradiation, revealing a hydrogen production trend that follows the
order Pt > Pd ~ Au > Ag. The microkinetic analysis provides detailed
mechanistic insights into the reaction kinetics with some minor opti-
misation to take into account the different kinetics of other anatase
facets. Surface hydroxyl radicals are primarily consumed through their
reaction with formaldehyde, highlighting the crucial synergy between
water and methanol oxidation pathways. As a result, the production of
formic acid and its subsequent conversion to CO» is minimal. Similarly,
the formation of methanediol in the reacting system is negligible. This
work marks the first application of microkinetic modelling to photo-
catalytic hydrogen evolution, demonstrating strong predictive capabil-
ities and highlighting key factors governing catalyst performance. These
findings lay the groundwork for using microkinetic methods to design
more efficient photocatalysts, while contributing to advancing sustain-
able hydrogen production and solar energy conversion technologies.
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