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oxidation for methanol production†
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Kai Sunb and Zetian Mi*a

Converting relatively inert methane into active chemical fuels such as methanol with high selectivity

through an energy-saving strategy has remained a grand challenge. Photocatalytic technology

consuming solar energy is an appealing alternative for methane reforming. However, the low efficiency

and the undesirable formation of low-value products, such as carbon dioxide and ethane, limit the

commercial application of photocatalytic technology. Herein, we find a facile and practical water-

promoted pathway for photocatalytic methane reforming into methanol, enabling methanol production

from methane and oxygen with a high selectivity (>93%) and production rate (21.4 mmol cm−2 h−1 or

45.5 mmol g−1 h−1) on metallic Ag nanoparticle-loaded InGaN nanowires (Ag/InGaN). The experimental

XPS and theoretical PDOS analyses reveal that water molecules adsorbed on Ag nanoparticles (AgNPs)

can promote the electron transfer from InGaN to AgNPs, which enables the formation of partial Ag

species with a lower oxidation state in AgNPs. Through the in situ IR spectrum and the reaction pathway

simulation studies, these newly formed Ag species induced by water adsorption were demonstrated to

be responsible for the highly selective methanol production due to the effective formation of a C–O

bond and the optimal desorption of the formed methanol from the surface indium site of the InGaN

photocatalyst. This unique water promotion effect leads to a 55-fold higher catalytic rate and 9-fold

higher selectivity for methanol production compared to photocatalytic methane reforming without water

addition. This finding offers a new pathway for achieving clean solar fuels by photocatalysis-based

methane reforming.
Photocatalysis is a mild technology to reform inert methane
into some high-value and active fuels, such as methanol, which
has attracted an increasing interest.1–7 However, the high
dissociation energy (439 kJ mol−1) in the cleaving step of the
rst C–H bond has a high energy barrier which limits the effi-
ciency of the photocatalytic reaction.8–12 More importantly,
these high-value and active fuels are oen metastable,13–17 and
are easy to be excessively oxidized into low-value CO or even
CO2.5,18–20 Considering these issues, many photocatalysts and
cocatalysts have been developed to improve yield and selectivity
by extending the light-response range, improving charge sepa-
ration or enhancing catalytic C–H activation. Besides, many
studies have also been performed to tune the pathway of the
catalytic reaction.2 For example, gaseous oxygen was used as the
oxidant to produce cOH radicals for oxidizing methane into
methanol with a high reaction rate of 2.0 mmol g−1 h−1 in the
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photocatalytic reaction.21 However, the selectivity for the tar-
geted products, such as methanol, is oen limited to less than
50% though the reaction rate of methane oxidation can be
signicantly improved by using oxygen as the oxidant.22 This is
directly related to the overoxidation of CH3OH by the active cOH
or cO2

− radicals, which limits the practical application of pho-
tocatalytic methane oxidation.21,23 Hence, improving the selec-
tivity for the targeted high-value product, without comprising
the reaction rate, will be desirable for photocatalytic methane
reforming.

Though some semiconductor photocatalysts, such as TiO2,
have a strong oxidizing ability for activating methane, the
overoxidation of methane reduces the selectivity for the targeted
products.23 In contrast, some nitrides, such as g-C3N4, oen
exhibit a moderate oxidizing ability, but their stability is de-
cient.24 Recently, InGaN photocatalysts with tunable band-edge
potentials and surface band structure have been well synthe-
sized by adjusting the In content in the GaN segment,25,26 which
can provide a suitable platform to control the reaction pathway
of photocatalytic methane oxidation. Herein, we report a water-
assisted photocatalytic methane oxidation process for highly
selective methanol production on metallic Ag nanoparticle-
loaded InGaN nanowires (Ag/InGaN). The experimental XPS
Chem. Sci., 2024, 15, 1505–1510 | 1505
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and theoretical PDOS analyses revealed that water molecules
adsorbed on AgNPs can promote the electron transfer from
InGaN to AgNPs, which enabled the production of highly active
Ag species with a lower oxidation state in AgNPs. These Ag
species induced by water adsorption were demonstrated to be
active and essential for highly selective methanol production
according to the in situ IR spectrum and the reaction pathway
simulation.

InGaN nanowires were prepared on a silicon wafer by
plasma-assisted molecular beam epitaxy (PAMBE).25 The AgNPs
were deposited on InGaN nanowires by a typical photoreduction
method. The eld emission scanning electron microscopy
(FESEM) images show that the InGaN nanowires with lengths of
∼1.2 mm are well arrayed on a silicon wafer (Fig. 1a). According
to the X-ray diffraction (XRD) pattern (Fig. 1b), the crystal
structure of the as-prepared sample is assigned to hexagonal
InGaN (standard PDF card 2-1078). It should be noted that one
main peak at 34.7° and one weak shoulder peak at 34.4° in the
XRD pattern are assigned to the GaN and InGaN segments in
InGaN/GaN nanowires, respectively. Additionally, the XRD peak
of metallic Ag nanoparticles cannot be detected due to its low
content. Besides, it is also revealed that InGaN nanowires grow
along the [002] direction on the silicon wafer, which is further
demonstrated by the high-angle annular dark-eld scanning
transmission electron microscopy (HAADF-STEM) image
(Fig. 1c). A clear lattice fringe with a width of 0.260 nm in the
Fig. 1 Structure characterization. (a) A 45°-tilted FESEM image, (b) XRD
elemental mapping and (f) room-temperature PL spectrum of Ag/InGaN

1506 | Chem. Sci., 2024, 15, 1505–1510
InGaN segment is measured along the growth direction (c-axis)
of InGaN nanowires. It should be noted that the role of the GaN
segment in InGaN nanowires is to stabilize the growth of InGaN
segments.25 Metallic AgNPs with a typical lattice constant of
0.202 nm are observed on the surface of InGaN nanowires
(Fig. 1d), and act as the cocatalyst in photocatalysis. The content
of AgNPs deposited on InGaN nanowires is determined to be
45.3 mg cm−2 according to an inductively coupled plasma-
atomic emission spectrometer. The energy dispersive X-ray
(EDS) elemental mapping suggests the distribution of AgNPs
on the surface of InGaN nanowires as well as the formation of
InGaN segments (Fig. 1e). The room-temperature photo-
luminescence spectrum shows one strong emission peak at
491 nm and one weak peak at 361 nm (Fig. 1f), which are
assigned to InGaN segments and GaN segments, respec-
tively.25,27 This result indicates that the InGaN segments have
a band gap of 2.53 eV. Thus, the ratio of In and Ga in InGaN
segments was calculated to be 1 : 3 according to the reported
formula.28

The as-prepared Ag/InGaN sample was used in the water-
assisted photocatalytic methane reforming reaction. In a well-
designed reaction system (Fig. S1†), the photocatalyst wafer
was stabilized on a quartz holder. A water layer at the bottom of
chamber provided water vapor for the photocatalytic reaction.
CH4 and O2 were used as the feed gas for methanol production.
First, the ratio of CH4 and O2 was optimized in the presence of
pattern, (c) HAADF-STEM image, (d) bright-field TEM image, (e) EDS
nanowires.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water (Fig. 2a and S2†). The obtained results shows that the
highest methanol production rate (21.4 mmol cm−2 h−1 or
45.5 mmol g−1 h−1) is achieved at a ratio of 1 : 1. Meanwhile,
a selectivity of 93.3% for methanol production is obtained. The
by-products consist of CO and ethane. The control experiment
without water demonstrates that the addition of water could
increase the methanol production rate by 55 times and selec-
tivity by 9 times, as shown in Fig. 2b. Besides, the activity of
pristine InGaN is 12-fold lower than that of Ag/InGaN under the
same conditions (Fig. S3†). The above results indicate that the
coexistence of water and Ag nanoparticles is signicant for the
performance improvement of InGaN. As further summarized in
Table S1,† the achieved methanol-production activity on Ag/
InGaN is nearly one to two orders of magnitude higher than
that in the previous reports. Moreover, when replacing H2O with
D2O, the methanol production rate is observably reduced to
∼11.0 mmol cm−2 h−1, compared to methane oxidation using
Fig. 2 Performance evaluations. (a) CH4/O2 ratio-dependent methane o
water. (b) Methane oxidation activities of Ag/InGaN without or with H2O
concentrated light of 5000 mW cm−2 on a 0.64 cm2 photocatalyst wafe

© 2024 The Author(s). Published by the Royal Society of Chemistry
H2O (Fig. 2b), implying the crucial role of H2O in the present
photocatalytic methane oxidation. It should be noted that the
decreased activity with D2O is considered to be from the lower
saturated vapor pressure of D2O than that of H2O.29 Further
nuclear magnetic resonance (NMR)measurements show that all
hydrogen elements of the produced methanol consist of H
instead of D from D2O (Fig. S4†). This result implies that water
molecules do not directly react with methanol or oxygen to form
the intermediate. Instead, it is considered that the water
molecule acts as a molecule “catalyst” in photocatalytic
methane reforming. Furthermore, the stability of the photo-
catalyst can reach 13 cycles (each cycle: 4 hours) in the presence
of water (Fig. 2c). Stable operation over 50 hours is signicantly
better than that of previously reported photocatalytic methane
oxidation to methanol (see Table S1†). Besides, a turnover
number (TON) of 68 534 was achieved in this stability test. It
should be noted that the production rate and selectivity of
xidation on the as-prepared Ag/InGaN photocatalyst in the presence of
(or D2O). (c) Stability test of Ag/InGaN under a 300 W Xe lamp with
r sample.

Chem. Sci., 2024, 15, 1505–1510 | 1507
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methanol were decreased to 9.2 mmol cm−2 h−1 and 75% at the
end of the stability test (Fig. S5†). However, no observable
change is observed in the crystal structure of Ag/InGaN aer the
stability test (Fig. S6 and S7†). The decreased activity and
selectivity for methanol is largely due to the aggregation of
AgNPs on the InGaN surface according to the FESEM image
(Fig. S8†).

To investigate the water promotion effect on the methanol-
production activity of Ag/InGaN, the in situ infrared diffuse
reectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were performed to examine the formation of
intermediates. In the absence of water, only a slight change can
Fig. 3 In situ IR spectrum of photocatalytic methane oxidation on Ag/InG
InGaN before and after the reaction. The circles stand for the fitting curve
with water. (e) PDOS plots of Ag 4d states without or with water. (f) PDOS
line stands for the Fermi level. The charge density difference mappings b
The isosurface of charge density is 0.005 e Å−3. The yellow and sky-blu

1508 | Chem. Sci., 2024, 15, 1505–1510
be observed with reaction time under light irradiation (Fig. 3a).
Besides, without irradiation, an IR peak is also not observed in
the presence of water (Fig. S9†). However, with the addition of
water, an observable peak appears in the range of 925–1600 cm−2

under light irradiation, assigned to the C–O bond (Fig. 3b).30,31

This result indicates that water can signicantly promote the
photocatalytic oxidation of methane. Besides, methane oxidation
is signicantly reduced in the absence of Ag nanoparticles (Fig.
S10†). This suggests that the coexistence of water and Ag nano-
particles is necessary for photocatalytic methane oxidation on
InGaN, which is consistent with the result of the above activity
test. Moreover, the high-resolution XPS spectra of Ag/InGaN (Ag/
aN (a) without or (b) with water. (c) High-resolution XPS spectra of Ag/
. (d) Free energy profile of methane oxidation on Ag/InGaN without or
plots of In 5s and 5p states without or with water. The vertical dashed

etween methanol and Ag/InGaN surfaces (g) without or (h) with water.
e regions stand for the positive and negative charges, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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InGaNnew) before the reaction show that two kinds of Ag species
exist on AgNPs directly obtained from photoreduction (Fig. 3c).
Specically, the Ag species with a lower oxidation state is
observed at 371.9 eV. Interestingly, this peak disappears in Ag/
InGaN aer one-cycle of methane oxidation without water addi-
tion (Ag/InGaNwithout water). In contrast, one additional peak can
still be found in the more negative region of the Ag 3d XPS
spectrum of Ag/InGaNwith water obtained from one-cycle of water-
assisted methane oxidation. This suggests that water can stabi-
lize these Ag species with a lower oxidation state. It should be
noted that these Ag species with a lower oxidation state
unavoidably decreased with reaction time due to the oxidation or
deactivation of Ag nanoparticles. Especially aer 16 cycles, only
one weak peak can be observed at 372.1 eV in Ag/InGaN aer
stability test without water. Considering the activity trend, it is
speculated that these Ag species with a lower oxidation state are
the main active centers for photocatalytic methane oxidation.

To further verify the above provided mechanism, the density
functional theory (DFT) simulations were performed to inves-
tigate the water promotion effects on photocatalytic methane
reforming into methanol. Considering the different work
functions of noble metal AgNPs and the InGaN semi-
conductor,32 the AgNPs act as the cocatalyst for reducing the
adsorbed oxygen into active oxygen species for the activation of
methane. Besides, the holes le on InGaN combine with the
formed oxygen species to synergistically catalyze methane
oxidation. The free energy prole of the catalytic reaction
pathway shows that the desorption of methanol is the rate-
determining step (Fig. 3d). Specically, the existence of water
signicantly decreases the energy barrier of methanol desorp-
tion from the photocatalyst surface. The existence of water
effectively enables the formation energy of a C–O bond between
*CH3 and *HO2 or *OH less negative, which avoids the exces-
sively strong interaction between the formed methanol and
catalyst surface. As a result, the addition of water promotes the
formation of free methanol molecules. It should be noted that
the surface indium (In) site in InGaN is the more active site for
methanol production compared to the surface gallium (Ga) site
(Fig. 3d). Moreover, the projected density of states (PDOS) of Ag
4d states show that the presence of water shis Ag 4d states of
AgNPs toward a more negative region (Fig. 3e), indicating that
water-adsorbed AgNPs obtain more electrons from InGaN and
have a lower oxidation state. Furthermore, it is revealed that the
surface In site neighboring a AgNP also has a lower oxidation
degree in the presence of water (Fig. 3f), which is benecial for
inhibiting the excessive oxidation of the formed methanol into
CO. This is further demonstrated by the calculated charge
density difference mappings between the formed methanol and
photocatalyst surface. The results show that the presence of
water changes the adsorption state of methanol on the photo-
catalyst surface. In the absence of water, the formed methanol
only interacts with the InGaN surface (Fig. 3g). However, with
the addition of water, methanol is located between InGaN and
AgNPs (Fig. 3h). This co-interaction between methanol and
InGaN/AgNP can effectively inhibit the inert adsorption of
methanol, which is benecial for the desorption of the formed
methanol during the catalytic reaction. This is further
© 2024 The Author(s). Published by the Royal Society of Chemistry
demonstrated by the in situ IR test of methanol desorption with
or without water (Fig. S11†). The result shows that the addition
of water can accelerate the desorption of methanol. Hence, it
can be concluded that water can tune the electronic states of Ag/
InGaN and produce more active surface sites for photocatalytic
methane oxidation into methanol.
Data availability
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