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In this study, we successfully construct Cu and Si co-doped ultra-
thin TiO, nanosheets. As confirmed by comprehensive character-
izations, Cu and Si co-doping can rationally tailor the electronic
structure of TiO, to maneuver reactive oxygen species for effective
photocatalytic methane conversion. In addition, this co-doping
greatly enhances the utilization efficiency of photogenerated
charges. Furthermore, it is revealed that Cu and Si co-doping can
significantly boost the adsorption and activation of methane on
TiO, nanosheets. As a result, the optimized catalyst achieves a C;Hg
production rate of 33.8 pmol g~ h™! with a selectivity of 88.4%.
This work provides insights into nanocatalyst design toward effi-
cient photocatalytic methane conversion into value-added
compounds.

1. Introduction

With the rapid development of exploration and exploitation
technology, natural gas reserves and production have been
continuously growing over decades.'™ Methane has received
tremendous attention from both scientific and industrial com-
munities due to its abundance and potential as a feedstock for
manufacturing high-value fuels and chemicals.”® However, the
inert C-H bond and highly symmetrical structure of methane
molecule make it substantially challenging to transform
methane into target products. Conventional methane activa-
tion is a severe energy-intensive process with carbon emissions.
It requires critical conditions (i.e., high temperature and
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Methane (CH,), the predominant constituent of natural gas, shale gas
and combustible ice, has provoked increasing attention as an essential
feedstock for energy supply and chemical production. However, current
industrial routes for methane transformation are highly energy-intensive.
Less than 10% of the global methane production is used for chemical
manufacture, which mainly ascribes to the inert C-H bond and highly
symmetrical structure of methane molecule. Herein, we provide an
efficient and selective candidate for photocatalytic methane conversion
into ethane through Cu and Si co-doping into ultrathin TiO, nanosheets.
As determined by comprehensive spectroscopic characterizations, the
presence of Cu and Si could rationally regulate the electronic structure
to modulate reactive oxygen species for C-H bond activation of methane
molecule. Impressively, the as-synthesized catalyst possesses a
remarkable catalytic activity and selectivity with a 33.8 umol g * h™*
C,H, generation rate and 88.4% C,Hs selectivity at room temperature
under light irradiation. This co-doping approach provides a feasible route
for designing low-cost and highly active photocatalysts for practical
methane conversion applications under mild conditions.

pressure) to activate the C-H bond combined with sophisti-
cated post-processes.” ® Thus, it is urgent to develop efficient
and selective approaches for the transformation of methane
into value-added compounds under moderate conditions.
Recently, photocatalysis emerges as a prospective approach
for methane conversion under mild conditions because it can
utilize reactive oxygen species (ROS) to dissociate the C-H bond
of methane upon photoexcitation, and greatly decrease
the energy barrier of C-H bond activation."*'°"* In 1998,
direct photocatalytic methane coupling was first achieved
over Si0,~Al,05;-TiO, ternary catalyst."> Since then, various
semiconductors-based photocatalysts have been employed for
catalytic coupling of methane into ethane at room
temperature.”'*'> Among these photocatalysts, TiO,-based cat-
alysts are one of the most widely applied materials for photo-
catalytic methane conversion due to their suitable energy band
structure and malleable qualities."®™*® For example, Tang and
co-workers constructed Pt and CuO, co-decorated TiO, for the
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photocatalytic oxidative coupling of methane (OCM), which
achieved a 6.8 pmol h™' yield of C,, products (C,Hs and
C,H,) with approximately 60% selectivity.'® Despite these
advances, the efficiency and selectivity of photocatalytic
methane conversion are still unsatisfactory due to scarce sur-
face active sites. Therefore, efficient and selective photocata-
lysts should be further developed to satisfy the requirements
for practical applications.

Copper (Cu) is generally regarded as the active center of
particulate methane monooxygenases enzyme in the nature while
silica matrix can improve the photocatalytic stability.>*>> Here,
we successfully fabricated Cu and Si co-doped ultrathin TiO,
nanosheets for efficient photocatalytic methane conversion at
room temperature and ambient pressure. As demonstrated by
comprehensive characterizations, the presence of Cu and Si
could rationally regulate the electronic structure of TiO,
nanosheets and modulate the reactive oxygen species for the
activation of C-H bonds, accompanied with the presence of
oxygen vacancies and Ti’* species in the TiO, matrix. Further-
more, this co-doping could substantially improve the separation
and migration of the photogenerated charges. As a result,
the optimized catalyst achieves a C,Hs production rate of
33.8 umol g~ " h™" with a selectivity of 88.4% at room temperature.

2. Results and discussion

The Cu and Si co-doped ultrathin TiO, nanosheets were
synthesized through a simple solvothermal method in ethanol
solution (shown in Fig. 1) using Cu(NO;), and tetraethyl
orthosilicate (TEOS) as doping precursors, respectively. The
as-synthesized samples are denoted as TiO,(Si)-X%Cu, where
X is the molar percentage of Cu atoms in the precursors. The
crystal structures of TiO, based catalysts were identified using
powder X-ray diffraction (XRD) characterization. As shown
in Fig. S1 (ESIY), the XRD patterns of all TiO,(Si)-X%Cu
nanosheets are attributed to anatase TiO, (JCPDS-21-1272),
without any secondary patterns related to Cu/Si or its oxide
phases, suggesting that co-doping does not alter the crystal
structure of TiO, nanosheets. As evidenced by the transmission
electron microscopy (TEM) characterization (Fig. 1b and
Fig. S2, ESI{), the ultrathin TiO, nanosheets display a lateral
sheet size of ca. 10 nm and a thickness of ca. 3 nm, exposing
abundant sites for photocatalytic reactions. The high-
resolution TEM (HRTEM) image (Fig. 1c) shows lattice fringes
of 0.19 nm and 0.20 nm, indexing to the (200) and (020) facets
of anatase TiO,, respectively. These results reveal that the
as-synthesized ultrathin TiO, nanosheets exhibit a high ratio
of reactive (001) faces.”>>* The element distribution of the
co-doped TiO, nanosheets is then analysed by energy-dispersive
X-ray spectroscopy (EDS). As shown in Fig. 1d, the homogeneous
distribution of Ti, O, Cu, and Si elements is confirmed throughout
the nanosheets. Combined with the XRD results, this indicates
that Cu and Si were successfully and uniformly doped into TiO,.>>
Furthermore, UV-vis diffuse reflectance spectroscopy (Fig. 1e)
revealed that the absorption edges of the TiO, nanosheets redshift
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Fig. 1 (a) Schematic illustration of the preparation of Cu & Si co-doped
ultrathin TiO, nanosheets. (b) TEM, (c) HRTEM images and (d) EDS mapping
of TiO,(Si)-1%Cu nanosheets. (e) UV-vis diffuse reflectance spectra of the
prepared Cu & Si co-doped TiO, nanosheets.

with the incorporation of Cu due to the presence of oxygen
vacancies and 2E, — 2T, transitions from O to Cu atoms,*
while the absorption edges of TiO, show negligible relevance to
Si doping. Interestingly, Cu doping could increase the near-
infrared absorption up to 800 nm, assigned to the d-d transi-
tions of doped Cu,*****® which would obviously enhance the
light absorption for the photocatalytic reaction. In addition,
the absorption in the near-infrared region can increase the
surface temperature of the photocatalyst due to photothermal
effect (Fig. S3, ESIt), facilitating methane activation on the TiO,
surface.

X-ray photoelectron spectroscopy (XPS) was employed to
further investigate the electronic structure of the co-doped
TiO, nanosheets. The refined Cu 2p XPS spectra of TiO,—
1%Cu and TiO,(Si)-1%Cu (Fig. S4, ESI{) both exhibit a +2
oxidation state, confirmed by bimodal peaks at 933.2 eV (Cu
2ps52) and 953.1 eV (Cu 2p,,).>* The Si 2p spectra of TiO,(Si)
and TiO,(Si)-1%Cu (Fig. S5, ESIt) are mainly attributed to +4
oxidation state.>”*® As shown in Fig. 2a, the majority of Ti is in
the Ti*" state for all samples, while Ti** can be distinctly
observed in the Ti 2p spectra of TiO,-1%Cu and TiO,(Si)-
1%Cu due to the introduction of oxygen vacancies by Cu
doping. Interestingly, the intensity of Ti’" in the Ti 2p XPS
spectrum decreased after the incorporation of Si into the TiO,
nanosheets, which resulted from the modulation of the electro-
nic structure between Si and Ti atoms.”®*° To further elucidate
the oxidation states of the doped Cu, electron paramagnetic
resonance (EPR) was performed to recognize the electronic
structure and coordination environment of the dopant.*® As
shown in Fig. S6 (ESIt), the EPR spectra of TiO,-1%Cu and
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Fig. 2 (a) Ti 2p XPS spectra and (b) Raman spectra of TiO,(Si)-X%Cu
nanosheets. (c) Raman shift difference of TiO,(Si)-X%Cu nanosheets
compared with TiO, nanosheets.

TiO,(Si)-1%Cu exhibit a characteristic Cu>* hyperfine signal
with resonance parameters at g; = 2.33 and g, = 2.07, which
indicates that Cu®" ions substitute Ti sites in the TiO,
lattice.>**!

Moreover, Raman spectroscopy was carried out to investi-
gate the local structure alteration upon the incorporation of Cu
and Si. As shown in Fig. 2b, the Raman spectra exhibit intensive
peaks at 149 cm™ ! attributed to the E, mode of anatase TiO,,
consistent with the XRD results.”>** The E, mode, assigned to
the symmetric stretching vibration of O-Ti-O in TiO,,** shifts
towards a higher wavenumber upon the incorporation of Cu or
Si. This phenomenon could occur due to the introduction of Cu
and Si induces lattice distortion in TiO, and the formation of
Cu-O-Ti or Si-O-Ti bonds.>”** The lattice distortion could
maneuver the adsorption configuration of reactant molecules
on the surface.”>*® In particular, the peak shift achieves its
smallest when 1% molar Cu and 100 pL Si are doped into TiO,
nanosheets (Fig. 2c¢), originating from the distortion balance
between Cu and Si,** which may boost the photocatalytic
activity and stability over the co-doped TiO,.

To clarify the co-doping effect on photocatalytic reactivity of
TiO,, in situ EPR was carried out to detect the ROS generated on
the prepared TiO, nanosheets under light irradiation using 5,
5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping
agent. As revealed in Fig. 3a, the EPR spectra for TiO, and
TiO,(Si) nanosheets show quartet signals with an intensity ratio
of 1:2:2:1, which could be assigned to the adduct of hydroxyl
radicals with spin-trapping agent (DMPO-*OH), while the EPR
spectrum for TiO,-1%Cu exhibits negligible DMPO-*OH sig-
nals. In contrast, a sextet signal is generated in the EPR spectra
for TiO,(Si)-1%Cu, which may result from the N-C bond
cleavage and ring opening of DMPO over TiO,(Si)-1%Cu under
light irradiation,®>® indicating the significant oxidation ability
of the co-doped TiO,. The EPR results demonstrate that the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) In situ EPR spectra for the prepared TiO, nanosheets under
irradiation using DMPO as a spinning trapping agent. (b) Photocatalytic
performance of the prepared TiO, nanosheets after 4 h of light irradiation.
(c) Mass spectra of ethane produced over TiO,(Si)-1%Cu using CH4 and
CD, as the feed gas. (d) Photocatalytic production rate in the cyclic test of
TiO,(Si)—1%Cu.

incorporation of Cu and Si can rationally modulate the oxida-
tion capability of TiO, and the ROS for photocatalytic reactions,
benefiting from the alteration of the electronic structure of
TiO, and the presence of Ti*" and oxygen vacancies.

Upon recognizing the status of doped Cu and Si in TiO,
nanosheets, we are now in a position to evaluate the perfor-
mance of the prepared TiO, nanosheets for photocatalytic
methane conversion. The photocatalytic experiments were
carried out in CH, saturated water under 300 W xenon lamp
(PLS-SXE300, Perfect Light) irradiation under ambient condi-
tions, where the solvation effect of H,O could facilitate the
desorption of products from the surface of the catalyst to avoid
overoxidation.’’?® As detected by gas chromatography (GC,
Agilent 7890B), the pure TiO, nanosheets are inactive for
methane conversion (shown in Fig. 3b and Fig. S7, ESIf).
Interestingly, the introduction of Cu or Si into the TiO,
nanosheets endow the distinctly enhanced activity for methane
conversion. Moreover, the synergetic effect of Cu and Si would
further facilitate photocatalytic methane conversion over
TiO, nanosheets. In particular, TiO,(100pL Si)-1%Cu achieves
a C,H, production rate of 33.8 pmol g~ * h~! with a selectivity
of 88.4% upon 4 h light irradiation, consistent with the Raman
and in situ EPR characterizations. These results clearly demon-
strate the importance of the ROS and the regulation of
electronic structure in photocatalytic methane conversion.
Nevertheless, the photocatalytic performance of the prepared
catalyst declines with further increase in Cu or Si content, due to
the shielding effect and photogenerated charge recombination.

To further elucidate the accuracy of the photocatalytic
results, isotope labelling experiments are performed using
CH,4 or CD;, as the feed gas to conduct photocatalytic methane
conversion over TiO,(Si)-1%Cu. As shown in Fig. 3c, the m/z
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Fig. 4 (a) Transient photocurrent response of the prepared TiO;
nanosheets. (b) The light-irradiated Cu 2p XPS spectra for TiO,(Si)-
1%Cu. (c) The EPR difference spectra between light irradiated spectra
and pristine spectrum for TiO,(Si)-1%Cu. (d) In situ DRIFTS spectra for
photocatalytic methane conversion over TiO,(Si)-1%Cu under light
irradiation.

values of ethane vary upon changing the reactant gas. In detail,
the location of the strongest peak shifts from m/z = 28 (using
CH, feed gas) to m/z = 32 (using CD, as feed gas), and a new
peak with constant relative intensity at m/z = 36 appears,
demonstrating the produced ethane originating from the fed
CH,. Moreover, control experiments showed that no products
could be detected in the absence of methane, photocatalyst, or
light irradiation (Fig. S8, ESIt), suggesting that the products
originate from photocatalytic methane conversion over co-
doped TiO, nanosheets. Moreover, the co-doped TiO,
nanosheets exhibit significant photocatalytic stability, and the
photocatalytic performance of TiO,(Si)-1%Cu is well main-
tained for five cycles with each run of 4 h (Fig. 3d and
Fig. S9, ESI+).

To comprehend the utilization efficiency of photogenerated
charge carriers by co-doping, we performed photoelectrochem-
ical measurements to observe the interfacial charge kinetics of
TiO, nanosheets through the transient photocurrent response.
As shown in Fig. 4a, the photocurrents of TiO,(Si), TiO,-1%Cu
and TiO,(Si)-1%Cu are obviously larger than that of pristine
TiO,. More importantly, TiO,(Si)-1%Cu achieves the highest
transient photocurrent, indicating that Cu and Si doping can
greatly facilitate photogenerated charge separation and migra-
tion for photocatalytic methane conversion. Moreover, electro-
chemical impedance measurements further evaluate the charge
transport. All TiO, nanosheets exhibit a positive slope in the
Mott-Schottky plot (Fig. S10, ESIT). Specifically, the slopes for
doped TiO, nanosheets are more obviously gradual than that of
the pristine TiO, nanosheets, which qualitatively indicates a
higher charge carrier density according to the Mott-Schottky
equation.®® Overall, the improved photocatalytic performance
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for doped TiO, could be mainly attributed to the enhanced
charge separation and migration.

To gain insight into the electron transfer of TiO, nanosheets
upon Cu and Si doping, we monitored the oxidation state
changes of doped Cu and Si in TiO, nanosheets during the
photocatalytic reaction using irradiated XPS. Specifically, the
Cu 2p XPS spectrum shifts towards a lower binding energy
upon light irradiation (Fig. 4b), while no obvious shift can be
observed in the Si 2p XPS spectrum (Fig. S11, ESIT). In addition,
light-irradiated EPR measurements were carried out to further
elucidate the change in the oxidation state of Cu under light
irradiation. The differences between the EPR spectra under
light irradiation (Fig. S12, ESIf) and the spectrum in the dark
(Fig. S6, ESIt) are shown in Fig. 4c. The positive and increasing
values of the EPR difference reveal that Cu”* is reduced to EPR-
silent Cu” by photogenerated electrons under light irradiation.
Interestingly, the EPR spectrum for the irradiated TiO,(Si)-
1%Cu would recover to its initial state after exposure to air
for 20 min (Fig. S13, ESIY), suggesting the high photocatalytic
stability of the co-doped TiO, nanosheets. Taken together,
these results illustrate that doping could significantly enhance
the separation of photogenerated carriers and the activation of
methane molecules on the surface.

We then performed in situ diffuse reflectance infrared Four-
ier transform spectroscopy (DRIFTS) to observe the intermedi-
ates in the photocatalytic methane conversion process to
analyse the reaction mechanism. The in situ DRIFTS in the
presence of CH, and water vapour for TiO,(Si)-1%Cu (Fig. 4d)
exhibit obvious peaks at 1304 and 1540 cm™ ", assigned to the
C-H deformation vibration and symmetric deformation vibra-
tion of CH,, respectively.*®*! It is worth mentioning that the
C-H symmetric vibration of CH, at 1540 cm ' is normally
infrared-forbidden for free methane molecules, which mani-
fests the efficient adsorption of CH, molecules on the
TiO,(Si)-1%Cu surface.*” The C-H symmetric stretching vibra-
tion of CH, intensified immediately upon illumination, indi-
cating photoenhanced methane adsorption. Moreover, the
vibration modes of CH,/CH; deformation at new peaks at
1470/1425 em™ ', and the C-O stretching vibrational mode at
1042 ecm™' appear and grow gradually in the DRIFTS of
TiO,(S1)-1%Cu, demonstrating the dissociation of CH, mole-
cules over the TiO,(Si)-1%Cu catalyst surface under light
irradiation.*? In sharp contrast, the CH,/CH; and C-O species
can hardly be resolved in the DRIFTS for pristine TiO,
nanosheets (Fig. S14, ESIt). These results firmly reveal that
the Cu and Si co-doping can rationally modulate adsorption
configuration of reactant molecules on the surface and signifi-
cantly boost the cleavage of methane on the TiO, nanosheets.

3. Conclusions

In conclusion, we have provided an efficient candidate for
photocatalytic methane conversion into ethane through Cu
and Si co-doping into ultrathin TiO, nanosheets. It is demon-
strated that the co-doping strategy can rationally alter the

This journal is © The Royal Society of Chemistry 2023
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reactive oxygen species for efficient activation of the C-H bond
according to the in situ EPR. Furthermore, Cu and Si doping
greatly improves the efficiency of photogenerated charge
separation and migration. As a result, the optimized TiO,(Si)-
1%Cu achieves a C,Hg production rate of 33.8 umol ¢~* h™*
with a selectivity of 88.4% upon 4 h light irradiation. This work
presents a fresh perspective on the photocatalytic activation of
C-H bonds under mild conditions and paves the way for
efficient methane conversion into value-added chemicals
through a highly sustainable approach.
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