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Selective Synthesis of Ethane from Methane by a
Photocatalytic Chemical Cycle Process

Jianlong Yang, Lunqiao Xiong, Chao Wang, Lei Luo, Liqiang Jing, Natalia Martsinovich,

and Junwang Tang*

Synthesis of value-added chemicals from methane remains a great challenge

due to its high energy requirement, low conversion efficiency, and

unavoidable over-oxidation of desired products. Here, the integration of a

photon-driven chemical cycle process with a continuous flow reactor over the

Co0.2Pd1.8-TiO2 catalyst has led to the continuous synthesis of C2H6 from CH4

with ≈100% selectivity under ambient conditions, simultaneously avoiding

mixing flammable gas methane with O2 for the chemicals production. Such

high selectivity and activity are due to the active lattice oxygen of PdOL and

the oxygen-lean condition characterized in the chemical cycle, together with

Co single atoms for the regeneration of the photocatalyst surface during the

chemical cycle process. The consumed oxygen in PdOL can be compensated

by air during the subsequent catalyst regeneration process, leading to the

stable activity during a 43 cycles test. Furthermore, this work to some extent

demonstrates that the chemical cycle process not only improves the

technoeconomic viability but also enhances safety of the process.

1. Introduction

The predicted reserves of shale gas and methane hydrate are
so huge that methane (CH4) is widely regarded as the most
abundant building block for future chemical synthesis[1] On
the other hand, accidental emissions of CH4 can cause serious
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environmental issues. It is thus highly
desirable to develop a sustainable and
green solution to efficiently synthesize
high-value chemicals from methane.
However, reactions converting CH4

molecule to value-added products are
rather challenging due to its high C−H
bond enthalpy (439 kJ·mol−1), low po-
larizability (2.84 × 10−40 C2 ·m2 ·J−1),
and negligible proton affinity (544
kJ·mol−1). Currently, industrial trans-
formation of CH4 relies on indirect
processes, e.g. the steam reforming
process followed by Fischer–Tropsch
technology, which requires high op-
erating temperature and pressure to
overcome the reaction barriers, and leads
to large amounts of CO2 emission.[2]

The direct coupling routes to con-
vert CH4 into C2 products are highly
economically attractive, but they remain

challenging chemical processes. It is well known that methane
conversion to C1 only involves C-H bond activation, while
methane to C2 requires a catalyst not only to activate the C-
H bond but more importantly to promote C-C coupling. These
routes can be classified into two categories: the non-oxidative cou-
pling route and the oxidative coupling route. The non-oxidative
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coupling of CH4 (NOCM) demonstrates an atom utilization ef-
ficiency close to 100%, but suffers from unfavorable thermo-
dynamics (∆G0 = 68.6 kJ mol−1), resulting in a comparatively
slower reaction rate. Furthermore, under oxygen-free conditions,
coke accumulation could occur as a thermodynamically more
favorable process (∆G0 = 50.7 kJ/mol), leading to fast cata-
lyst deactivation.[3] For example, a well-designed TiO2-loaded Pt
single-atom nest was utilized for NOCM, achieving a C2H6 yield
of 3.77 μmol h−1.[4] In addition, the selectivity remains a chal-
lenge in this process, and it increases capital investment and en-
ergy costs associated with gas separation units required for the
removal of other by-products, together with a carbon economy.
In contrast, the oxidative coupling of methane route (OCM)

is thermodynamically favorable due to the participation of active
oxidants (such as O2, H2O2, and N2O). However, the presence of
these oxidants also leads to unavoidable peroxidation, resulting
in low carbon utilization efficiency and undesirable carbon emis-
sions besides safety issues.
The chemical cycle mechanism is widely used in combustion,

which decouples a chemical reaction into consecutive reduction
and oxidation reactions in the reactors. The key of a chemical cy-
cle process is that the metal oxide releases reactive oxygen atoms
from its lattice in the controlled manner. The released lattice oxy-
gen is consumed in oxidation reactions as an oxidant and is re-
introduced via re-oxidation cycling.[5] Thus the first step of the
chemical cycle process resembles NCOM for methane activation
due to a O2-free environment and can readily control the degree
of the partial oxidation of CH4 while avoiding overoxidation by
modulating the oxidation states of the metal oxide used.[6] There
are a few examples in thermal catalytic conversion of CH4 oper-
ated at high temperature to validate the efficiency of this process
to achieve a high selectivity by avoiding overoxidation. For exam-
ple, it was reported that Na2WO4/FeMnO3 converted CH4 to C2-
C3 via a thermal catalytic chemical cycle system at 800 °C with a
selectivity of 80%.[7] The excellent selectivity was attributed to the
FeMnO3 ↔ [MnFe2O4 +MnO] redox cycle.
Semiconductor-based photocatalysis is an attractive technol-

ogy to realize thermodynamically unfavorable reactions to take
place at low temperature,[8] even at room temperature.[9] CH4

conversion in the absence of active oxidants (including O2, H2O2,
and N2O) is such a thermodynamically challenging reaction,
while it can possibly be driven by photocatalysis even operated
at room temperature, where C–H bond can be easily cleaved by
photogenerated active species.[10] Integrating chemical cycle and
photocatalysis may combine the advantages of both sides, achiev-
ing highly selective and efficient conversion of CH4 under rather
mild conditions tomore valuable C2 products (involving C-C cou-
pling). Recently, an excellent report introduced photocatalysis in
the chemical cycle process, achieving a moderate C2H6 yield of
2.3 μmol h−1 (or 23 μmol·g−1·h−1) and a selectivity of 82% at room
temperature.[11]

TiO2, particularly anatase TiO2, which exhibits stronger pho-
tocatalytic activity compared to rutile TiO2 and brookite TiO2

phases in many reactions, has been regarded as the most stable
and cost-effective photocatalyst for various chemical processes.
However, it still suffers from slow charge separation and the
over-oxidation of desired products.[12] This can be solved by load-
ing transition metals (e.g., Co, Ni, Cu, Au, Pd, and Pt) that can
serve as the acceptor of electrons or holes, thereby improving

the photogenerated charge separation of TiO2, leading to a high
conversion.[13] More importantly, if the loaded transition metals
can be coupled into a chemical cycle process, the overoxidation of
desired products could be alleviated as the amount and oxidizing
ability of the active species in the chemical cycle process could be
subtly tuned.[6]

Here, we synthesized the very active Co0.2Pd1.8-TiO2 catalyst
and for the first time combined the photon-driven chemical cycle
pathway with a flow process. Then the photon-driven chemical
cycle flow process in the absence of O2 has been successfully em-
ployed for C2H6 synthesis from CH4 at room temperature. The
yield of C2H6 reaches up to 74 μmol·g−1·h−1 (or 3.7 μmol·h−1) with
a selectivity of nearly 100%, both are much higher than the previ-
ous NOCM results. Comprehensive characterizations including
XPS, DRIFT and in situ EPR techniques etc. reveal that PdOL is
directly involved in the C-H bond breaking, accomplished by the
consumption of its lattice oxygen (OL) to form ·CH3 and ·OH.
The combination of the ·CH3 radicals leads to extremely high se-
lectivity to C2H6 in the oxygen-lean environment. Moreover, Co
single atoms can promote the reduction reaction and remove the
protons on the surface of the photocatayst, benefiting the con-
trollable conversion of CH4.

[14] The consumed OL is also replen-
ished by O2 gas in the subsequent catalyst regeneration process,
completing the chemical cycle process. In addition, this chemical
cycle process avoids mixing the flammable gas CH4 with O2 for
chemicals production, promising arather safe continuous chem-
ical process.

2. Results and Discussion

2.1. Photocatalytic Coupling of Methane

PdOL was loaded over TiO2 by the photodeposition method. The
photocatalytic activity of prepared catalysts was tested for CH4

conversion in a top-irradiated flow reactor, with a 365 nm LED
as the light source (Figure S1, Supporting Information). The pre-
pared catalyst film was placed on the copper grid of a reactor with
a temperature probe to monitor the reaction temperature. CH4

conversion on rutile TiO2, anatase TiO2, and Pdmodified anatase
TiO2 was first compared. As shown in Figure S2 (Supporting In-
formation), only C2H6 and H2 are detected in the products. The
photocatalytic activity of rutile TiO2 is only half that of anatase
TiO2 (0.1 μmol h−1 in Figure S2, Supporting Information). The
initial C2H6 production rate is significantly improved after load-
ing Pd on anatase TiO2 (up to 2.8 μmol h−1). These results indi-
cate that loading Pd on TiO2 can effectively improve the CH4 con-
version activity. However, the stability of Pd1.8-TiO2 is very poor.
As shown in Figure S3 (Supporting Information), the yield of
C2H6 drops to 16% at 60 min, consistent with the previous re-
sults in a batch reactor.[11] This loss of activity is attributed to the
substantial consumption of OL of PdOL under oxygen-lean con-
ditions, and coking might start as reported in the conventional
NOCM.[15] To precisely determine the reaction type and investi-
gate the inactivation mechanism, the ratio of produced C2H6 to
H2 was then analyzed. As mentioned earlier, the direct coupling
routes of CH4 conversion can be classified into two categories:
the non-oxidative coupling route (NOCM) and the oxidative cou-
pling route. Since the reaction is conducted under O2-free condi-
tions, OL is the only possible oxidant to participate in themethane

Adv. Energy Mater. 2024, 2404202 2404202 (2 of 13) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 1
6

1
4

6
8

4
0

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/aen

m
.2

0
2

4
0

4
2

0
2

 b
y

 U
N

IV
E

R
S

IT
Y

 O
F

 S
H

E
F

F
IE

L
D

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

2
/1

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



www.advancedsciencenews.com www.advenergymat.de

Figure 1. Photocatalytic CH4 conversion over various catalysts. Initial CH4 conversion to two products C2H6 and H2 for a continuous run for half an
hour and degree of chemical cycle process (cc %) over A) CoxPd1.8-TiO2 and B) Co0.2Pdy-TiO2. (Where x and y represent the mass percentages of Co
and Pd to the TiO2 substrate. x = 0, 0.12, 0.15, 0.2, 0.24 wt. %, y = 0, 1.1, 1.4, 1.8, 2.1 wt. %). cc (%) represents the proportion of the chemical cycle
in the total CH4 conversion reaction. The activity reported in the flow system was calculated by an integration of temporal yield over reaction time
(reaction condition: 50ml min−1 CH4, 365 nm LED, 50mg catalyst, 0.1 MPa). C) The C2H6 yields over the optimized Co0.2Pd1.8-TiO2 recorded for 43
1-hour chemical cycles (reaction condition: 50ml min−1 CH4, 365 nm LED, 50mg catalyst, 0.4 MPa). D) Representative works on photocatalytic CH4

conversion to C2H6. The abscissa represents the results of sample stability testing, expressed in units of cycling number or operating time.

conversion reaction. If the OL could be compensated later by a re-
generation process (which will be confirmed later in this paper),
then this route is a chemical cycle process. In the chemical cy-
cle process, because OL is involved in the reaction, the reduction
product is H2O instead of H2 (Equation (1)). On the other hand,
if NOCM takes place, the ratio of yielded C2H6 to H2 should be
1, according to Equation (2).

2 CH4 +OL → C2H6 +H2O (1)

2CH4 → C2H6 +H2 (2)

One can see in Figure S2 (Supporting Information) that the
initial yield of C2H6 is larger than that of H2 and the ratio of C2H6

toH2 is larger than 1 for themajority of the photocatalysts used, it
suggests that the NOCMand complete chemical cycle coexist and
they compete in the process. The proportion of chemical cycle
(chemical cycle %) could be calculated via Equation (3).

chemical cycle% =
n
(

C2H6

)

− n
(

H2

)

n
(

C2H6

) (3)

As shown in Figure S4A (Supporting Information), dry air
was then pumped into the system under light irradiation to
compensate for the consumed OL. The activity shows a moder-

ate recovery first, but finally becomes inactive after 4 cycles. As
shown in Figure S4B (Supporting Information), the appearance
of Pd1.8-TiO2 turns brown after four cycles of reactions. This phe-
nomenon suggests that the loss of activity may stem from carbon
deposition obstructing active sites (similar to NOCM) or from the
insufficient replenishment of consumed lattice oxygen.
As mentioned earlier, Co could promote the production of

PdOL, thereby introducing more OL into Pd species.
[14] Co sin-

gle atoms and PdOL were then co-loaded on TiO2 by a two-
step method. The prepared photocatalysts are named as CoxPdy-
TiO2 according to the weight percentage of Co and Pd to the
TiO2 substrate, which was analyzed by the inductively coupled
plasma atomic emission spectroscopy (ICP-AES). The results of
photocatalytic activity over a series of CoxPd1.8-TiO2 are shown
in Figure 1A. Increasing Co content in CoxPd1.8-TiO2 results in
decreased yields of both C2H6 and H2, while the proportion of
chemical cycle increases from 15% to 95%;more importantly, the
long-time stability is increased, as discussed below. The catalyst
with 0.2% Co content maintains high chemical cycle % and ex-
cellent activity.
To further optimize the catalytic activity, different amounts of

Pd were loaded on TiO2 while keeping the content of Co con-
stant (0.2%), the results are shown in Figure 1B. The increase of
Pd content results in an increase in the C2H6 production rate,
while the proportion of chemical cycle decreases when the Pd
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amount is over 1.8%, which is detrimental to the stability of the
catalyst. The sample of Co0.2Pd1.8-TiO2 well balances the activity
and high chemical cycle ratio, thus is selected as the optimized
composition for the following experiments. The product distrbu-
tion over Co0.2Pd1.8-TiO2 by a OCM process with O2 as the oxi-
dant was also investigated. Two gases, CH4 (20% CH4 and 80%
N2) and O2 (2% O2 and 98% N2), contributing to a total flow rate
of 50 mL mi−1n, were supplied to the reactor at different ratios
(CH4:O2 = 4:1, 9:1, 24:1 and pure CH4). As shown in Figure S5
(Supporting Information), the yield of C2H6 is 26.6 μmol h−1,
while the selectivity of C2H6 is only 49.4% when the ratio of
CH4 to O2 is 4:1. As the CH4 to O2 ratio increases, the yield of
C2H6 changes to 33.2, 16.1, and 1.5 μmol h−1 for the ratios of
9:1, 24:1 and pure CH4 respectively. Meanwhile, the selectivity of
the C2H6 exhibits an increasing trend, with the values of 79.9%,
91.3%, and nearly 100% for ratios of 9:1, 24:1, and pure CH4, re-
spectively. The above results suggest that even a small amount
of O2 enhances the photocatalytic activity over Co0.2Pd1.8-TiO2,
but large amount causes severe overoxidation. This overoxida-
tion leads to significant CO2 production, increasing capital in-
vestment and energy costs associated with gas separation units
for the removal of other by-products, besides reduced carbon
economy. This is a disadvantage of the OCM compared with the
chemical cycle process.Moreover, changing the reaction pressure
from 0.1, 0.2, 0.3, to 0.4 MPa reveals an enhanced yield of C2H6

(Figure S6, Supporting Information). For safety reasons, we did
not increase the pressure in the system further. Specifically, the
C2H6 yield rate over Co0.2Pd1.8-TiO2 under 0.4 MPa drops to 30%
after 60 minutes, which is used as an indicator for the regen-
eration of the oxide (Figure S7, Supporting Information). To re-
plenish OL of PdOL, Co0.2Pd1.8-TiO2 catalyst is regenerated in dry
air under UV irradiation for 5 minutes (Figure 1C). The regen-
erated catalyst presents a similar activity to the as-prepared one,
thus confirming the successful refill of OL to achieve a complete
chemical cycle process. The Co0.2Pd1.8-TiO2 catalyst shows excel-
lent stability over 43 cycles (conversion of CH4 first and then
the catalyst regeneration as shown in Figure 1C; Figure S8, Sup-
porting Information). No CO2 is detected during the methane
conversion process. In this work, a flow process was employed
to couple the methyl radicals generated during the first step to
form ethane that is rapidly removed from the reactor to prevent
product accumulation and potential overoxidation. Additionally,
little CO2 is produced during the catalyst regeneration process
(Figure S9, Supporting Information), likely resulting from the
oxidation of adsorbed methane and/or other hydrocarbons on
the catalyst surface under oxygen-rich conditions. The calibration
curve for CO2 quantification shows excellent linearity with a co-
efficient higher than 0.99, and the detection limit of the current
system is ≈20 ppm (Figure S10, Supporting Information). The
apparent quantum yield (AQY) of this process is calculated to
be 0.19%, which is significantly higher than the reported results
from NOCM. For instance, the benchmark catalyst Pt/Ga-TiO2-
SiO2 achieves an AQY of only 0.01%,[16] and even in the OCM
on Pd-Bi/Ga2O3 an AQY of 0.2% was reported.[17] Compared
with the reported photocatalysts, the well-designed Co0.2Pd1.8-
TiO2 catalyst exhibits unprecedentedCH4 conversion (Figure 1D)
in terms of the selectivity and stability (detailed data are shown in
Table S1, Supporting Information). Several control experiments
were conducted to prove the necessity of a catalyst, CH4 gas, and

light for ethane production in the reaction system. The results
in the Table S2 (Supporting Information) confirm all these are
crucial.

2.2. Characterization of Catalysts

The scanning transmission electron microscopy (STEM) image
of the Co0.2Pd1.8-TiO2 is shown in Figure 2A. Small Pd nanopar-
ticles with a mean diameter of 4 nm are uniformly dispersed on
the surface of Co0.2Pd1.8-TiO2 after analyzing > 80 Pd nanoparti-
cles. The aberration-corrected STEM in Figure 2B shows the lat-
tice spacings of 2.37 and 2.15 Å, corresponding to {001} facet of
anatase TiO2 and {110} facet of PdO. Typically, the intensity of the
atomic fringes in an aberration-corrected HRTEM micrograph
correlates with the atomic mass.[18] The bright points in atomic
fringes were marked with grey dotted circles and analyzed using
the line scanning. As shown in Figure 2C,D, the difference in
intensities observed in the line scanning results of 1 # and 2 #
marked in Figure 2B is likely due to the higher atomic number
of Co (27) compared to Ti (22).
To further evidence the atomic dispersion of Co species, X-

ray absorption spectroscopy (XAS) was carried out. As shown
in Figure 2E, the X-ray absorption near-edge structure (XANES)
spectra of Co K-edge show that the K-edge absorption energy of
Co0.2Pd1.8-TiO2 locates between that of CoO and Co3O4, suggest-
ing the state of Co species is between+2 and+3. The K3-weighted
FT extended X-ray absorption fine structure (EXAFS) spectra are
shown in Figure 2F. The Co0.2Pd1.8-TiO2 presents only one strong
peak at 1.47 Å corresponding to Co–O peak, and there is no clear
peak in the region of 2–3 Å that corresponds to the Co-Co peak
of either Co foil, CoO, or Co3O4. These results confirm that the
Co species are atomically dispersed and coordinated by O atoms,
consistent with the HADDF-STEM image.[19–21]

The high angle annular dark-field (HAADF) image of
Co0.2Pd1.8-TiO2 is shown in Figure S11A (Supporting Informa-
tion), and the region in the red dotted rectangle was analysed by
energy dispersive X-ray (EDX). The Co, Pd, Ti, and O EDX maps
are shown in Figure S11B (Supporting Information), confirming
the uniform distribution of the four elements, while the Co and
Pd elements exist independently with little correlation. The X-ray
diffraction (XRD) patterns (Figure S12, Supporting Information)
show that all peaks can be indexed to TiO2 (JCPDSNO. 21–1272).
There are no peaks assigned to Co or Pd species, indicating that
the photodeposition of Co and then Pd does not alter the crystal
phase of TiO2, and the loadedmetals are evenly dispersed.[22] The
UV−vis spectra (Figure S13, Supporting Information) of CoxPdy-
TiO2 catalysts present the characteristic absorption bands with
an onset edge at 400–410 nm and a bandgap of 3.1–3.0 eV, cor-
responding to the bandgap transition of TiO2.

[23] Additionally, no
activity for methane conversion over Co0.2Pd1.8-TiO2 can be ob-
served under the irradiation by visible Xenon lamp (>450 nm)
(Figure S14, Supporting Information). All these suggest that TiO2

was excited by UV irradiation and driven the catalytic CH4 con-
version process. The loading of Co and Pd has no obvious effect
on the light absorption of the photocatalysts. Thermogravimetric
analysis (TGA) (Figure S15, Supporting Information) of photo-
catalyst samples indicates that the catalyst has good thermal sta-
bility at the reaction room temperature. When being excited by
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Figure 2. Physical characterizations of catalysts. A) STEM image of Co0.2Pd1.8-TiO2, the inset is the particle size distribution of Pd. B) HADDF-STEM
image of Co0.2Pd1.8-TiO2, where Co single atoms are marked by grey dotted boxes. C,D) Line scan results of the 1 #, 2 # marked in (B). E) Co K-edge
XANES spectra of Co0.2Pd1.8-TiO2. The inset enlarges the dotted-box area. F) K

3-weighted FT EXAFS spectrum of Co0.2Pd1.8-TiO2, in which Co3O4, CoO,
and Co foil are used as references.

light, the activity of the photocatalyst is closely related to its charge
separation ability.
X-ray photoelectron spectroscopy (XPS) characterization was

conducted with light irradiation in a vacuum chamber to ex
situ investigate the charges separation and transfer in Co0.2Pd1.8-
TiO2. The Pd 3d XPS spectra are shown in Figure 3A and Table S3
(Supporting Information). Under both dark and light-irradiated
conditions, the Pd 3d3/2 spectra could be ascribed into three
species corresponding to Pd0, Pd2+, and Pd4+, which are located
at 340.09, 341.56, and 342.76 eV respectively.[24,25] The results in-
dicate that during the photodeposition process, Pd particles first
form, and then a portion of Pd is oxidized to higher valence states
(Pd2+ and Pd4+).[26] Under light irradiation, the ratio of Pd0 de-
creases from 55.77% to 44.90% while the ratios of Pd2+ and Pd4+

increase from 38.06% and 6.17% to 42.61% and 12.49% respec-
tively. These results indicate that the Pd species could capture the
holes, thus presenting the oxidizing capacity.

On the other hand, the XPS peaks of Co 2p are difficult to be de-
tected due to its very low loading amount (0.2 wt%) in Co0.2Pd1.8-
TiO2. Thus, a sample loaded with 2.0% wt. of Co species was
prepared by the same procedure and used to identify the func-
tion of Co species in the charge transfer.[27] Figure 3B and Table
S4 (Supporting Information) show that the main peaks of Cox+

2p1/2, Co 2p1/2, Co
x+ 2p3/2, and Co 2p3/2 are located at 796.8,

793.7, 781.3, and 778.5 eV, respectively, with their correspond-
ing satellite peaks positioned at 803.5, 800.4, 787.5, and 784.6 eV,
respectively.[28] The ratio of Co0 under light irradiation increases
from 12.01% to 21.29% while the ratio of Cox+ decreases from
87.99% to 78.71%. These results show that the electrons could
be easily transferred to Cox+ under light irradiation. To sum
up, the Co species and Pd species both play decisive and ex-
plicit roles in promoting electrons and holes separation, respec-
tively. The increased current density of I-T curves further con-
firms the promoted charge separation by Co and Pd (Figure S16,
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Figure 3. Photophysical characterizations of catalysts. A) XPS spectra of Pd 3d of Co0.2Pd1.8-TiO2 in the dark and under light irradiation. B) XPS spectra
of Co 2p of Co2.0Pd1.8-TiO2 in the dark and under light irradiation. (The black bold lines serve to illustrate the baselines and the fitted curves, while the
black fine lines denote the raw data traces. In inset (B), the dashed lines indicate the satellite peak curves attributed to the Co element). C) EPR spectra
of samples in the dark and under light irradiation. D) PL spectra of TiO2, Co0.2-TiO2, Pd1.8-TiO2, and Co0.2Pd1.8-TiO2.

Supporting Information). Next, the in situ electron paramagnetic
resonance (EPR) was carried out to further clarify the direction
of the charge transfer. Under 365 nm LED illumination, the sig-
nal of Ti3+ sites at g⊥ = 1.988 and O− sites at g⊥ = 2.016 can
be observed, while they are not noticeable under the dark condi-
tion (Figure 3C; Figures S17–S19, Supporting Information).[29–31]

There is only Ti3+ signal that can be observed in Pd1.8-TiO2 un-
der light irradiation, while the O− signal in Pd1.8-TiO2 has dis-
appeared. It demonstrates that the Pd species can trap the holes
to reduce the formation of O− sites (Figure S17, Supporting In-
formation). Meanwhile, the Ti3+ signal of Co0.2-TiO2 is greatly
weakened under light irradiation (Figure S18, Supporting Infor-
mation), indicating that the Co atoms capture electrons and re-
duce the generation of Ti3+. For Co0.2Pd1.8-TiO2 sample, the sig-
nals of Ti3+ and O− are simultaneously weakened under light
irradiation (Figure S19, Supporting Information). This suggests
the synergistic effect of PdOL and Co single atoms, which can
capture holes and electrons, respectively, and without interfer-
ing with each other. In addition, the intensities of photolumines-
cence (PL) signals are in the order of TiO2> Co0.2-TiO2> Pd1.8-
TiO2> Co0.2Pd1.8-TiO2, ascribed to the weakening of photogener-
ated charge recombination (Figure 3D). The EPR and PL results
unambiguously indicate that Co single atoms and PdOL capture

electrons and holes, respectively, thus improving the charge sep-
aration.

2.3. Mechanistic Insight into the Chemical Cycle Reaction
Pathways

The effect of introduced Co single atoms on the state of Pd
species in the as-prepared catalyst was investigated by compar-
ing the XPS spectra of Pd 3d for Pd1.8-TiO2 and Co0.2Pd1.8-TiO2

(Figure 4A). The ratio of Pd0 in Pd1.8-TiO2 (76.31%) is larger than
that in Co0.2Pd1.8-TiO2 (55.77%), while the Co0.2Pd1.8-TiO2 has
a larger concentration of Pd2+ (38.06%) than that in Pd1.8-TiO2

(20.29%) (Table S5, Supporting Information), suggesting Co sin-
gle atoms can increase the amount of the high valence of palla-
dium in the prepared photocatalysts.
H2-TPR experiments of Pd1.8-TiO2 and Co0.2Pd1.8-TiO2 were

conducted as a supplement. As shown in Figure S20 (Support-
ing Information), a broad reduction feature ranging between 70
and 210 °C can be attributed to the consumption ofH2 during the
reduction of PdO species.[32] The H2 consumption of Co0.2Pd1.8-
TiO2 (with an integral area of 639) is greater than that of Pd1.8-
TiO2 (with an integral area of 493), indicating that the PdO
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Figure 4. Analysis of reaction mechanism. A) XPS spectra of Pd 3d for Pd1.8-TiO2 and Co0.2Pd1.8-TiO2 under dark conditions. B) In situ DRIFT spectra of
CH4 desorption on Co0.2Pd1.8-TiO2 and TiO2, the inset is the ratio of adsorbed CH4 (3016 cm

−1) on Co0.2Pd1.8-TiO2 and TiO2. C) In situ DRIFT spectra
of CH4 conversion over Co0.2Pd1.8-TiO2, the inset shows the peak of C2H6. D) Pd 3d XPS spectra, E) O 1s XPS spetra, F) H2-TPR, and G) O2-TPO of
Co0.2Pd1.8-TiO2 after the CH4 conversion and catalyst regeneration steps during the chemical cycle process. H) Mass spectra of the isotope labeling
experiments.
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content in Co0.2Pd1.8-TiO2 is higher than that in Pd1.8-TiO2. These
results are consistent with the XPS results shown in Figure 4A.
Furthermore, the reduction feature observed between 260 and
500 °C can be attributed to the consumption of H2 during the re-
duction of lattice oxygen of the TiO2.

[33] Notably, Co0.2Pd1.8-TiO2

and Pd1.8-TiO2 exhibit similar H2 consumption in this range,
with the integral area of 3102 and 3065, respectively. As con-
firmed above, the state of Co species is between +2 and +3; com-
bining with the above XPS result, it could be inferred that Co
species could in part act as electron accept mediators to promote
the formation of PdOL during the catalyst preparation.

[14]

Following the enhanced charge separation, the next step for
CH4 conversion is its adsorption on the surface of photocatalysts,
which was monitored by diffuse reflectance infrared Fourier
transform (DRIFT). As shown in Figure 4B, the tetrahedral sym-
metry of the CH4 molecule leads to the degenerate overtone
and combined vibration states involved in successive polyads
which are split into sub-levels. The DRIFT results obtained for
Co0.2Pd1.8-TiO2 and TiO2 exhibit multiple IR adsorption peaks of
CH4 in the ranges of 1200-1040, 2900–3100 cm

−1 in the dark.[34]

After purging by Ar gas for 10 min, the physically adsorbed CH4

on the TiO2 could be greatly removed. In contrast, the CH4 ad-
sorbed on the Co0.2Pd1.8-TiO2 has considerable residual presence.
The area ratio of DRIFT peak at 3017 cm−1 on Co0.2Pd1.8-TiO2

to that on TiO2 is 3.5 (insert of Figure 4B), which implies that
CH4 molecules prefer to adsorb on the Co0.2Pd1.8-TiO2 rather
than bare TiO2.

[34] The enhanced CH4 adsorption capacity of
Co0.2Pd1.8-TiO2 could benefit the mass transfer between CH4

molecules and solid catalyst to promote catalytic activity, espe-
cially in a flow reactor.[35]

To get a clear understanding of the chemical cycle reaction
pathway over Co0.2Pd1.8-TiO2, especially to verify the formation
of the products, the DRIFT spectra were recorded under light
irradiation. As shown in Figure 4C, new peaks appear at 3376
and 1635 cm−1, and their intensity increases with light illumina-
tion. These new bands could be attributed to the stretching vi-
bration and bending vibration of the O−H bond in H2O.

[36] It is
worth noting that the peaks observed at 2330 and 2360 cm−1 are
attributed to the stretching vibration of the C-O bond in the ad-
sorbed CO2 species (Figure S21, Supporting Information). It is
apparent that the intensity of these peaks is weaker after 1 hour
of reaction and remains unchanged after 3 hours of reaction. This
indicates that no significant amount of CO2 is produced, which
is consistent with the results of products analysis in the CH4 con-
version step. Meanwhile, the CH4 peaks at 1303 and 3017 cm

−1

decrease under light irradiation. Notably, a new peak≈1360–1440
cm−1 is observed and increases with irradiation time (Insert of
Figure 4C), which is assigned to C2H6.

[37]

The results reveal that C2H6 and H2O are formed during the
CH4 chemical cycle reaction, consistent with the Equation (1). As
mentioned earlier, the OL of PdOL is consumed in step 1 (CH4

conversion) and then compensated in step 2 (catalyst regenera-
tion) during the chemical cycle process. Herein, the Pd 3d XPS
spectra of Co0.2Pd1.8-TiO2 were used to monitor the change of the
oxidation states of Pd in the chemical cycle. The Pd 3d XPS spec-
tra of Co0.2Pd1.8-TiO2 were recorded after CH4 conversion for 1 h
and then after regeneration for 5 min, respectively. As shown in
Figure 4D and Table S6 (Supporting Information), the Pd0 con-
tent of Co0.2Pd1.8-TiO2 after CH4 conversion reaction for 1 h is

68.81%, which is higher than that of the fresh sample shown in
Table S5 (Supporting Information) (55.77%). Then, the dry air
was pumped into the reactor under light irradiation. The Pd0

content decreased to 58.38%. After that, CH4 was pumped and
reacted again. The Pd0 content increased to 68.06%. Repeating
the operation of pumping dry air into the reactor under light
irradiation, the Pd0 content decreased to 58.34%. Additionally,
the C1s XPS spectra of Co0.2Pd1.8-TiO2 were also recorded. As
shown in Figure S22 (Supporting Information), the C1s spectra
exhibit signals attributed to C-C and C═O at 284.6 and 288.5 eV
respectively,[38,39] which were introduced due to carbon contam-
ination. It can be observed that after two cycles involving both
the methane conversion process and the catalyst regeneration
process, the C1s XPS results remain unchanged. These results
indicate the absence of carbon deposition during the chemical
cycle, thereby maintaining the long-term stability. The O1s XPS
spectra of Co0.2Pd1.8-TiO2 were also recorded. Figure 4E shows
two peaks at 531.5 and 529.7 eV, which are assigned to adsorbed
hydroxyl at an oxygen vacancy and lattice oxygen (OL) signals,
respectively.[40–42] When lattice oxygen is consumed during reac-
tions, creating oxygen vacancies, these vacancies promote disso-
ciative adsorption of water, which consequently leads to the emer-
gence of hydroxyl signals (at 531.5 eV) in X-ray photoelectron
spectroscopy (XPS) results. An increased generation of oxygen
vacancies corresponds to a heightened production of hydroxyl
signals, providing a direct correlation between the abundance of
oxygen vacancies and the intensity of hydroxyl-related signals.
Hence, in this work, we denote this signal as “Ov” to present a
more intuitive depiction of the changes in the number of oxygen
vacancies throughout the reaction progression.
The Ov content is 21.32% after the first step in the chemical cy-

cle (cycle 1), and decreases to 15.03% after the second step in the
chemical cycle (cycle 1), implying that the Ov are refilled. Repeat-
ing the chemical cycle operation again, te Ov content increases
to 21.47% in the first step and decreases to 15.09% in the sec-
ond step. All these changes well coincide with the Pd valence
changes in the two steps of chemical cycle, which verify that the
OL of PdOL is consumed during the CH4 conversion, leading to
the formation of Ov, and the regeneration induces oxygen to fill
the Ov. Oxygen vacancies on the surface of TiO2 are closely re-
lated to the presence of Ti3+ on the TiO2 surface.

[43] As shown in
Figure S23 (Supporting Information), the Ti 2p XPS spectra con-
firm that the oxygen vacancies in TiO2 remain largely unchanged.
Therefore, during the chemical cycling process, the OL of PdOL is
primarily consumed, leading to the formation of OV (Figure 4E).
In addition to XPS and EPR, H2 temperature-programed reduc-
tion (H2-TPR) andO2 temperature-programmed oxidation (TPO)
were conducted using a Micromeritics AutoChem II analyzer to
further corroborate the changes in Pd states. The H2-TPR pro-
files of Co0.2Pd1.8-TiO2 during the two steps of the chemical cycle
process are presented in Figure 4F. A broad reduction feature
ranging from 70 to 210 °C is attributed to the H2 consumption
during the reduction of PdO species.[32] The H2 consumption of
the regenerated catalyst is higher than that of the used catalyst,
indicating the presence of larger amounts of OL of PdOL species
in the regenerated catalyst, which is consistent with the results
of Figure 4D. The reduction feature ranging from 260 to 500 °C
is attributed to the consumption of H2 during the reduction of
lattice oxygen of the TiO2.

[33] The regenerated catalyst consumes
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Figure 5. DFT simulations of CH4 conversion. Energy diagrams for conversion of adsorbed CH4 to C2H6 on PdO. (Orange lines represent the neutral
system, green lines represent the positively charged system).

more H2 than the used catalyst, indicating that lattice O of TiO2

also participates in the oxidation reaction, which coincides with
the change in O states (Figure 4E). It is noteworthy that the re-
generated catalyst exhibits much better redox ability, reflected by
the shift of the starting position of reduction peaks to lower tem-
peratures. Correspondingly, the O2-TPO results (Figure 4G) also
show two regions and confirm that the used catalyst consumes
more O2. The region ranging from 140–230 °C is attributed to
supplementing OL (OL of PdOL species and TiO2), while the re-
gion of 230–500 °C is attributed the oxidation ofmetallic Pd.[44–46]

Thus, both H2-TPR and O2-TPO are in good agreement, sup-
porting Pd valence change during the chemical cycle process.
After the C-H bond is cleaved by OL, the resulting intermedi-
ate ·CH3 attached to PdOL could form a more stable transition
state (CH3–Pd–OH), next forming C2H6 instead of the contin-
uous dehydrogenation.[47] Due to the very lean oxygen environ-
ment only provided by OL, overoxidation is avoided in the cat-
alytic process, leading to high selectivity to ethane. In parallel,
Co can clean the surface of the photocatalyst by promoting the
reduction reaction between proton and ·OH radical to water. Af-
ter the catalyst is regenerated in the dry air, the Pd0 content of
Co0.2Pd1.8-TiO2 (58.38% – 58.34%) drops back to the same level
as the as-prepared Co0.2Pd1.8-TiO2 (ca. 55.77%).

[14] Then the cat-
alytic activity is recovered after the regeneration step and could be
well-maintained up to 43-cycles run (Figure 1C). To solidly con-
firm that the OL is consumed through participating in the oxida-
tion of CH4 and is induced again during the catalyst re-oxidation
process, isotopic labeling experiments were carried out in a batch
reactor. In the first cycle of the chemical cycle process, the as-
prepared catalyst reacted with 13CH4 under light irradiation. As
shown in the top panel of Figure 4H, the m/z = 28, 29, 30, 31,
and 32 are assigned to 13C2H6 and it fragments.[12] The signals
at m/z = 28 and 32 are interfered by the signals of residual N2

and O2, primarily due to contamination that occurs during the
extraction process of the product from the reactor and its sub-
sequent transfer into the gas chromatography-mass spectrome-
try (GC-MS) instrumentation for detection purposes. This par-
ticular category of interference can be predominantly ascribed to

the constraints limitations of the detection equipment. 13C2H3
+,

13C2H4
+, and 13C2H5

+ ions (m/z = 29, 30 and 31) that are frag-
ments of C2H6, prove that CH4 is the carbon source for C2H6

formation. Meanwhile, the H2
16O MS signal is observed mainly

at m/z= 18. In the second cycle of the chemical cycle process, the
18O2 was filled first in the reactor to regenerate the catalyst. After
that the 13CH4 was pumped in. As shown in the bottom panel of
Figure 4H, theH2

18O (m/z= 20)MS signals are observed besides
H2

16O during CH4 conversion. This proves that OL acts as an ox-
idant and is in part consumed during CH4 conversion reaction,
leaving Ov. When introducing 18O2 in the regeneration step, Ov

can be replenished by 18O, resulting into the H2
18O signal during

the subsequent CH4 conversion reaction. All these results fur-
ther confirm a complete chemical cycle used for photocatalytic
methane oxidation.
In addition, a DFT study was conducted to investigate the pro-

cess of conversion of adsorbed CH4 to C2H6. The obtained results
are presented in Figure 5 and Table S7 (Supporting Information),
which displays the structures of the reactants (IS), transition state
(TS), and products (FS), along with the energy changes shown as
orange and green lines, corresponding to the neutral and posi-
tively charged systems, respectively. The results reveal that the
neutral system requires 89.4 kJ mol−1 to overcome the activation
barrier for the first adsorbed CH4 to break a C-H bond, leading
to the formation of an adsorbed CH3 species and an adsorbed
H. However, the positively charged system, where PdO has cap-
tured a photogenerated hole, exhibits a lower activation barrier
of 73.58 kJ mol−1. Moreover, the TS2 product in the charged sys-
tem is more stable (−45.94 kJ mol−1) than in the neutral sys-
tem (−30.97 kJ mol−1). The second adsorbed CH4 (TS3) requires
200.28 kJ mol−1 to overcome the activation barrier in the pos-
itively charged system, which is slightly lower than that in the
neutral system (201.66 kJmol−1). The TS4 product in the charged
system is also more stable (56.88 kJ mol−1) than in the neutral
system (76.25 kJ mol−1). In the TS4 process, 179.03 kJ mol−1 is
required in the positively charged system, which is lower than
that in the neutral system (217.33 kJ mol−1). In addition, the FS
product in the charged system is more stable (−63.25 kJ mol−1)
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Scheme 1. Proposed mechanism of synthesis of ethane frommethane by
the chemical cycle process, herein OL: lattice oxygen, Ov: oxygen vacancy.

compared to the neutral system (−54.4 kJ mol−1). The lower ac-
tivation energy can be attributed to the shorter distance between
CH4 and PdO in the positively charged system (C-Pd interatomic
distance of 2.65 Å) than in the neutral system (C-Pd interatomic
distance of 2.88 Å) due to the presence of holes causing stronger
attraction of CH4 to the surface. Table S8 (Supporting Informa-
tion) shows that the Hx+ atom involved in C-H bond breaking
becomes more positive moving from the reactant (+0.141) to the
product (+0.415), which can be interpreted as adsorbed H+ or
formation of surface ·OH. The surface Oox atom involved in H
adsorption becomesmore negative in the conversion from the re-
actants (−0.497) to the products (−0.572), as the hole moves from
Oox to Hox. The PdO slab overall becomes less positive in the con-
version from the reactants (+0.826) to the products (+0.583), as
the hole partially moves to H adsorbed on O. Based on these re-
sults, dissociation of the C–H bond of adsorbed CH4 is facilitated
thanks to the presence of photogenerated holes on PdO, leading
to the formation of C2H6.
Sed on the above discussions, the reaction pathway is proposed

in Scheme 1. In this chemical cycle process, the CH4 conversion
step and the catalyst regeneration step are alternately operated
to form a cycle. First, Co0.2Pd1.8-TiO2 is excited by the light irra-
diation to produce electrons and holes, which are separately at-
tracted by Co single atoms and PdOL, respectively. The adsorbed
CH4 is cleaved over PdOL to form·CH3, H

+, and ·OH, in which
the OL of PdOL is consumed and the partially reduced Pd species
are produced (denoted Pd in the Scheme). The generated ·CH3

radicals spontaneously couple to formC2H6, which desorbs from
the catalyst surface and flows out of the reactor. In parallel, the
electrons trapped by Co single atoms participate in the reduc-
tion reaction of H+ and ·OH to form H2O. With the OL of PdOL

consumed over time, the activity of Co0.2Pd1.8-TiO2 gradually de-
creases. Then Co0.2Pd1.8-TiO2 catalyst is regenerated by oxidiza-
tion of the partially reduced Pd species by air to form PdOL. The

regenerated photocatalyst can be successfully used in the next cy-
cles, leading to high selectivity and stability in the 43 cycles.

3. Conclusion

To summarise, coupling the chemical cycle processwith a flow re-
actor using the optimized Co0.2Pd1.8-TiO2 catalyst has resulted in
continuous, efficient, and selective CH4 conversion under mild
and O2-free conditions. The PdOL nanoclusters and Co single
atoms were loaded on TiO2 with distinct and complementary
functions. The Co0.2Pd1.8-TiO2 catalyst thus achieves CH4 conver-
sion to C2H6 with the yield of 74 μmol·g−1·h−1 (or 3.7 μmol·h−1)
and a selectivity of near 100% operated at room temperature.
The function of PdOL species is proved to attract photogenerated
holes and to directly cleave the C-H bond. In the meantime, the
OL of PdOL is consumed to form ·CH3 and ·OH by oxidation of
CH4. The recombination of ·CH3 preferentially produces C2H6.
In parallel, photogenerated electrons are attracted by Co single
atoms and are used to reduce ·OH and H+ to form H2O. In the
subsequent step of the catalyst regeneration, the consumed OL

of PdOL is replenished by air under light irradiation, leading to a
high stability over a 43 cycles test. Overall, this work not only pro-
poses a novel strategy that employs a chemical cycle to modulate
reaction intermediate and products, leading to efficient and selec-
tive conversion of CH4 to value-added products, but also opens a
new avenue to construct advanced catalysts with multifunction
sites to overcome the issue of charge recombination in photo-
catalysis. In addition, this process avoids mixing the flammable
gas CH4 with O2 for chemicals production, improving the pro-
cess safety of this important chemical reaction.

4. Experimental Section

Chemicals and Materials: All the aqueous solutions were prepared us-
ing deionized water without further purification. Titanium dioxide (TiO2,
60 nm, anatase, 99.8%, Alfa Aesar), ethylene glycol (EG, 99.5, Greagent),
hexaamminecobalt (III) chloride ([Co(NH3)6]Cl3, 99%, Macklin), potas-
sium tetrachloropalladate(II) (K2PdCl4, 99%, Adamas), ammonium hy-
droxide solution (NH4OH, 29%, Adamas), and hydrochloric Acid (HCl,
37%, Adamas) were separately applied in the experimental studies.

Preparation of TiO2: Anatase TiO2 (1 g, 60 nm) and 30 mL EG were
mixed together and then stirred rapidly for 1 h. The products were collected
after centrifugation and further washed with deionized water three times,
which was denoted as TiO2.

Preparation of Cox-TiO2: TiO2 (0.25 g) was first suspended in the
aqueous methanol solution (10 vol.%), where different amounts of
[Co(NH3)6]Cl3 were then added. After purging with ultrapure Ar for 30min
in the dark, the suspensions were sealed and irradiated. After the 4 h irra-
diation, the products were collected following centrifugation and further
washing with DI water. After drying, the obtained samples were used for
characterizations and catalysis tests. The final products were named as
Cox-TiO2, where x represented the mass percentage of Co to TiO2 sub-
strates. The actual Co loadings were then measured by ICP-AES, and the
values of x were 0.12, 0.15, 0.2, and 0.24, respectively.

Preparation of Pd1.8-TiO2: TiO2 (0.25 g) was first suspended in the
aqueous methanol solution (10 vol.%), where certain amounts of K2PdCl4
were then added. After purging with ultrapure Ar for 30min in the dark, the
suspensions were sealed and irradiated. After the 4 h irradiation, the prod-
ucts were collected following centrifugation and further washing with DI
water. After drying, the obtained samples were used for characterizations
and catalysis tests. The final products were named as Pd1.8-TiO2, where
1.8 represented the 1.8% wt. percentage of Pd to TiO2 substrates.
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Preparation of CoxPdy-TiO2: Cox-TiO2 (0.25 g) was first suspended
in the aqueous methanol solution (10 vol.%), where certain amounts of
K2PdCl4 were then added. After purging with ultrapure Ar for 30 min in
the dark, the suspensions were sealed and irradiated. After the 4 h irra-
diation, the products were collected following centrifugation and further
washing with DI water. After drying, the obtained samples were used for
characterizations and catalysis tests. The final products were denoted as
CoxPdy-TiO2, where x and y represented the mass percentage of Co and
Pd relative to TiO2 substrate, respectively. The actual Co and Pd loadings
were then measured by ICP-AES (x = 0, 0.12, 0.15, 0.2, 0.24, and y = 0, 1.1,
1.4, 1.8, 2.1).

Characterisation: TEM images were acquired via a field-emission TEM
system (FEI Talos F200X). The FEI Talos F200X equipped with an Energy-
dispersive X-ray (EDX) Detector was used to conduct element analysis of
the samples. STEM images were obtained with a spherical aberration cor-
rected TEM system (Titan Cubed Themis G2 300). XRD patterns were ob-
tained on a Bruker D8 Advance fitted with a solid-state X’ Celerator de-
tector (2.2 kw) using Cu K𝛼 radiation from 5 to 80°. The scan speed and
step size of the measurements were 10.0° min−1 and 0.02° in 2𝜃, respec-
tively. The UV–vis absorption spectra (UV–vis abs) of the samples were
acquired using a Shimadzu UV 3600 plus spectrophotometer with BaSO4

as the reference. XPS analysis was investigated using a Thermo ESCALAB
250Xi instrument equipped with an Al K𝛼 radiation source. The measure-
ments were conducted in a vacuum chamber, with data collection per-
formed both before light irradiation and after irradiation for 20 minutes.
A 365 nm LED was employed as the excitation source. The normal XPS
was performed on an Ulvac-Phi PHI5000 VersaProbeIII system with an
Al K𝛼 source. All XPS spectra were corrected using C 1s line at 284.6 eV.
The contents of various elements were measured by an ICP-MS (Agilent
7900). Time resolved fluorescence spectra were collected on an FLSP920
spectrofluorometer with the excitation wavelength of 310 nm. The elec-
tron paramagnetic resonance (EPR) measurements were carried out on
a Bruker E500-9.5/12 spectrometer operating at the X-band frequency at
room temperature. 30 mg powder sample was weighed and a 365 nm LED
was applied as the irradiation source. The XAFS spectra were recorded at
room temperature using a 4-channel silicon drift detector (SDD) Bruker
5040. Co K-edge extended X-ray absorption fine structure (EXAFS) spec-
tra were recorded in fluorescence mode. The spectra were processed and
analysed by the software code Athena.

In Situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFT) Measurements: The DRIFT spectra were collected on a Nico-
let IS50 spectrometer equipped with a mercury cadmium telluride (MCT)
detector. All loaded samples were pretreated at 80 °C for 12 hours and
then cooled down to room temperature. 5 mg of sample was loaded into
the tablet machine under 1 MPa pressure, and the obtained wafer was
mounted into a quartz IR cell-reactor with a CaF2 window. After Ar purge
for 30 min, the background spectra were collected on the pretreated sam-
ples. CH4/Ar (flow rate= 50mL·min−1) was introduced for 30min to reach
adsorption saturation. Desorption spectra were obtained after Ar purges
for 0, 1, 3, 5, and 10 minutes. The CH4 conversion reaction was performed
after an Ar purge for 3 min with various reaction times of 5, 30, 60, and 180
minutes. Then the IR spectra of the CH4 desorption and oxidation reaction
were collected during the processes described above.

Photocatalytic Activities for CH4 Conversion: Sample powder (50 mg)
was suspended in 50 mL of water with magnetic stirring in a beaker. Then,
the suspension was filtered through a nylon membrane (diameter 35 mm)
to produce a uniform film. After drying at 60 °C for 12 hours, the film was
placed on the copper grid of a flow reactor equipped with a temperature
probe to monitor the reaction temperature. For each experiment, the sys-
tem was purged with Ar (50 mL·min−1) for 30 minutes. Subsequently, the
reactor was irradiated by a LED light source (365 nm Beijing Perfect Light,
PLS-LED 100B) for 1 hour with a CH4 flow rate of 50 ml min−1. Then the
dry air was pumped into the system and irradiated for 5 minutes to regen-
erate the catalyst. Finally, the outlet gases were detected by an SP-3420A
GC equipped with a thermal conductivity detector (TCD) and a flame ion-
ization detector (FID).

Isotope Labelling Experiment: In the first step of the chemical cycle pro-
cess, the as-prepared sample film was placed in a batch reactor and de-

gassed using a vacuum pump to remove air. The reactor was then filled
with 13CH4. The reaction was carried out at 25 °C under light irradiation
for 1 hour. The products were collected by a gas collecting bag. After that,
the reactor was degassed and refilled with 18O2. Then the reaction of cata-
lyst regeneration was carried out at 25 °C under light irradiation for 5 min.
After that, the reactor was degassed and refilled with 13CH4 again. The
CH4 conversion was carried out at 25 °C under light irradiation for 1 hour.
The products were collected in another gas collecting bag. Then the col-
lected products were measured by GC-MS (QP2010Plus, Shimadzu Co.,
Ltd) equipped with the Rtx-Wax column.

Calculation of Selectivity: The selectivity for C2H6 was calculated as
below:

C2H6 selectivity =
2 × n (C2H6)

2 × n
(

CxHy

)

+ n (CO2) + n (CO)
(4)

CxHy represents all C2 hydrocarbons that can be detected.
The apparent quantum yield (AQY) was calculated by:

AQY =
Ne

NP

× 100% =
109 × 𝜐 ×NA × K × h × c

I × A × 𝜆
× 100% (5)

where 𝜐 is the conversion rate of CH4 (mol/s), NA is the Avogadro con-
stant, K is number of electrons transferred, h is the Planck’s constant, c
is the speed of light, I is the light intensity (74 mW·cm−2), A is the irra-
diation area (ca. 9.6 cm2), and 𝜆 is the wavelength of the irradiation light
(365 nm).

Computational Method: Density functional theory calculations of
methane adsorption and conversion on PdO were carried out using CP2K
software.[48] Perdew-Burke-Ernzerhof (PBE) functional[49] was used, with
Grimme’s D3 correction[50] to describe dispersion interactions. Double-
𝜁 valence polarized (DZVP) basis sets[51] were used in combination with
Goedecker–Teter–Hutter (GTH) pseudopotentials;[52] the number of va-
lence electrons was 18 for Pd, 6 for O, 1 for H and 4 for C. Periodic slabs
of PdO exposed the (101) surface, which was reported to be the most re-
active PdO surface for C-H activation.[53] The slabs had 6 repeat layers (12
atomic layers) and a 2 × 2 extended surface unit cell (48 Pd and O atoms
per cell). The bottom two repeat layers were fixed, and the remaining layers
and the adsorbate were allowed to optimize with the convergence criteria
of 3× 10−3 Bohr for themaximumgeometry change, 4.5× 10−4 HaBohr−1

for themaximum force, 1.5× 10−3 Bohr for the rootmean square geometry
change, and 3 × 10−4 Ha Bohr−1 for the root mean square force. Transi-
tion state search was carried out using the Nudged Elastic Band (NEB)
method,[54] to find the lowest-energy path along a sequence of steps from
the reactant to the transition state. Eight replicas along the path were used,
with the convergence criteria of 1 × 10−3 Ha Bohr−1 for the maximum
force and 4 × 10−3 Ha Bohr−1 for the root mean square force. The highest-
energy image along the path was taken to be the transition state. Geometry
optimizations and NEB calculations were carried out both for the neutral
surface/adsorbate system, and for the surface/adsorbate system with a
+1 charge. DDEC charges on atoms[55] were calculated using Chargemol
program[56] from CP2K-calculated electron density cube files.
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