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atalytic aerobic oxidation of
methane into carbon monoxide over Ag/
AgCl@SiO2†

Jianxin Zhai,a Baowen Zhou,*b Haihong Wu, *a Shuaiqiang Jia, a Mengen Chu,a

Shitao Han,a Wei Xia,a Mingyuan He*a and Buxing Han *ac

Design of active catalysts for chemical utilization of methane under mild conditions is of great importance,

but remains a challenging task. Here, we prepared a Ag/AgCl with SiO2 coating (Ag/AgCl@SiO2)

photocatalyst for methane oxidation to carbon monoxide. High carbon monoxide production (2.3 mmol

h�1) and high selectivity (73%) were achieved. SiO2 plays a key role in the superior performance by

increasing the lifetime of the photogenerated charge carriers. Based on a set of semi in situ infrared

spectroscopy, electron paramagnetic resonance, and electronic property characterization studies, it is

revealed that CH4 is effectively and selectively oxidized to CO by the in situ formation of singlet 1O2 via

the key intermediate of COOH*. Further study showed that the Ag/AgCl@SiO2 catalyst could also drive

valuable conversion using real sunlight under ambient conditions. As far we know, this is the first work

on the application of SiO2 modified Ag/AgCl in the methane oxidation reaction.
Introduction

Highly efficient and selective transformation of CH4 is of great
signicance for the sustainable development of our society
because of the revolution of shale gas.1 However, CH4 activation
is a great challenge for catalysis because it is a very stable and
inert molecule, and the unique symmetrical tetrahedral struc-
ture gives it four strong identical C–H bonds, which leads to
a low electron and proton affinity, weak acidity, and low
polarizability.2 Many efforts have been made on CH4 trans-
formation by energy-intensive thermocatalytic routes.3 Carbon
monoxide, which is a key component of syngas, is a valuable
feedstock for manufacturing many products, such as alcohols,
aldehydes, and hydrocarbon fuels. However, the mature
industrial approach to producing syngas is mostly required to
be done at high temperatures above 1000 K through the steam
reforming of methane where high temperature is essential
owing to the high C–Hbonding energy (434 kJ mol�1) of the CH4
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molecule.4 Hence selective oxidation of methane into carbon
monoxide under ambient conditions paves a new avenue for
syngas production but remains a grand challenge.

As a promising green strategy, photocatalytic CH4 oxidation
can be carried out under mild conditions. The formation of an
oxygen species which is reactive and electrophilic can initiate
the dissociation of the C–H bond of CH4 at room temperature
when excited by photons with several eV of energy.5 For this
purpose, some materials have been used as photocatalysts in
the gas or liquid phase, such as ZnO,6 WO3,7 SrTiO3,8 hetero-
polyacids,9 BiVO4,10 zeolite,11 etc. However, low selectivity to
target products, and oen abundant CO2 production are still
major problems. The activation energy of methane conversion
is usually higher than that for products of high value-added C1
platform molecules such as carbon monoxide, methanol,
formaldehyde etc., resulting in the overoxidation of products
and irreversible carbon loss. To date, research on photocatalytic
conversion of CH4 to CO is relatively scarce.12

Among various photocatalysts, Ag@AgX (X ¼ Cl, Br) possess
excellent catalytic activity owing to the lled d10 electronic
conguration of Ag+ ions, which can have a hand in the
formation of the energy band structure or hybridization and
strong absorptivity, which have attracted considerable atten-
tion.13,14 However, for a single component Ag@AgCl photo-
catalyst, the photogenerated electrons and holes easily
recombine owing to the strong coulombic force between elec-
trons and holes. It is known that the construction of hybrid
heterostructures can effectively improve the photocatalytic
performance. According to previous reports, as an emerging
guest component, SiO2 has been used to build hybrid
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc01140a&domain=pdf&date_stamp=2022-04-16
http://orcid.org/0000-0001-6266-8290
http://orcid.org/0000-0001-7106-9791
http://orcid.org/0000-0003-0440-809X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01140a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013016


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 1

:0
7:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
heterostructures for photocatalysis due to its low cost, excellent
surface properties, UV-visible-IR optical transparency, and high
stability/inertness.15–17 Based on the pioneering attempts, it is
rational to improve the photocatalytic activity of Ag/AgCl by
modication with SiO2.18,19

Herein, a method for preparing a Ag/AgCl@SiO2-x photo-
catalyst (x stands for wt% of SiO2 in the catalysts) is proposed,
which used ionic liquid 1-octyl-3-methylimidazolium chloride
([Omim]Cl) as a Cl source. The catalysts were used in direct
selective photocatalytic conversion of methane into carbon
monoxide under ambient conditions for the rst time. A series
of characterization studies revealed that modication using
SiO2 improved the photocatalytic activity. An appreciable
carbon monoxide production of 2.3 mmol h�1, was achieved
with a high selectivity of 73% under ambient conditions, pre-
senting a green and viable route for the transformation of CH4

to carbon monoxide. In addition, the success in utilization of
real sunlight to catalyse the valuable transformation indicated
the potential for practical application.
Results and discussion

Scanning electron microscopy (SEM) characterization studies
were carried out to show the morphology and microstructure of
Ag/AgCl and Ag/AgCl@SiO2-4.1%, as shown in Fig. 1. It can be
seen that Ag/AgCl had a cubic morphology with a uniform size
and its surface was decorated with small particles. The width of
the cubes was about 400 nm as shown in Fig. 1A. The small
particles on the surface were identied as Ag particles.20 The
small particles could not be observed on the surface of Ag/
AgCl@SiO2-4.1% (Fig. 1B), indicating that the Ag/AgCl cube was
covered by SiO2. According to the different colour contrasts of
the pictures in Fig. S1,† the element mappings of Cl and Ag of
Ag/AgCl can be clearly observed. Ag, Cl, Si and O are uniformly
distributed in Ag/AgCl@SiO2-4.1% in Fig. 1C and S2.† These
results further demonstrated that Ag/AgCl@SiO2 was prepared.
In this design, SiO2 can function as a blocking layer of the Ag/
AgCl photocatalyst for suppressing electron–hole pair recom-
bination. Moreover, the high surface area of SiO2 is benecial
for reactant adsorption. Together, the incorporated SiO2
Fig. 1 (A) SEM image of Ag/AgCl. (B) SEM image of Ag/AgCl@SiO2-
4.1%. (C) The elemental mapping of Ag/AgCl@SiO2-4.1%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
promotes the reaction, which will be discussed in the following
sections.

The crystalline structure and composition of the samples
with varied proportion of SiO2 were analysed by the X-ray
diffraction (XRD) technique (Fig. 2A and S3†). The broad peak
observed at 21.6 degrees corresponds to the partially crystalline
SiO2. The featured peaks of Ag/AgCl at 27.8, 32.2, 46.2, 54.8,
57.8, 67.4, 74.5,76.7 and 85.7 are well consistent with the typical
(111), (200), (220), (311), (222), (400), (331), (420) and (422)
planes of AgCl (JCPDS number 31-1238). For the Ag/AgCl and
Ag/AgCl@SiO2 samples, similar reections were identied,
indicating that the introduction of SiO2 had no obvious inu-
ence on their crystalline structure (Fig. S3†).

The XPS method was also used to study the composite
materials. The XPS survey spectra of Ag/AgCl@SiO2-4.1% are
presented in Fig. S4.† In addition, the high-resolution spectra
provide the binding energies of Ag 3d in Fig. 2B. The binding
energies of 367.5 eV and 373.5 eV correspond to 3d5/2 and 3d3/2
of Ag+ and 368.5 eV and 375.6 eV correspond to 3d5/2 and 3d3/2
of Ag0 respectively. The spectra reveal that a considerable
amount of Ag exists in the metallic form.21 In Fig. 2C, the peaks
of Cl 2p3/2 and Cl 2p1/2 with binding energies of 197.7 and
199.2 eV indicate the presence of Cl�.22 In the region of Si 2p
(Fig. 2D), the binding energy of Ag/AgCl@SiO2-4.1% was
103.2 eV, corresponding to the Si–O–Si bond.23 As a whole, the
XPS data further conrmed the successful synthesis of Ag/
AgCl@SiO2 hybrid heterostructures, which agreed well with the
SEM and XRD results.

We next studied the activity and selectivity of Ag/AgCl @SiO2-
x for the oxidation of CH4 to CO. Fig. 3A shows the product
distribution aer 4 hours of light irradiation. CO was dominant
with CO2 and hydrogen as the by-products. Apart from the gas
products, the possible liquid products were analyzed by nuclear
magnetic resonance (NMR) spectroscopy. It was found that no
liquid products were produced from the photocatalytic aerobic
Fig. 2 (A) X-ray diffraction (XRD) patterns for Ag/AgCl, SiO2 and Ag/
AgCl@SiO2-4.1%. (B) Ag 3d X-ray photoelectron spectroscopy (XPS)
spectra of Ag/AgCl and Ag/AgCl@SiO2-4.1%. (C) Cl 2p XPS spectra of
Ag/AgCl and Ag/AgCl@SiO2-4.1%. (D) Si 2p XPS spectra of SiO2 and Ag/
AgCl@SiO2-4.1%.

Chem. Sci., 2022, 13, 4616–4622 | 4617

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01140a


Fig. 3 (A) Influence of the SiO2 content in Ag/AgCl@SiO2-x. (B)
Influence of light intensity on CO evolution over Ag/AgCl@SiO2-4.1%.
(C) CO evolution of the photocatalyst Ag/AgCl@SiO2-4.1% at different
reaction times. (D) Control experiments in the absence of light, the Ag/
AgCl@SiO2-4.1% photocatalyst, CH4 and CH4/O2. The amount of
every catalyst used in the photoreaction is 10 mg.

Fig. 4 (A) UV-vis absorption spectra of Ag/AgCl@SiO2-x catalysts. (B)
Room temperature photoluminescence (PL) spectra of Ag/
AgCl@SiO2-x. (C) Surface photovoltage response of Ag/AgCl@SiO2-x.
(D) TPV of Ag/AgCl@SiO2-x.
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oxidation of methane. It is clear that the introduction of SiO2

can dramatically enhance the photocatalytic performance of the
catalysts for methane conversion. In comparison with Ag/AgCl,
the CO production rate is enhanced by SiO2, and Ag/AgCl@SiO2-
4.1% yields the highest conversion rate of 2.3 mmol h�1 and
a CO selectivity of 73%, which is nearly 1.4 times that of Ag/AgCl
(1.6 mmol h�1). In this case, there is an optimal balance among
electron–hole pair recombination, catalytic sites-reactant
interaction and light collection, thus leading to an optimum
activity. Further increasing the loading amount of SiO2 does not
increase CH4 conversion. This may be because as toomuch SiO2

was added, the effect of the decreasing photoactive component
Ag/AgCl became a dominant factor, thus resulting in the lower
activity.

The performance of the Ag/AgCl@SiO2-4.1% catalyst at
different light intensities was evaluated and the results are
shown in Fig. 3B. The rate of CO generation increases with
increasing light intensity, which indicates that light was the
driving force of the transformation, and Ag/AgCl@SiO2-4.1%
was not ruined under light illumination. Apart from the
outstanding photocatalytic activity, the stability of the photo-
catalyst is another important aspect to be considered. Fig. 3C
shows the time-course CO evolution at different times. The yield
increased continuously with time, suggesting good stability of
the catalyst. The control experiments showed that the carbon-
ous product could not be generated in the absence of the Ag/
AgCl@SiO2-4.1% photocatalyst or light, indicating that the
photocatalyst and light irradiation are necessary for CH4

conversion (Fig. 3D). Furthermore, no carbonous products were
detected under an Ar atmosphere or without CH4, conrming
that CO is produced form CH4. In addition, the relationship
between CO evolution and the light wavelength was studied. As
shown in Fig. S5,† the formation trend of CO was well consis-
tent with the light absorption trend of the Ag/AgCl@SiO2-4.1%
4618 | Chem. Sci., 2022, 13, 4616–4622
photocatalyst, and the apparent quantum efficiency (AQE) is
determined to be 0.26% at 313 nm. The results further validated
that the reaction proceeded via photocatalysis. The photoexci-
tation of the Ag/AgCl@SiO2-4.1% photocatalyst by photons with
energy higher than its bandgap is the rst step of methane
oxidation, which can initiate the subsequent reactions.

The N2 adsorption–desorption isotherms of Ag/AgCl@SiO2-x
were measured (Fig. S6†). It is shown that the BET surface areas
for Ag/AgCl@SiO2-x composites increased with the content of
SiO2. The surface area of Ag/AgCl@SiO2-4.1% (3.52 m2 g�1) was
nearly three times higher than that of Ag/AgCl (0.872 m2 g�1).
The larger surface area resulted from the porous SiO2 layer.

UV-vis diffuse reectance spectra of Ag/AgCl@SiO2 were ob-
tained to explore the inuence of SiO2 on the optical properties
of the samples (Fig. 4A).24 The absorption band of pure AgCl was
in the region of 250–400 nm. In the case of the Ag/AgCl
composite, two prominent absorption bands are observed in
the UV-visible region. The former can be attributed to the
absorption of AgCl, and its corresponding absorption edge was
located below 400 nm. The latter absorption bands (lmax 550
nm) can be credited to the characteristic absorption of the local
surface plasmon resonance of themetallic silver covering on the
AgCl surface. Furthermore, it is clearly seen that light harvest-
ing decreased with the increasing content of SiO2, duo to the
decreasing content of photoactive Ag/AgCl in Ag/AgCl@SiO2-x.
Photoluminescence (PL) was utilized to elucidate the recombi-
nation of the photoexcited electrons and holes within the Ag/
AgCl@SiO2-x composites. In Fig. 4B, the PL spectra of both Ag/
AgCl and Ag/AgCl@SiO2-x exhibited broad bands, suggesting
multiple radiation processes of the excited charge carriers. With
an increasing silica content, the wider, stronger peak of Ag/
AgCl@SiO2-x became more obvious, suggesting that more
carriers were produced.25,26

Electronic signal change on the surface of the prepared Ag/
AgCl@SiO2-x samples was further studied by using surface
© 2022 The Author(s). Published by the Royal Society of Chemistry
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photovoltage (SPV) spectra, and the results are presented in
Fig. 4C. It is shown that SiO2 could not be photoexcited in the
ultraviolet-visible region ranging from 300 to 550 nm, while an
approximately 0.15 mV photovoltage was observed for Ag/AgCl
in 300 nm to 400 nm region. This is because Ag/AgCl can
effectively absorb light in this region. Aer coating with SiO2,
the Ag/AgCl@SiO2-x photovoltage is also observed in the region
of 300–400 nm, and the photovoltage decreased with the
increase of the content of the silica. Therefore, the weak surface
net charges and SPV response on Ag/AgCl@SiO2-x indicate that
the extraction of photogenerated electrons was not signicantly
blocked and suppressed the recombination of photogenerated
charges, which favours CH4 oxidation by the photoexcited
charges.27

To further explore the photogenerated charge-transfer
behaviour, the surface transient photovoltage (TPV) was
measured. In Fig. 4D, at times longer than 0.7 ms, the TPV signal
of Ag/AgCl decreased at a fast rate while the response signal of
Ag/AgCl@SiO2-x decreased slowly. Moreover, the longer decay
lifetime (8.93 ms) of Ag/AgCl@SiO2-4.1% in comparison with
that of Ag/AgCl (5.95 ms), reveals the enhanced lifetime of charge
carriers of Ag/AgCl by the coating of SiO2.28–30 The longer life-
time of the photogenerated charges is favourable to the subse-
quent photocatalytic CH4 oxidation reaction. This may be a key
factor for the improved photocatalytic activity of the Ag/AgCl
particles aer the incorporation of SiO2.31

To evaluate the kinetics of charge transfer in the hetero-
structures, the electrochemical impedance spectroscopy (EIS)
measurements and transient photocurrent response analysis
were further conducted. As shown in Fig. 5A, all the samples
examined showed similar Nyquist plots, suggesting that the
SiO2 coating did not signicantly increase the resistance of
charge carrier migration in the composite while suppressing
their recombination as suggested by the TPV measurement
above. Fig. 5B shows the transient photocurrent response of the
Ag/AgCl and Ag/AgCl@SiO2-x electrodes over several on–off
cycles of intermittent light irradiation. It is shown that SiO2

reduced the transient photocurrent response, and the effect was
more obvious at a higher silica content. This was mainly
because the addition of a SiO2 layer reduced the content of Ag/
AgCl in Ag/AgCl@SiO2-x as veried by the optical property
characterization in Fig. 4A.23,32 The combination of the photo-
electrochemical property characterization studies with photo-
catalytic performance indicated that although the incorporated
Fig. 5 (A) Electrochemical impedance spectra (EIS) of Ag/AgCl@SiO2-
x. (B) Periodic on/off photocurrent response of Ag/AgCl@SiO2-x.

© 2022 The Author(s). Published by the Royal Society of Chemistry
SiO2 will affect the active sites more or less, Ag/AgCl@SiO2-4.1%
demonstrated an optimal balance for light absorption, elec-
tron–hole pair recombination, as well as catalytic sites-reactant
interaction. As a result, an optimal CO evolution rate of 2.3
mmol h�1 could be achieved from methane oxidation with 73%
selectivity.

A semi in situ IR analysis was performed to gain insight into
the reaction mechanism. In Fig. 6A, the IR band at 1307 cm�1 is
assigned to the typical C–H rotation-bending of the absorbed
saturated –CHx on the Ag/AgCl@SiO2-4.1% surface.33 Upon light
illumination, a new broad peak at 1384 cm�1 emerged, which is
attributable to the adsorbed formate (COOH*) species
(Fig. 6A).34,35 The peaks at 1520–1580 cm�1 primarily originated
from the bidentate carbonates bound to the catalyst surface,
further validating the formation of a COOH* intermediate
during the process.4,9 Signicantly, gaseous carbon monoxide
was identied by the rotation-stretching bands at 2130 cm�1,
which was enhanced by increasing the illumination time
(Fig. 6B). Meanwhile, the featured band at 1650 cm�1 credited
to H2O was also observed at different illumination times as well
(Fig. S8†), which is associated with COOH* dehydration as
suggested by previous studies.35 The bands assigned to the
characteristic mode of CO2 at 2330–2370 cm�1 gradually
increased arising from the unavoidable overoxidation, well
explaining the fact that the highest selectivity of CO was 73%.36

In the cycle, the critical role of O2 was studied by in situ electron
paramagnetic resonance (EPR). As shown in Fig. S9,† upon
illumination, singlet oxygen (1O2) was produced. The in situ
formed singlet oxygen is rationally considered to play an
important role in CH4 oxidation because of its unique oxidizing
capability. Based on the above results, the possible mechanism
of photocatalytic oxidation of CH4 is proposed (Fig. 6C).
Methane molecules are rst adsorbed on the Ag/AgCl@SiO2

surface. When illuminated, CH4 would be oxidized by the
photogenerated holes to release H+. Meanwhile, Ag/AgCl@SiO2

in the photoexcited state would transfer energy to the absorbed
Fig. 6 (A and B) FTIR spectra of the gaseous phase during methane
photocatalytic oxidation over the Ag/AgCl@SiO2-4.1% catalyst as
a function of reaction time. (C) The possible mechanism of CH4

oxidation over Ag/AgCl@SiO2 under light illumination.

Chem. Sci., 2022, 13, 4616–4622 | 4619
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Fig. 7 Photograph of the outdoor experimental test setup.
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O2 molecule in the ground state for producing singlet
oxygen(1O2).37–40 The in situ formed singlet 1O2 will be subse-
quently involved in the activation of the C–H bonds to form the
key intermediate of COOH*.35 Eventually, CO is formed from
COOH* dehydration in the presence of photoinduced electrons
and protons,41 concurrent with the formation of H2O, as char-
acterized by in situ IR characterization (Fig. S8†) and previous
discoveries.37–40

Utilization of solar energy directly is more interesting from
a practical application point of view. Therefore, an outdoor
solar-driven test was conducted under ambient conditions from
10:30 to 14:30 at East China Normal University, Shanghai
(latitude 31�2327320 N and longitude 121�4115810 E) (Fig. 7).
10 mg of the Ag/AgCl@SiO2-4.1% photocatalyst was placed in
a quartz reactor (250 mL) with an irradiation area of 19.6 cm2

and lled with mixture gas (0.2% CH4/1% O2/98.8% Ar) prior to
illumination. The average CO evolution rate reached a value of
1.2 mmol h�1 under real solar illumination at 75.7 mW cm�2.
Ag/AgCl@SiO2-4.1% was also validated to be a robust catalyst
during the 4 hour testing period. The results above suggest the
viability of the designed Ag/AgCl@SiO2 catalyst for photo-
catalytic methane oxidation powered by solar energy under
ambient conditions. For the separation problems that may be
encountered in future industrial applications, we believe that
membrane separation is one of the most suitable technologies
because the mixture consisted mainly of CO, CO2, and CH4.

Conclusions

To summarize, Ag/AgCl@SiO2 photocatalysts have been prepared
for CH4 oxidation to CO under ambient conditions. The deco-
rated SiO2 coating plays a key role in enhancing the activity and
selectivity of CO by balancing among electron–hole pair recom-
bination, catalytic sites-reactant interaction, and light collection
and absorption. Under the optimized conditions, an appreciable
activity of 2.3 mmol h�1 can be achieved for CO evolution with
4620 | Chem. Sci., 2022, 13, 4616–4622
a high selectivity of 73%. A mechanism is proposed, revealing
that CO is evolved from CH4 oxidation via the key intermediate of
COOH* by using the in situ singlet 1O2 yielded over photoexcited
Ag/AgCl–SiO2. In addition, outdoor testing further indicates that
photocatalytic CH4 oxidation toward CO can be carried out effi-
ciently using real sunlight under ambient conditions, showing
the potential for application.
Experimental
Chemicals

Silver nitrate (AgNO3) was purchased from Sinopharm Chemical
Reagent Co., Ltd. Tetraethyl orthosilicate (TEOS) was obtained
from Aladdin Industrial Co., Ltd. Ionic liquid 1-octyl-3-
methylimidazolium chloride ([Omim]Cl) was provided by
Shanghai Cheng Jie Chemical Co., Ltd. All the chemicals were
used directly without further treatment. Deionized water was
used for all of the experiments.
Materials synthesis

1 mmol AgNO3 and 2 mmol [Omim]Cl were dissolved in water
(10 mL) rapidly with vigorous stirring for 0.5 h (labelled as
solution A). Then a certain amount of TEOS (0.05 mL to 0.2 mL)
was added to water (10 mL) and stirred for 0.5 h (labelled as
solution B). 0.1 mL NaOH (1 M) was dropped into solution A.
Then solution B was added into solution A drop by drop under
stirring. The mixture was magnetically stirred at room temper-
ature for 24 h. The obtained precipitate was thoroughly washed
with DI water and vacuum freeze dried overnight.
Photocatalytic tests

The photocatalytic conversion of methane was carried out in
a glass reactor (250 mL) with a quartz window under atmo-
spheric pressure. A 300W Xe lamp (Beijing China Education Au-
Light Co., Ltd) equipped with a 300–800 nm cut-off lter was
used as the light source to get light of the desired wavelength
(300–800 nm). In a typical process, 10 mg of the catalyst powder
was dispersed in 10 mL water in a reactor, and the reactor was
heated at 333 K overnight to volatilize the solvent and a thin
lm of the catalyst was formed for illumination reaction. Prior
to the illumination reaction, this reactor was evacuated by using
a vacuum pump, and then lled with the mixture gas (0.2%
CH4/1% O2/98.8% Ar) at atmospheric pressure. This evacuation-
lling operation was repeated three times. During the whole
experiment, the reactor was wrapped in aluminium foil to avoid
light interference from the surroundings and the temperature
was controlled by using a water bath set at 298 K. Aer a desired
reaction time, the gas products were detected by using a gas
chromatograph (Agilent GC-8860) and calibrated with a stan-
dard gasmixture. Aer the reaction, 10mL of distilled water was
injected into the reaction chamber; and the suspended photo-
catalyst was removed by ltration. The liquid mixture was
subsequently characterized by using a nuclear magnetic reso-
nance spectrometer (Bruker Avance III HD 500).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Materials characterization

The morphology of the samples was characterized by using
a Zeiss Sigma HD scanning electron microscope (SEM). A
Rigaku Ultima VI X-ray diffractometer was used to record the X-
ray diffraction patterns with a scanning speed of 5� min�1

between 10� and 90�, which was operated at 25 kV and 35 mA
with Cu Ka radiation. X-ray photoelectron spectroscopy (XPS)
data were obtained on an AXIS Supra surface analysis instru-
ment using amonochromatic Al Ka X-ray beam (1486.6 eV). BET
measurements were carried out using N2 at �196 �C in Quad-
rasorb evo equipment. UV-vis diffuse reectance spectra were
obtained by using a UV-Visible spectrophotometer with
a diffuse reectance unit, (UV-2700, Shimadzu, Japan) where
BaSO4 was used as the internal reectance standard. A liquid
nitrogen cooled charge coupled device (CCD) spectrometer
(Princeton Instruments) was used to detect the steady-state PL
spectra under 375 nm excitation. The surface photovoltage
measurements were carried out on a surface photocurrent
spectroscope (CEL-SPS1000). The transient-state surface pho-
tovoltage measurements were carried out on a CEL-TPV2000
device. Semi in situ FTIR spectra were recorded with a NICO-
LET iS50 FTIR spectrometer (Thermo SCIENTIFIC, USA)
equipped with a high-temperature reaction chamber and
a mercury cadmium telluride (MCT) detector at a resolution of
4 cm�1 and 32 scans per spectrum. The background spectrum
was scanned before the mixture gas (0.2% CH4/1% O2/98.8% Ar)
was introduced. The Si contents were quantied by using an
inductively coupled plasma emission spectrometer (ICP-OES)
on an Optima 8300. The in situ electron paramagnetic reso-
nance (EPR) measurement was carried out using an EMXplus-
10/12 to detect 1O2 radicals by adding 2,2,6,6-tetramethylpi-
peridine (TEMP) as a spin-trapping reagent in the photo-
catalytic reaction aer the mixture gas (75% CH4/25% O2) was
introduced. A 300W Xe lamp (Beijing China Education Au-Light
Co., Ltd) equipped with a 300–800 nm cut-off lter was used as
the light source to get light of the desired wavelength (300–800
nm).
The photoelectrochemical (PEC) tests

The photoelectrochemical tests of the samples were carried out
on an electrochemical workstation (CHI660E, Chenhua Instru-
ment, Shanghai, China) by using a three-electrode system. The
catalyst was drop-coated on clean FTO glass, which was used as
the working electrode, while Pt and Ag/AgCl electrodes acted as
the counter and reference electrodes, respectively. A 300 W Xe
lamp (Aulight, Beijing) acted as the light source and all of the
electrochemical tests were carried out in 0.1 mol L�1 sodium
sulfate solution.
Apparent quantum yield (AQY) calculation

The AQY for CO evolution for Ag/AgCl@SiO2-x was measured
using a standard experimental setup. The system was irradiated
by using a 300W Xe lamp equipped with a 313 nm optical band-
pass lter and subjected to reaction for 4 h. The average
intensity of irradiation (I) was determined by using a CEL-
© 2022 The Author(s). Published by the Royal Society of Chemistry
NP2000 spectrometer. The irradiation area (S) was measured
to be 19.63 cm2. El is given by hc/l (l ¼ 313 nm). The AQY was
calculated by using the following equation.

QE ¼ 6� the number of evolved CO molecules

IðW cm�2Þ � Sðcm2Þ � tðsÞ=ElðJÞ � 100%
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