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The photocatalytic oxidation of methane (CH4) to valuable chemicals like low alcohols (CH3OH and
C,Hs0H) represents a significant technological advancement with implications for energy conversion and
environmental purification. A major challenge in this field is the chemical inertness of methane and the
strong oxidizing nature of photogenerated holes, which can lead to over-oxidation and reduced selectivity
and efficiency. To address these issues, we have developed a sodium-doped zinc oxide (Na-ZnO) modi-
fied with cobalt oxide (CoO) catalyst. This catalyst has demonstrated excellent performance in converting
methane to low alcohols, achieving a yield of 130 umol g-! h~! and a selectivity of up to 96 %. The dop-
ing of Na in ZnO significantly enhances methane adsorption, while the surface-modified CoO effectively
captures photogenerated holes, activates water molecules, and uses hydroxyl radicals to activate methane,
thus controlling the dehydrogenation degree of methane and preventing the formation of over-oxidized
products. This strategy has successfully improved the efficiency and selectivity of photocatalytic methane
oxidation to low alcohols, offering a new perspective for the application of photocatalytic technology in

energy and environmental fields.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The photocatalytic oxidation of methane (CH4) to high-value
low alcohols (CH30H and C,HsOH), represents a transformative
approach for energy conversion and environmental remediation
[1-3]. This process not only enhances the utilization efficiency of
methane, a rich energy source, but also reduces its emission as a
greenhouse gas, having a profound impact on the sustainable de-
velopment of the chemical industry [4-6]. The photocatalytic pro-
cess involves multiple steps including light absorption, generation
of electron-hole pairs, surface reactions, and product desorption,
each of which directly affects the overall catalytic performance
[7.,8].

The main challenges in photocatalytic oxidation of methane lie
in the chemical inertness of methane molecules and the strong ox-
idizing nature of photogenerated holes. Methane molecules have
high C-H bond energy, making them difficult to activate at room
temperature and pressure, which requires catalysts with high ad-
sorption capacity to enhance the concentration of methane on the
catalyst surface [9-11]. Additionally, the direct involvement of pho-
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togenerated holes often leads to over-oxidation of methane, pro-
ducing non-target products such as carbon dioxide, which limits
the selectivity and efficiency of the photocatalytic process [12,13].
Theoretically, by modulating the electronic structure and surface
properties of the catalyst, the adsorption capacity of methane and
the selectivity of photogenerated holes can be optimized, thereby
improving the yield and selectivity of target products.

Alkaline and alkaline earth metal doping is a widely researched
and effective strategy for enhancing methane adsorption capacity.
From a chemical theory perspective, according to the Hard-Soft
Acid-Base (HSAB) theory, alkaline and alkaline earth metals be-
long to the category of soft bases, while methane molecules have
soft acid characteristics [14,15]. There is a natural affinity between
them, and this interaction between soft acids and soft bases can
promote the formation of relatively strong chemical bonds or mu-
tual attraction, thereby significantly enhancing the adsorption ca-
pacity of methane on specific materials or systems. Moreover, the
regulation of metal sites can profoundly affect the intrinsic elec-
tronic structure of the catalyst [16-19]. During the photocatalytic
reaction process, photogenerated electron-hole pairs are generated
within the catalyst, and the presence of doped metal ions can ef-
fectively regulate the separation efficiency of these photogenerated
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electron-hole pairs [20,21]. By optimizing the separation process of
electrons and holes and reducing their recombination probability,
more photogenerated electrons and holes can participate in subse-
quent chemical reaction steps, greatly enhancing the activity of the
entire photocatalytic system and providing more efficient catalytic
performance assurance for methane conversion and utilization and
other photocatalytic reactions.

In conventional methane conversion reactions, especially in gas-
solid systems, the direct hole oxidation mechanism is common.
Holes have strong oxidation ability to surpass methane dehydro-
genation barriers and activate methane efficiently. However, this
mechanism leads to non-selective methane dehydrogenation, eas-
ily forming undesired by-products, reducing product selectivity
and the practical value of methane conversion. Using water as
a reactant and hydroxyl radicals (-OH) as activators in the indi-
rect hole oxidation mechanism is an extremely effective strategy
for methane activation [22-24]. Compared with methane dehydro-
genation, water is more easily oxidized by holes to generate -OH,
blocking the reaction pathway between methane and holes. The
newly formed -OH has milder oxidation ability than holes, enabling
stepwise methane dehydrogenation and ensuring the reaction pro-
ceeds as desired. Moreover, by adjusting the electronic structure
of the photocatalyst surface and reaction conditions to control the
generation rate or amount of -OH, the activation degree of methane
can be effectively regulated, providing a more convenient route for
controllable methane activation and the stepwise formation of low
alcohols.

Herein, we prepared sodium-doped zinc oxide (Na-ZnO) modi-
fied with cobalt oxide (CoO), leveraging its stability and high pho-
tocatalytic activity. Experimental results show that this catalyst
exhibits excellent performance in the photocatalytic oxidation of
methane to low alcohols, with a product yield of 130 umol g~ h~!
and a selectivity of up to 96%. The main advantages of this
achievement lie in the doping of Na in the ZnO, which significantly
promotes methane adsorption. Meanwhile, the surface-modified
CoO can effectively capture photogenerated holes, activate wa-
ter molecules, and promote methane activation by hydroxyl radi-
cals, thereby effectively controlling the dehydrogenation degree of
methane and avoiding the generation of over-oxidized products.

The two-stage fabrication process of Cos/Na;-ZnO through sol-
vent heating followed by calcination is illustrated in Fig. 1a. The
X-ray diffraction (XRD) patterns (Fig. S1a in Supporting informa-
tion) reveal the hexagonal wurtzite structure of ZnO with char-
acteristic (100), (002), and (101) peaks observed at 31.8°, 34.5°,
and 36.4°, respectively [25]. The absence of additional secondary
phase peaks in the modified ZnO samples (Na;-ZnO, Cos/Zn0O, and
Cos/Na;-ZnO) suggests that the CoO nanoparticles and Na species
are well-dispersed within the ZnO matrix. The concentrations of
Na, Co by ICP-MS results were 1.75 mg/L, 8.22 mg/L in Cos/Na;-ZnO
(100 mg/L), respectively. The concentrations of Zn by ICP-OES re-
sults were 6.86mg/L in Cos/Na;-ZnO (10 mg/L), respectively. The
actual contents percentages of Na, Co and Zn in Na;-ZnO were
1.75%, 8.22% and 68.59%, respectively. UV-vis DRS (diffuse re-
flectance spectroscopy) (Fig. S1b in Supporting information) show
that the light absorption properties of modified ZnO catalysts do
not significantly affect, confirming structural stability and homo-
geneity.

Compared to pristine ZnO and Na-doped ZnO (Na;-ZnO), the
scanning electron microscope (SEM) images (Fig. S2 in Supporting
information) of the Cos/Na;-ZnO catalysts maintain similar mor-
phology and thickness, indicating homogeneous Na species dis-
tribution within the ZnO lattice and uniform dispersion of CoO
nanoparticles on the surface. Fig. 1b displays ultrathin intercon-
nected ZnO nanosheets uniformly decorated with CoO nanopar-
ticles of a few nanometers, indicating enhanced dispersion and
suppressed agglomeration. The high-resolution transmission elec-
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tron microscope (HRTEM) image in Fig. 1c reveals lattice fringes
matching ZnO (002) and CoO (111) planes, confirming the success-
ful preparation and preserved crystallinity of the Co-Na-ZnO cat-
alysts [26,27]. The absence of visible aggregates in transmission
electron microscope (TEM) image indicates homogeneous incorpo-
ration of sodium species into the ZnO lattice. The homogeneous
elemental distribution of Zn, O, Co, and Na demonstrated by high-
angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) (Fig. 1d) and energy-dispersive X-ray spectroscopy
(EDX) mapping (Fig. 1e) verifies successful sodium incorporation
and CoO dispersion.

We conducted X-ray photoelectron spectroscopy (XPS) analysis
to investigate the interaction between CoO nanoparticles and Na
species within the ZnO system. From the Fig. S3a (Supporting in-
formation), the Zn 2p peaks of the ZnO samples modified with
Na (Na;-ZnO and Cos/Na;-ZnO) shifted to a higher binding energy
compared to the unmodified ZnO, suggesting an alteration in the
local coordination environment around the ZnO by incorporated Na
[28]. The substitution of Zn2* by Na* induced the formation of oxy-
gen vacancies to maintain charge balance, as depicted in Fig. S3b
(Supporting information). Furthermore, the presence of Na 1s and
Co 2p signals in the XPS spectra (Figs. 1f and g) confirms the suc-
cessful incorporation of CoO nanoparticles and Na species into the
Zn0 [29,30].

The activity of methane oxidation was evaluated using water
as the oxidizing agent. As depicted in Fig. 2, Fig. S4 and Table
S1 (Supporting information), the formation of oxidized alcohols
(CH30H and C,H50H), alkanes (C,Hg), and over-oxidation products
(CO,) for pure ZnO is minimal. With increasing amounts of Na, the
generated products gradually increase. Particularly, Na;-ZnO deliv-
ered the optimal photocatalytic activity of CH4 oxidation. Interest-
ingly, the introduction of Na dopants and CoO nanoparticles signif-
icantly enhances alcohol production yield and selectivity. The opti-
mized Cos/Na;-ZnO catalyst exhibits methanol and ethanol yields
of 91.2 and 38.8 umol h'' g respectively, with a combined selec-
tivity of 96.44% for these two alcohol products. It is noteworthy
that no oxidation products are detected under thermal conditions
without light, confirming the aqueous oxidation of CH, is entirely
photo-driven and independent of thermal effects. The Na-doped
ZnO nanosheets with CoO surface modification exhibit significant
advantages in both alcohol yield and selectivity compared to other
analogous materials, as detailed in Table S2 (Supporting informa-
tion). The optimized Cos/Na;-ZnO photocatalyst demonstrated sus-
tained efficiency in CH,4 oxidation, as evidenced by time-dependent
photocatalytic performance (Fig. 2b and Table S3 in Supporting in-
formation) and long-term multi-cycle stability (Fig. 2c and Table
S4 in Supporting information). Moreover, as shown in Figs. S5 and
S6 (Supporting information), the XRD, DRS and XPS spectra of the
Cos/Na;-ZnO sample show no obvious changes before and after re-
action, confirming its structural stability and uniformity through-
out the reaction process.

To verify the origin of methanol products, isotope-labeling ex-
periments using '3CH; and H,'80 tracers were conducted (Fig.
2d). The signals for isotopically labeled at m/z=34 and 33 corre-
spond to CH3'80H and '3CH;0H, respectively, which confirms that
CH4 and water directly transform into methanol during the reac-
tion, excluding interference from other potential carbon and oxy-
gen sources.

Charge separation is critical for achieving excellent photocat-
alytic performance over ZnO-based photocatalysts in CH4 oxidation
using water as the activator, depending on efficient hole capture
and water activation. The time-resolved surface photovoltage (TR-
SPV) responses (Fig. 3a) display negligible photocurrent signal for
pure ZnO under N, due to charge recombination in the inert at-
mosphere [31]. In contrast, the Na-ZnO sample facilitates efficient
migration of photogenerated electrons to the Na species surface,
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Fig. 1. (a) Schematic diagram of Cos/Na;-ZnO sample preparation process. (b) TEM image, (c¢) HRTEM image, (d) HAADF-STEM images and (e) The corresponding EDX
elemental mapping images of Cos/Na;-ZnO. (f) Na 1s XPS spectra and (g) Co 2p XPS spectra of Na;-ZnO, Cos/ZnO and Cos/Na;-ZnO.
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Fig. 2. (a) Photocatalytic activity of CH4 conversion over different samples. (b) Time-dependent photocatalytic activity over Cos/Na;-ZnO under light. (c) Production yields in
the cyclic tests of Cos/Na;-ZnO. (d) GC-MS spectra of CH3'®OH and *CH3;0H produced over Cos/Na;-ZnO using an equivalent amount of H,'0 and *CH, as the reactant.

prolonging hole residence time on ZnO surface and generating a
positive electrical signal. Conversely, the Co/ZnO sample exhibits
a distinct negative electrical signal, indicating that photogenerated
electrons preferentially accumulate on the ZnO surface. This ob-
servation suggests CoO nanoparticles actively capture photogener-
ated holes during migration, and the prolonged hole lifetimes en-
able their direct participation in water activation, thereby boosting
hydroxyl radical generation. Furthermore, in situ NAP-XPS analy-
sis of Cos/ZnO (Fig. 3b) reveals the emergence of Co3+species af-
ter 5min of light irradiation, which are not observed under dark
conditions. Combined with the TR-SPV results demonstrate that
photogenerated holes are effectively captured by CoO nanoparti-

cles, driving their oxidation and subsequent formation of new Co3*
species [32].

Hydroxyl radical trapping tests using DMPO reveal the water
activation by photogenerated holes in ZnO-based catalysts (Fig.
3c). ZnO and Na;-ZnO show similar DMPO--OH electron paramag-
netic resonance (EPR) signals, suggesting -OH generation primarily
originates from ZnO surface-accumulated holes [33]. The slightly
stronger signal for Na;-ZnO stems from enhanced electron migra-
tion via Na doping, extending hole lifetimes. Notably, the DMPO-
-OH EPR signal on Cos/ZnO is significantly enhanced, which is as-
cribed to the prolonged lifetime of photogenerated holes and the
boosted activation ability of water by CoO. And the fluorescence
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Fig. 4. (a) CH4-TPD spectra of Na;-ZnO. (b) In-situ DRIFTS spectra at room tempera-
ture with CH4 adsorption in dark for different time Na;-ZnO. (c) C 1s near ambient
pressure XPS spectra over Na;-ZnO in Ar purging and upon exposure to 0.45 mbar
of CHy4 in dark. (d) Different dimensional plots of electron density differences for
CH, adsorbed on Na;-ZnO.

spectra related to the amounts of hydroxyl radicals (Fig. 3d) also
confirm the effect of CoO in hole capture and hole-mediated water
activation.

Steady-state surface photovoltage spectroscopy (SS-SPS) charac-
terizes photogenerated charge dynamics by probing their separa-
tion and migration in semiconductors [34]. From Fig. S7a (Support-
ing information), the SPS signal in ZnO samples modified with Na
species and CoO nanoparticles has been significantly improved, fur-
ther confirming the effectiveness of modification in enhancing the
charge separation capability of ZnO. The I-V spectrum reveals that
incorporating Na species and CoO nanoparticles enhances the con-
ductivity and charge transport of ZnO (Fig. S7b in Supporting infor-
mation), which is consistent with the TR-SPV and SS-SPS results.

The CH4-TPD curve (Fig. 4a) reveals that Na-doped ZnO (Na;-
Zn0) significantly boosts CH, adsorption capacity compared to
pure ZnO, as evident by a distinct desorption peak above 250 °C.
This can be attributed to alkaline nature of Na, which enhances
surface affinity through Lewis acid interactions and generates new
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sites. Additionally, CoO nanoparticle-modified samples (Cos/Na;-
Zn0) exhibit CH4 adsorption similar to that of Na;-ZnO, indicating
negligible influence of CoO nanoparticles on CH,4 adsorption.

In-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) analysis further verified the effect of Na species
on CHy4 adsorption capacity. As seen in Fig. S8 (Supporting informa-
tion), the characteristic peaks of pure ZnO at 1260, 1280, 1312 and
1359cm™! correspond to C-H bonds in adsorbed CH, molecules
[35-37]. Notably, Na;-ZnO exhibits markedly intensified C-H vi-
brational signals compared to pure ZnO (Fig. 4b), indicating Na-
induced adsorption enhancement through increased surface sites
enabling favorable CH4 interactions. To explore the specific adsorp-
tion capacity of Na species for CH4, temporal variations in the C 1s
NAP-XPS spectra were analyzed under light-protected conditions.
As shown in Fig. 4c, a small amount of residual carbon impurities
(284.8 eV) exists on the surface of Na;-ZnO. However, these impu-
rities do not compromise the assessment of CH4 adsorption capac-
ity, as their characteristic peaks remain unchanged upon exposure
to 0.45 mbar CH4 [38,39]. Furthermore, the time parameters show
a significant increase in characteristic peak signals linked to ad-
sorbed CH4 molecules, demonstrating stable adsorption and accu-
mulation on Na;-ZnO. Consistent with in-situ DRIFTS results, NAP-
XPS spectra show substantially stronger CH4 adsorption on Naj-
ZnO than on pure ZnO, further confirming the specific adsorption
capability of Na species (Fig. S9 in Supporting information). The in-
situ DRIFTS and NAP-XPS spectra of CH, adsorbed on Cos/Na;-ZnO
show characteristic peaks intensities similar to those observed for
Na;-ZnO alone, revealing that the presence of CoO nanoparticles
has a negligible effect on CH, adsorption.

Density functional theory (DFT) calculations elaborate the dis-
tinct CH4 adsorption and activation behavior on ZnO and Na;-ZnO
surface. The structural configurations of ZnO and Na;-ZnO are es-
tablished and optimized (Figs. S10 and S11 in Supporting infor-
mation). The Na;-ZnO exhibits a stronger CH, adsorption energy
(=37.7eV) than that of pristine ZnO (—29.7eV), as listed in Ta-
ble S5 (Supporting information). This aligns with the observed re-
duction in the distance between CH,; and the Na;-ZnO surface
(3.316 A) compared to pristine ZnO (3.627 A), indicating enhanced
chemisorption stability on Na;-ZnO. Na functions as a structural
promoter, elevating the concentration of surface oxygen vacancies
and basic sites, which is beneficial for CH4 adsorption. As depicted
in Fig. S12 (Supporting information), Differential charge density
analysis for pristine ZnO unveils negligible charge transfer between
CH4 and the surface, maintaining CH4 in gas molecular state. In
contrast, Na;-ZnO surface displays significant charge accumulation
between the C atom of CH4 and the Na dopant, forming a cova-
lent o bond (Fig. 4d), indicating Na-mediated electron redistribu-
tion. Moreover, the C-H bond length in CH4 adsorbed on Na;-ZnO
elongates from 1.100A (free CH,) to 1.201A, whereas it remains
nearly unchanged (1.110A) on pristine ZnO (Table S5 in Supporting
information). The elongation of chemical bonds suggests that Na
doping, owing to its relatively lower electronegativity compared to
Zn, generates electron-enriched sites within the ZnO crystal lattice.
This modification effectively increases the surface electron concen-
tration while enhancing interfacial interactions between the cat-
alytic material and CH, molecules. Consequently, these combined
effects substantially weaken the C-H bond strength and lower the
activation energy barrier for CH, activation.

Ulteriorly, C 1s NAP-XPS and in-situ DRIFTS spectra were uti-
lized to investigate photocatalytic CH, oxidation mechanism over
Cos/Na;-ZnO. C 1s NAP-XPS reveals the electronic states of carbon
species, while DRIFTS tracks dynamic intermediates. As depicted
in Figs. 5a and b, after CH4 adsorption and light exposure, both
the C 1s NAP-XPS and in-situ DRIFTS spectra detected characteris-
tic peaks corresponding to hydroxyl- activated methyl/methylene
radicals [40-42]. DRIFTS further identifies the existing intermedi-
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Fig. 5. (a) C 1s near ambient pressure XPS spectra over Cos/Na;-ZnO in Ar purging and upon exposure to 0.45 mbar of CH4 under light irradiation. (b) In-situ DRIFTS spectra
at room temperature with CH, oxidation reaction under light irradiation for different time Cos/Na;-ZnO. (c) In-situ EPR spectra of Cos/Na;-ZnO in water with CH, dissolved
under light irradiation. (d) Calculated potential energy diagrams for CH, oxidation to CH30H and C,HsOH on Cos/Na;-ZnO hybrid photocatalyst. (e) Schematic diagram
illustrates the pathway for photocatalytic coupling conversion of CH4 to CH30H and C;HsOH on the designed Cos/Na;-ZnO catalyst.

ates, including C-C bonds from methyl radical coupling (potential
ethane/ethanol precursors) and C-OH bonds from methyl-hydroxyl
interactions (methanol/ethanol sources). All peaks intensified pro-
gressively with reaction time, confirming their origin as reaction
intermediates rather than impurities. This combined evidence sup-
ports a radical-mediated pathway involving sequential C-C cou-
pling and hydroxylation.

To clarify the role of water in CH, activation, in-situ EPR with
DMPO was conducted (Fig. 5¢). In the absence of CHy, only the sig-
nal peaks of -OH with the intensity ratio of 1:2:2:1 were observed.
Upon introducing CH4 under light irradiation, a distinct EPR signal
with the intensity ratio of 1:1:1:1:1 emerged and intensified, while
-OH signals weakened proportionally. This inverse correlation con-
clusively demonstrates that -CH3 generation is entirely dependent
on -OH consumption, proving that water-derived hydroxyl radicals
directly mediate CH4 activation in photocatalytic oxidation.

Based on the in-situ experiments and theoretical calculations,
the reaction mechanisms on the Cos/Na;-ZnO catalyst were sys-
tematically elucidated. The structural configurations of Cos/Na;-
ZnO are established and optimized (Fig. S13 in Supporting infor-
mation). The entire methane oxidation conversion pathway is pre-
sented in Figs. 5d and e. CoO nanoparticles capture photogener-
ated holes under light irradiation, and oxidize H,O to -OH. In the
subsequent reaction process, the -OH radicals in the liquid phase
oxidize CH4 molecules adsorbed on Na sites. The strong oxida-
tive capability of -OH attacks C-H bond cleavage in CH4, producing
-CH3 radicals and -H atoms. These generated reactive intermediates
will rapidly combine with available -OH radicals, including -CH3 re-
acts to form CH3OH, while -H recombination regenerates H,O, thus
completing the primary methanol synthesis pathway. It is worth
noting that there are also some secondary reactions in the entire
system. A fraction of -CH3 radicals will still undergo self-coupling
to form C,Hg. This unstable state C;Hg intermediate further reacts
with -OH radicals by C-H bond cleavage to produce -CyHs radi-
cals. Subsequent -OH combination converts these radicals into mi-
nor amounts of C;HsOH. While a relatively small proportion in the
entire reaction pathway, these side reactions reveal the system’s
chemical complexity and product diversity, providing critical in-
sights for optimizing conditions and improving the selectivity to-
ward the target product.

In summary, we successfully constructed CoO nanoparticle-
modified Na-doped ZnO nanosheets (Cos/Na;-ZnO) through a sol-

vent heat treatment and calcination process. In the photocatalytic
oxidation of CH4 with H,O as the oxidant, compared with pure
Zn0, the co-introduction of Na species and CoO nanoparticles,
significantly enhanced the yield and selectivity of low alcohol
products (mainly CH30H and C;HsOH). The yields of CH30H and
C,H50H reached 91.2 pmol g' h! and 38.8 umol g'h! respec-
tively, with a selectivity accounting for 96.44 %. Moreover, this re-
action was completely photo-driven and independent of thermal
effects, showing a significant advantage over other similar mate-
rials. In-situ tests and theoretical calculations demonstrated that
Cos/Na;-ZnO catalyst significantly improved the adsorption capac-
ity of CH4 through Na doping. CoO nanoparticles could capture
photogenerated holes and promote the activation of H,O to gener-
ate hydroxyl radicals. In-situ EPR experiments confirmed that H,O
(in the form of hydroxyl radicals) was the primary reactive species
for CH,4 activation. The Cos/Na;-ZnO catalyst exhibited excellent
performance in the photocatalytic oxidation of CH4 to methanol
through its unique heterostructure and efficient separation of pho-
togenerated charges, providing important guidance for the design
and optimization of more efficient photocatalytic systems.
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