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Identifying the rate-determining step is crucial for designing an effective photocatalytic system. The surface
adsorption/desorption behaviour of reactants has received much less attention in photocatalyst design
because the charge separation and transfer in the bulk is commonly regarded as a more sluggish
process. In this work, we investigate photocatalytic methane (CH,4) conversion (PMC) on various titanium
oxide (TiO,) surfaces, including rutile and anatase, and reveal that the influence of surface CHy
adsorption can outweigh the photogenerated charge separation and transfer. Specifically, the rutile TiO,
surface is totally inert for CH,4 activation. Further theoretical calculations reveal the significance of the
hydrogen-adsorption/desorption process during the initial C—H bond cleavage on the TiO, surface. A
reversible hydrogen adsorption/desorption process with a small Gibbs free energy not only enables the
activation of the first C—H bond in CH,4 but also ensures a timely clearance of surface-adsorbed species,
leading to a continuous PMC process. The findings of the phase effect study on the interaction between
the photocatalyst surface and hydrogen atoms provide new insights into the rational design of efficient
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Photocatalytic methane conversion (PMC) has received
increasing attention due to its potential to mitigate the green-
house effect of methane (CH,) and upgrade it into high-value
products.”® As an emerging research frontier, a comprehensive
understanding of the photocatalyst design principle is critical
for a highly selective and efficient PMC process. Currently, the
knowledge from photocatalytic water splitting is used to guide
photocatalyst design.”> However, the PMC process is obviously
different from the water-splitting system, making some of the
knowledge accumulated from water-splitting reactions
invalid.'*** There is a clear need to explore the key selection
criteria for CH, conversion photocatalysts.

It is commonly known that photocatalysis is a complicated
multi-step process, dominated by three key steps: light har-
vesting, charge separation and transfer (CST), and surface
reaction.’**® Identifying the rate-determining step is crucial for
designing an effective photocatalytic system. In the photo-
catalytic water splitting process, the CST efficiency generally
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bottlenecks the whole process.'>*" Therefore, materials engi-
neering has been implemented to create a higher CST driving
force, with the surface properties of the photocatalysts being
dramatically changed.””** However, the majority of PMC
studies are conducted in a gas-solid reaction system, making
this process sensitive to the photocatalyst surface.”® The expe-
rience from the conventional thermocatalytic CH, conversion
process has recognized the significance of surface properties in
methane activation.””*® Therefore, an in-depth understanding
of how methane interacts with the photocatalyst surface will
guide the future photocatalyst design for PMC.

The CH, molecule possesses high symmetric order, exhib-
iting a highly stable structure with strong C-H bonds.** Acti-
vating CHy, i.e. scissoring the first C-H bond, is regarded as the
most challenging step in the PMC process. Numerous
researchers have reported that lattice oxygen plays a significant
role in CH, activation, wherein CH, is cracked on the surface of
metal oxide photocatalysts and C-C coupling occurs on the
supported metal cocatalysts.**** Despite the fact that many
surface metal cocatalysts have been developed, only very limited
metal oxides, including TiO, and ZnO, were reported to achieve
a successful PMC process.***® Taking the extensively studied
TiO, as an example, various photoactive phases, including
anatase, rutile, and brookite, have been reported to be active in
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water splitting,*** and the formation of mixed-phase junctions
has been confirmed to be an effective strategy for CST
improvement.***® Nevertheless, current TiO,-based photo-
catalysts for PMC reactions are dominated by the anatase
phase,>*”*® while a fundamental understanding of the phase
effect of photocatalysts on the interaction of CH, on the catalyst
surface is still limited.

In this work, we investigate the CH, activation on different
surfaces of TiO,, including rutile and anatase, and discover that
the rutile TiO, surface is completely inert for CH, activation. In
comparison, the anatase TiO, exhibits a photocatalytic oxidative
coupling of methane (POCM) to ethane (C,Hg) activity of 2.1
mmol g~' h™'. Further investigations into the anatase/rutile
mixed phase system indicate that the presence of rutile TiO,
seriously deteriorates the CH, conversion despite the improved
CST capability from the phase junction. Further theoretical
calculation suggests that the behaviour of hydrogen (H)
adsorption and desorption after the first C-H bond cleavage on
TiO, plays a crucial role in the overall catalytic process. On rutile
TiO,, the H is strongly bonded to the surface and blocks the CH,
activation pathway. In comparison, the H bonded to the anatase
surface exhibits mild binding strength. Interestingly, it is
discovered that the bond is sufficiently strong to activate CH,
molecules, yet weak enough to be removed, thereby exposing
active sites for the subsequent methane reaction. These find-
ings highlight the surface sensitivity during methane activation
and indicate that the H-adsorption strength is an important
parameter in designing new photocatalysts for efficient
methane conversion.

A series of TiO, photocatalysts containing different ratios of
anatase and rutile phases were prepared via thermal annealing
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of commercial anatase TiO, nanoparticles (Fig. S1f) in the
temperature range of 700-1000 °C in a muffle furnace (samples
denoted as T-700-1000). Synchrotron-based X-ray diffraction
(XRD) patterns (Fig. 1a and S2) proved the gradual crystal
phase transition from anatase to rutile. The XRD peaks at 25.3°
and 27.4° correspond to anatase (101) and rutile (110) TiO,,
respectively,” based on which the ratio of these two phases is
quantitatively determined (Table S17). This indicates that the
TiO, maintains the anatase phase below 700 °C, while the
proportion of rutile TiO, increases with elevated temperature
and is fully converted into rutile at 1000 °C. Raman spectral
analysis further confirms this gradual crystal phase transition
with Raman shifts at 398, 517 and 641 cm™ ' corresponding to
anatase, while the shifts at 449 and 611 cm ™" are assigned to
rutile (Fig. 1b).”>**

To evaluate the methane conversion rate, the as-prepared
TiO, photocatalysts were first loaded with gold (Au) nano-
particles as cocatalysts, which have been confirmed to be a good
surface catalyst for ethane production.**** The Au cocatalyst can
enhance the C,Hg selectivity by facilitating the desorption of
methyl species and suppressing CH, overoxidation to CO,.*>*>
Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) confirms the Au amount to be around 3.8 wt% for all the
samples. A stainless-steel flow reactor was used to evaluate the
POCM performance with a flow rate of 126 mL min " (CH4/O,
gas ratio of 125/1) and a 300 W Xe lamp (full spectrum, Per-
fectlight Technology Co., Ltd) as the light source. As shown in
Fig. 1c, T-700 shows an ethane production rate of 2.15 mmol g~ *
h™" together with a methane conversion rate of 5.60 mmol g~ *
h™". The corresponding apparent quantum yield of methane
conversion is 8.89% (+0.32%) at the wavelength of 350 nm (see
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Fig. 1 The change in the TiO, photocatalyst at different temperatures (from 700 °C to 1000 °C), as determined from (a) XRD patterns and (b)
Raman spectra. (c) POCM performance of different TiO,-based photocatalysts (orange bar: C,He; green bar: CO,). (d) The CH,4 conversion rate
(blue dot line) and the surface area change (black dot line) of different TiO,-based photocatalysts prepared at different temperatures.
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the ESI} for experimental details). Upon increasing the
annealing temperature, a gradual decrease in the ethane
production rate is observed. Eventually, when the sample is
heated at 1000 °C, it shows no photoactivity at all. Meanwhile,
a significant change in surface area is observed after the
annealing process, as illustrated in Fig. 1d. As heating has
changed several features (i.e., phase and surface area) of TiO,,
we need to further study what dominated the key changes in the
PMC process. Additionally, blank experiments were performed
under identical conditions, with ultra-high-purity argon (Ar,
99.95%) used as the purge gas instead of CH,. When Ar was
employed in place of CH,, no production of C,Hg was observed.
This result confirms that the formation of C,Hg originates from
the PMC. A long-term stability test was conducted using T-700,
demonstrating stability over 20 hours (Fig. S3, see more
discussion in Fig. S41). These results safely exclude the impact
of carbon contamination on PMC.>*>*

Scanning electron microscopy (SEM) was conducted to
observe the morphology of the as-prepared TiO,-based photo-
catalysts. As shown in Fig. 2a, the particles start to sinter
together when the annealing temperature increases over 800 °C.
Further combining with the phase change results in Fig. 1a and
d, it is revealed that large particles should possess the rutile
phase with a reduced surface area. According to previous
studies and our observations, during the phase transformation
in TiO, nanoparticles, the rutile phase initially forms at the
interfaces where anatase particles come into contact and
undergo sintering (scheme in Fig. 2a).***® UV-visible light
absorption spectra reveal a slightly extended light absorption
range with increased heating temperatures (Fig. 2b), corre-
sponding to the phase transfer from anatase (3.18 eV) to rutile

2.98 eV)?”” We then applied the time-resolved
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photoluminescence (TRPL) decay to investigate the CST process
of the photocatalysts. As shown in Fig. 2c and Table S2,T the
formation of a mixed-phase junction extends the charge carrier
lifetime from 1.54 ns to 7.65 ns. However, further increasing the
rutile content leads to a reduction in the carrier lifetime to 4.49
ns for pure rutile TiO,.

To analyze the correlation between light absorbance and CST
with the CH, conversion rate (r(CH,)), a Pearson Correlation
Coefficient (PCC) analysis was performed (Table S3t). An
absolute PCC value close to one indicates a strong correlation,
while the sign of the value (positive or negative) indicates
whether the correlation is positive or negative. It is generally
accepted that extended light absorption ability and CST would
benefit a photocatalytic process; therefore, we can expect
a positive PCC if any of these two factors plays a determining
role. Since the applied photocatalysts are loaded with Au
nanoparticles, they show obvious localized surface plasmon
resonance absorption at around 550 nm (Fig. S51). However, the
POCM test with a 420 nm cutoff filter shows no detectable
product, which indicates that the LSPR effect cannot directly
activate CH,. Therefore, the light absorbance was calculated
based on the pure TiO, samples (see the ESIf for calculation
details). According to the light absorbance-(CH,) relationship
in Fig. 3a, the negative PCC (—0.95) means that better light
harvesting will result in a worse performance, which is contra-
dictory to the consensus of light harvesting influence on pho-
tocatalysis. This result suggests that light-harvesting is not the
key feature in determining the CH, conversion rate.

Moreover, the PCC of r(CH,)-t is —0.47, indicating that the
charge carrier lifetime is less determinative for the CH,
conversion process. In particular, the 850 °C annealing treat-
ment has extended the photocatalyst lifetime by 5 times but
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(a) Schematic illustration of TiO, particle growth with the corresponding SEM images; (b) UV-vis spectra of commercial anatase annealed

at different temperatures having different ratios of the rutile phase; (c) the TRPL decay curves of the as-prepared TiO, photocatalysts.
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Fig. 3 CH,4 conversion rate (r(CH,)) plotted against (a) the charge carrier lifetime (orange) and light absorbance (green) and (b) surface area.

reduced the CH, conversion rate by ca. 50% compared to the
samples treated at 700 °C. This finding is significantly different
from the knowledge of photocatalytic water splitting wherein
a longer lifetime usually leads to a better performance.*®>
Nevertheless, when taking the as-prepared samples for a pho-
toelectrocatalytic water splitting test, it still shows that the
sample with a longer lifetime (e.g., T-850) possesses higher
photocurrent density (Fig. S61). The distinguishable perfor-
mance dependence on carrier lifetime for water splitting and
POCM indicates an unexplored mechanism during the POCM
process.

Since the CH, reaction process occurs on the surface of
catalysts in the gas phase, the surface area will play a critical
role. We further analysed the change in the CH, conversion rate
as a function of surface areas of the TiO, nanoparticles. As
indicated in Fig. 3b, the surface area plays a significant role with
a close correlation of the CH, conversion. Using the TiO, phase
composition and surface area (S), a rough evaluation of the
anatase surface area (S,) can be conducted, assuming a uniform
phase mixture. A strong correlation is observed between the two
variables, S, and (CH,) (Fig. 3b, PCC = 0.92). When S, exceeds
a threshold, the r(CH,) exhibits a minimal change. For example,
despite the pristine anatase TiO, having a much larger surface
area than that of the 700 °C treated sample (retaining the
anatase phase), they present nearly the same r(CH,), as shown
in Fig. S7.f Meanwhile, according to previous studies, when
phase transition happens in TiO, nanoparticles, the rutile
phase first emerges at the interfaces when anatase particles are
sintered.***® It means that the majority of the TiO, surface
remains as the anatase phase, despite the emergence of rutile
inside the particles. Taking this into consideration, the Sx—
r(CH,) relationship should closely resemble the ideal first-order
reaction indicated by the grey dashed line in Fig. 3b. For
comparison, we have prepared a series of rutile-based photo-
catalysts with different surface areas (see the ESIf for experi-
mental details). None of these samples show POCM activity, as
shown in Fig. 3b.

In particular, when comparing the rutile TiO, nanoparticle-
based photocatalyst with the T-850 sample, even though the
rutile sample shows a higher surface area (Table S4t) and
similar particle size (Fig. S81) and Au loading features (Fig. S9F),

10360 | Chem. Sci, 2025, 16, 10357-10363

it is completely inactive for POCM (Fig. 3b). The strong depen-
dence of r(CH,) on the anatase surface area and the nonactivity
of rutile photocatalysts indicate that anatase is the only pho-
toactive phase for methane activation. The surface properties
play a more dominating role compared with the CST process,
which is clearly different from the photocatalytic water splitting
process. Considering that the anatase and rutile TiO, possess
very similar features, it is worth further investigation on how
such a tiny change can lead to a significant difference in
methane activation.

Previous studies have revealed that methane activation starts
from CH, cracking on the metal oxide surface with the partic-
ipation of lattice oxygen.®>®* Since oxygen can be consumed
during methane activation, it will lead to the formation of
oxygen vacancies (Vos). We thus further applied in situ electron
paramagnetic resonance (EPR) measurements to trace the Vo
formation and investigate the interaction of CH, on the rutile
and anatase surfaces. The EPR spectra for anatase- and rutile-
based samples were measured under illumination without
(Fig. S10a) and with (Fig. S10bf) methane (see the ESI} for
experimental details). Methane activation dependence on
different phases is revealed via the differential spectra shown in
Fig. 4a. A significant increase of Vo (g = 2.003) and associated
Ti*" signals (g = 1.98) can be observed on anatase when exposed
to a CH, atmosphere, wherein a much weaker V, signal and
undetectable Ti*" signals are observed on the rutile phase. This
result further confirms our hypothesis that CH, activation on
anatase is much more favourable.

To acquire a deeper understanding of this methane activa-
tion process, a theoretical calculation on the first C-H bond
activation with the following process (1) on rutile and anatase
surfaces was performed:

CH4 - >l‘CH4 — *H + CH3 (1)

where *CH, represents the CH, adsorption on TiO,, *H repre-
sents the H adsorption on TiO, and CHj; represents the
produced CHj; groups. This free CH; group does not bond to the
TiO, surface but instead diffuses onto the metal cocatalyst, as
has been proposed in many previous studies.’***2-%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surfaces; (c) TPD-CH4-MS spectra of as-prepared TiO, photocatalysts; (d) schematic illustration of surface adsorption behaviour of CH,4 on rutile

and anatase, respectively.

In this theoretical calculation, Gibbs free energy is applied to
evaluate this process at room temperature. The anatase (101)
and rutile (110) surfaces are used for the calculation due to the
significant diffraction peaks of these facets (Fig. 1a) and the
widely accepted choice in previous research.®**® As shown in
Fig. 4b, the Gibbs free energy is 0.49 eV on anatase TiO,, while it
is —1.13 eV on the rutile TiO,. Furthermore, the H adsorption
energy (E(H,qs)) on rutile and anatase was calculated to be
—1.40 eV and 0.21 eV, respectively. This result indicates that H
adsorption on rutile is very stable, making it eventually
impossible to be desorbed from the rutile TiO, surface. In
comparison, H adsorption on anatase TiO, is moderately
endothermic, which can be easily overcome by external stimu-
lation (such as light excitation) to enable process (1). Mean-
while, the small Gibbs free energy also facilitates the H
desorption process.

The H adsorption/desorption behaviour is significant for the
continuous conversion of CH,. Although process (1) is impor-
tant for CH, activation, the H desorption is critical in clearing
the TiO, surface and allowing continuous CH, activation. The
dramatic negative Gibbs free energy on rutile makes process (1)
irreversible, terminating the CH, activation process, whereas
process (1) on anatase is reversible, enabling the continuous
CH, conversion. To further investigate the H desorption feature,
temperature-programmed desorption mass spectrometry of
CH, (TPD-MS-CH,) experiments were carried out. An obvious H,
molecular signal in Fig. 4c indicates the cleavage of CH,
molecules on the catalyst. Moreover, the rutile phase TiO,
shows much higher H, desorption temperatures than the
anatase phase, indicating a stronger H bonding energy on rutile
TiO,. Fig. 4d schematically explains the difference in CH, acti-
vation on rutile and anatase surfaces. On the rutile surface,
strong bonding between hydrogen atoms and surface sites leads
to higher energy barriers for desorption, whereas on the anatase
surface, weaker interactions facilitate desorption more easily.
This variation in desorption capability can significantly tune the
PMC performance.

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

In conclusion, we demonstrated that the rutile TiO, surface
is inert during CH, activation, and the influence of surface CH,
adsorption can outweigh the CST improvement when a phase
junction is formed between anatase and rutile. Further inves-
tigation on CH, activation reveals the significant impact of the
H-adsorption/desorption process during C-H bond breaking. A
reversible H-adsorption/desorption with a small Gibbs free
energy not only enables the activation of the first C-H bond in
CH, but also ensures the removal of surface adsorbed species to
facilitate the continuous process of photocatalytic CH, conver-
sion. This research highlights the critical role of H desorption
for continuous CH, activation and provides a new under-
standing of the design of efficient photocatalysts for methane
conversion to produce value-added chemicals.
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