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ABSTRACT: The electrocatalytic oxidation of methane (CH,)
facilitates the direct conversion of abundant natural gas into
value-added chemicals utilizing renewable electricity. However,
the high dissociation energy of the C—H bond and the presence
of multiple competing reaction pathways lead to poor product
selectivity. We synthesized a Ni-based polyoxometalate (Ni-
POM-V,) through cluster-nucleus co-assembly and introduced
rich oxygen vacancies using N, cold plasma etching. The
optimized catalyst attained a Faradaic efficiency of 88.4% for
ethanol at 1.7 V versus the reversible hydrogen electrode
(RHE). Notably, the oxygen vacancies in Ni-POM-V, create
Lewis acid sites that enhance methane adsorption and
activation, thereby facilitating its conversion into *CH, and
*CH,OH intermediates. The subsequent adsorption of these
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intermediates onto the polyoxometalate (POM) framework promotes C—C coupling, resulting in ethanol production. This
work provides a new method for adjusting the Lewis acid content on the catalyst surface through oxygen vacancies,

improving the selectivity of methane electro oxidation to ethanol.
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1 Introduction

The electrochemical oxidation of methane (CH,OR) to produce
high-value chemicals (e.g., methanol, ethanol, and acetic acid)
represents one of the most economically promising objectives in the
chemical industry [1-3]. Currently, methane oxidation
predominantly yields C1 products, whereas the selective conversion
to more valuable C,, products remain challenging [4]. This challenge
stems from the highly symmetric tetrahedral structure of methane
and the exceptional stability of its C-H bond (439.3 kJ-mol™).
Effective conversion of methane requires catalysts with adequate
activity to cleave the C-H bond; however, excessive catalytic activity
can lead to over-oxidation of products. Therefore, achieving an
optimal balance between catalytic activity and product selectivity is
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a significant challenge [5]. Furthermore, existing catalysts are
constrained by their inability to stabilize crucial reaction
intermediates, which is essential for selective C-C coupling [6, 7].
Nickel-based catalysts are extensively utilized for methane
oxidation [8, 9]. Various oxidation states of nickel exhibit distinct
roles in methane electrocatalysis. It is widely accepted that the Ni’
active site efficiently adsorbs and activates CH, [10]. The Ni** active
center exhibits a strong adsorption capacity for the crucial *CH,
species, influencing the selectivity of the CH, oxidation reaction
(CH,OR) towards C, products. For instance, the Ni*’/Ni° interface
catalysts act as active centers for the electrooxidation of CH, to
alcohols, achieving a high Faraday efficiency for ethanol (89% at
1.40 V, 25 pmol-g™h™) [11]. Despite the significant attention that
Ni-based catalysts have received due to their tunable d-electronic
structures and the formation of NiOOH active phases in alkaline
media, their intrinsic lattice oxygen sites often restrict effective
contact between the organic substrate and the metal active centers.
This limitation adversely affects the reaction rate and current
density, particularly in polyol oxidation and other processes
involving complex C-C bond cleavage, resulting in poor activity

11) Nano Research, 2026, 19, 94908604
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and selectivity. Drawing inspiration from the mechanism of ligand
microenvironmental regulation [12, 13], this study employs a metal-
polyoxometalates ligand design approach. This method addresses
the fundamental issue of limited active site exposure in
conventional Ni-based materials.

Polyoxometalates (POMs) represent a distinct class of anionic
metal oxides that have significant applications in energy conversion,
molecular catalysis, bionics, and therapeutic diagnostics [14-18]. To
date, various POM-based materials, such as POM clusters,
POM@MOFs, and M-POM, have been developed and effectively
utilized in photo/electrocatalytic CO, reduction reaction (CO,RR),
hydrogen evolution reaction (HER), and oxygen evolution reaction
(OER) [19-22]. Recent studies have conclusively demonstrated that
oxygen vacancies formed on the POM surface serve as active sites
for methane thermal activation, facilitating aerobic methane
oxidation [23, 24]. Furthermore, this system has been extended to
the thermoelectrocatalytic conversion of methane. By utilizing
reduced PTA to initiate thermocatalysis in the solution phase, it
resolves the kinetic issue of slow methane oxidation and prevents
peroxidation on the electrode surface [25]. Traditional POM-based
clusters, characterized by saturated metal-centered coordination
spheres, exhibit limited catalytic activity and are infrequently
utilized for methane electrooxidation. To address this issue, the
incorporation of NiO into POM facilitated enhanced activation of
the C-H bond. The resulting *COOH intermediate was stabilized
by off-domain electrons within the POM clusters. The sequential
active sites of NiO and POM at the molecular level facilitated the in
situ coupling of *COOH to oxalates. The photoelectrochemical
coupling of methane to produce C, products under mild conditions
demonstrated excellent catalytic activity, achieving a remarkable
productivity of up to 448 mmol-g,™h™ and high selectivity
(> 99%) [26]. Improving the conversion of methane to C,, products
under mild conditions necessitates not only promoting methane
activation but also facilitating C-C coupling among the reaction
intermediates. Research has shown that Lewis acid sites enhance the
adsorption and activation of methane, facilitating its conversion to
*CH, and *CH, intermediates. Additionally, by introducing or
adjusting Lewis acid sites, the catalyst can stabilize the intermediate
structure and reduce the activation energy of the reaction, thereby
further promoting the C-C coupling reaction [27].

Lewis acid-base sites are crucial in catalysis, particularly for
regulating reaction pathways and enhancing selectivity and activity
[28-30]. Lewis acid sites are able to accept electron pairs, typically
found in electron-deficient metal centers or cations. Transition
metals, such as Fe, Co, Ni, and Pt, exhibit Lewis acidity because of
their unfilled orbitals [31-33]. Lewis acid sites can adsorb substrates
with lone electron pairs (e.g, CO, NH,, and CH,), thereby
enhancing catalytic activity. Additionally, they can modulate the
reaction pathway to minimize side reactions and alter electron
distribution at the metal center, optimizing the catalyst's activity
and stability. For instance, the single-atom Cu catalyst, based on
Lewis acid, facilitates the electrocatalytic reduction of CO, to
produce CH,. Theoretical calculations demonstrated that Lewis
metal oxides (e.g, ALO; Cr,O,) can modulate the electronic
structure of Cu atoms by optimizing intermediate adsorption,
thereby facilitating CO, methanation [34].

Furthermore, Lewis acid or base sites can form from defective
sites on the carrier [35]. One such defect is oxygen vacancies, whose
formation is associated with the emergence of ligand-unsaturated
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metal sites, typically acting as Lewis acid active centers. Oxygen
vacancies (V,) and carbon defects (D) were generated in
Ni/CeO,/C catalysts via an in-situ calcination-induced etching
method. The abundant oxygen vacancies (acting as Lewis acidic
sites) and carbon defects (serving as Lewis basic sites) collaborated
to create numerous heterogeneous hindered Lewis acid-base pair
active sites on Ni/CeO,/C catalysts, enhancing the CTHDO
reaction of lignin oil and its derivatives [36]. Numerous studies
indicate that Lewis acid sites can influence the reaction pathway
and improve product selectivity [37]. Nevertheless, controlling a
greater number and stronger Lewis acid sites in catalysts remains a
significant challenge.

Herein, we report the preparation of Ni-POM-V,, catalysts using
a cluster-nucleus co-assembly strategy. The Ni-POM-V,, structure,
which is rich in oxygen vacancies, facilitates the generation of a
greater number of Lewis acid sites, thereby enhancing product
selectivity. Ni-POM-V,, demonstrates exceptional catalytic activity
for CH,OR and achieves a high ethanol selectivity of 88.4%. Its
performance surpasses that of previously reported electrocatalysts
under room temperature and ambient pressure conditions [38—44].
During the reaction, oxygen vacancy defects with significant Lewis
acid activity enhance the adsorption and activation of methane,
leading to the subsequent conversion into *CH, and *CH,
intermediates. The further adsorption of *CH, and *CH, on POM
facilitates the C-C coupling reaction, resulting in ethanol
production. H,O molecular can be oxidized to *OH through the
cavities in POM, effectively stabilizing reaction intermediates (*CH,,
*CH,, and *CH,OH) to facilitate ethanol production and release
while inhibiting its peroxidation to CO, This strategy, which
involves adjusting both the concentration and type of Lewis acids
on the catalyst surface by manipulating oxygen vacancy
concentrations, offers novel insights for electro-oxidation synthesis
reactions.

2 Experimental

2.1 Synthesis of Ni-POM

The steps to synthesize Ni-POM were as follows: First, 1 mmol of
(NH,)iMo0,0,,4H,0 was dissolved with 20 mL of pure water,
followed by the addition of 1.0 g of polyvinyl pyrrolidone (PVP),
and 1.8 mmol of NiCl,-H,O was added under continuous stirring
conditions. The above mixture was stirred at room temperature for
2 h, then 5 mL, 0.6 mmol NH,H,PO, was quickly added and stirred
at 80 °C for 4 h, 50 mL ethanol was added for alcohol precipitation,
and then washed with water and ethanol three times. The
precipitates were dried in vacuum at 50 °C, and the resulting dry
powder was Ni-POM.

2.2 Synthesis of NiO

The synthesis of NiO involved several key steps. First, 5 mmol of
Ni(NO,),,6H,0 and urea were weighed and dissolved in a mixture
of 25 mL of ethylene glycol and 5 mL of deionized water, resulting
in a green solution upon complete dissolution. The resulting mixed
solution was then transferred to a PTFE-lined stainless steel
autoclave, where it was maintained at 180 °C for 10 h. Afterward,
the solution was allowed to cool naturally to room temperature,
washed three times with deionized water and ethanol, and
subsequently dried in an oven at 50 °C. The dried powder was
calcined in air at 350 °C for 4 h, ultimately yielding NiO powder.
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2.3 Synthesis of MoO,

The synthesis of MoO; involved several steps: First, 4950 g of
(NH,)eMo0,0,,4H,0 was weighed and dissolved in 20 mL of
deionized water. Next, 10 mL of nitric acid was added slowly while
stirring. The mixture was then transferred to an oil bath and heated
at 120 °C for 3 h. After heating, the mixture was cooled to room
temperature, centrifuged, and washed with deionized water and
ethanol. The resulting precipitate was then dried under vacuum at
70 °C for 7 h. Finally, the dried powder was calcined at 600 °C for
5 h to obtain MoOj; powder.

24 Synthesis of Ni-POM-V,, NiO-V, and MoO;-V,

The Ni-POM particles were subjected to plasma treatment at a
power of 200 W for 20 min in a nitrogen atmosphere to prepare Ni-
POM-V,,. The pressure was 20 Pa, and the gas flow rate was
10 sccm. Additionally, NiO-V, and MoO,-V,, were synthesized
under the same conditions.

2.5 Characterization

The crystallinity and spatial configuration of the catalysts were
analyzed using X-ray diffraction spectroscopy with a graphite
monochromator. The specific test conditions included the use of
Cu Ka rays as the excitation source, an accelerating tube voltage of
40 kV, a tube current of 40 mA, a scanning range of 26 = 10°-90°,
and a scanning speed of 5 °/min. N, adsorption-desorption
isotherms of the catalysts were conducted at 77 K using a JW-
BK132F device to obtain surface area parameters, pore volume, and
pore size distribution. Additionally, the specific surface area and
pore size distribution of the samples were calculated using the
classical Brunauer-Emmett-Teller (BET) and Barrett-Joyner—
Halenda (BJH) models, respectively. The BSD-C200 automated
chemical adsorption analyzer was utilized for NH, programmed
temperature resolution analysis to assess catalyst surface acidity and
ammonia adsorption capacity. A 60 mg sample of the catalyst was
kept in a helium atmosphere at 300 °C for 60 min, then cooled to
50 °C and exposed to a 5% NH,/He mixture for another 60 min.
Finally, the catalyst was heated at a rate of 10 °C-min™ in a helium
atmosphere from 50 to 800 °C for NH, temperature-programmed
desorption (NH,-TPD) testing. The same apparatus was employed
for CH, temperature-programmed desorption (CH,-TPD) testing
as was used for NH,-TPD, except during the gas switching phase.
The elemental composition of the catalyst surface was analyzed
using X-ray photoelectron spectroscopy (XPS, ESCA-LAB250Xi)
under Al-Ka radiation (15 kV, 30 mA). The morphology and
composition of the catalysts were analyzed using transmission
electron microscopy (TEM, SM-7800F) coupled with energy
dispersive X-ray spectroscopy (EDX).

2.6 Electrochemical measurement for CH, oxidation

CH,OR was conducted in a standard three-electrode system
utilizing a 0.1 M KOH solution (298 K, pH = 13) as the electrolyte,
housed within an airtight two-chamber electrochemical cell
separated by a Nafion-212 membrane. The experimental setup
included a platinum counter electrode, a calomel reference
electrode, and a glassy carbon working electrode, with a CHI-660E
electrochemical workstation. Initially, 4.2 mg of catalyst and 5 uL of
5 wt.% Nafion solution were added to 395 uL of isopropanol and
sonicated for 10 min to produce a catalyst slurry. The slurry was
then evenly applied onto the surface of the glassy carbon electrode
(area = 0.07 cm?’), with a catalyst loading of approximately
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0.7 mg-cm?, and allowed to dry naturally to form the working
electrode. The electrolyte was purged with high-purity Ar
(99.999%) for 30 min to eliminate impurities, after which high-
purity CH, (99.99%) was injected to create a saturated CH, solution.
The catalytic activity of the catalyst was assessed using cyclic
voltammetry (CV) and linear sweep voltammetry (LSV). The
stability of the catalyst was examined through chronoamperometry.
The electrochemical impedance of the catalyst was examined using
electrochemical impedance spectroscopy (EIS) with a frequency
range of 1-10° Hz, a potential of 1.7 V vs. RHE, and an amplitude
of 5 mV. The electrode potentials were converted into reversible
hydrogen electrode by the equation (Eq. (1))

E (vs.RHE) = E (vs. Hg/Hg,Cl,) + 0.241 V +0.059 x pH (1)

2.7 Product detection

Gaseous products were detected using a gas chromatograph
(SC3000B) equipped with a TDX01 molecular sieve column, with
measurements taken at 30-min intervals. The composition of the
liquid sample was analyzed using nuclear magnetic resonance
(NMR) spectroscopy. For NMR sample preparation, 0.1 mL of D,O
containing 0.05 mL of dimethyl sulfoxide served as the internal
standard. After the electrolytic reaction, 0.1 mL of electrolyte was
combined with the internal standard solution for NMR analysis.
Faraday efficiency and conversion frequency were calculated by
measuring the product yield and current during the reaction under
constant potential for 2 h. Based on the product measurements, the
Faraday efficiency (FE) was calculated by measuring the products of
the reaction and the current values after 6 h of reaction at a
constant potential. The Faraday efficiency is calculated as the ratio
of the amount of charge used in the conversion of CH, products to
the amount of charge flowing per unit time (Eq. (2))

danol X N X F
FE. 0 = M}T x 100% (2)

where 7 is the amount of product, N is the number of electrons
involved in the reaction, FE is the Faraday efficiency, and I is the
current.

2.8 Density functional theory calculations

All DFT calculations were performed using the CASTEP and
DMol’ packages with ultrasoft potentials (USP) to account for
electron-ion interaction. The electron—electron connection and van
der Waals interaction were modeled using generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) and
DFT-D2 methods. The Bril louin zone integral was evaluated using
a Monkhorst-Pack (MP) grid of special points with a 3 x 3 x 3
k-point grid. The convergence limit for the electronic self-consistent
field loop was set at 1 x 10° eV-atom™. The residual force on the
atomic structure was minimized to below 0.05 eV. Cell parameters
were optimized using the finite basis correction approach to ensure
a stress less than 0.1 GPa. All atom positions were relaxed without
imposing symmetry limitations.

3 Results and discussion
3.1 Morphological and structural analysis
The preparation process for Ni-POM-V,, is illustrated in Fig. 1(a).

Ni-POM was synthesized via cluster-nucleus co-assembly, in which
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Figure1 (a) Schematic illustration of the Ni-POM-V,, preparation process. (b) XRD patterns of all catalysts. (c) EPR spectra of Ni-POM and Ni-POM-V,.

PO, and MoO, clusters were combined with Ni nuclei through
direct bonds between the heterounits. Subsequently, the Ni-POM
precursor was etched using N, plasma to produce Ni-POM
enriched with oxygen vacancies, denoted as Ni-POM-V,. To
further elucidate the crystal structure of Ni-POM-V,,, XRD analysis
was conducted, with the corresponding diffraction patterns
presented in Fig. 1(b). For comparative structural analysis, reference
samples of MoO; and NiO were synthesized. The diffraction peaks
of the as-prepared MoO; and NiO align well with the standard
reference patterns (MoO, PDF #47-1320 and NiO PDF #47-1049),
confirming their successful preparation. Notably, no characteristic
peaks corresponding to MoO; or NiO were observed in the XRD
pattern of Ni-POM, suggesting that Ni and Mo are not present as
simple oxides but are instead incorporated into a polyoxometalate
framework. Furthermore, the XRD patterns reveal that N, cold
plasma bombardment does not induce any detectable changes in
the diffraction peaks, indicating that the catalyst structure remains
intact after treatment. Comparing the XRD patterns of the catalyst
before and after MEO reaction (Fig. S12 in the Electronic
Supplementary Material (ESM)), neither the peak intensity nor the
peak shape exhibited any alteration. EPR characterization was
carried out on the Ni-POM and Ni-POM-V, catalysts (Fig. 1(c)).
The higher intense peak of Ni-POM-V,, indicates that O atoms
escape from the Ni-O-Ni bond after N, cold plasma
bombardment, leading to the generation of a certain concentration
of the V,,. The presence of a single Lorentz line and a g value of 2.003
indicate that unpaired electrons are still present in the as-prepared
catalysts, further demonstrating the formation of rich oxygen
vacancies [45-47].

Transmission electron microscopy (TEM) images (Figs. 2(a) and
2(c)) indicate that Ni-POM and Ni-POM-V,, lack distinct lattice
stripes and are amorphous, consistent with the characteristics of
polyoxometalates. Figures S1-S6 in the ESM present the SEM
images and energy dispersive X-ray (EDS) spectra of the
contrasting samples NiO and NiO-V,, which exhibit nanoflower-
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like structures and a uniform distribution of oxygen and nickel
elements. In Figs. 2(b) and 2(d), Ni-POM and Ni-POM-V, consist
of O, P, Ni and Mo with a uniform elemental distribution. The
SEM and TEM images (Fig. S13 in the ESM) after the Ni-POM-V,
reaction also reveal a lumpy morphology, with elements such as O,
P, Ni, and Mo still uniformly distributed. This indicates that the
catalyst undergoes minimal alteration after long-term durability
tests (48 h), demonstrating a certain degree of stability.

The nitrogen adsorption-desorption isotherms for all catalysts,
shown in Fig. 3(a), are categorized as type IV isotherms,
characterized by H3 hysteresis loops, which indicate mesoporous
structures. A distinct hysteresis loop appears at elevated relative
pressures (P/P, > 0.9) [48]. This behavior confirms the presence of
mesopores in the catalyst structures, a crucial characteristic for
applications requiring high surface areas and pore accessibility. A
comparison of the specific surface areas of the catalysts (Table S1 in
the ESM) reveals that NiO has the largest specific surface area
(77.80 m*g™), due to its nanoflower structure, while MoO, has the
smallest (19.87 m*g™), and Ni-POM has a specific surface area of
2433 m*g'. Notably, the specific surface areas of NiO-V,
(69.84 m*g"') and MoO,-V, (19.87 m*g") decreased relative to
those of NiO (77.80 m*g™) and MoO, (19.87 m*g"). The specific
surface area of Ni-POM-V,, increased to 31.54 m*g™'. This may be
due to plasma etching causing structural collapse in NiO and
MoO; [49, 50], while Ni-POM-V, only resulted in surface defects
without structural damage, indicating greater stability. All catalysts
exhibited remarkable consistency in average pore size, maintaining
a mesoporous structure with pore sizes ranging from 2 to
30 nm (Fig. 3(b)).

The surface electronic states of Ni-POM-V,, catalysts were
systematically investigated using X-ray photoelectron spectroscopy
(XPS). The survey spectrum (Fig. S2 in the ESM) confirms the
presence of Ni, O, and Mo as constituent elements in Ni-POM-V,,
Figure 4(a) presents the O 1Is spectra of all catalysts, where the
deconvoluted peaks at 529.4 (O,), 531.0 (O), and 532.4 eV (O,)

(B 7% 2 | Sci@pen
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Figure2 (a) and (b) TEM images and (b1)-(b4) EDS mapping of Ni-POM. (c) and (d) TEM images and (d1)-(d4) EDS mapping of Ni-POM-V,.
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Figure3 (a) N, adsorption-desorption isotherm and (b) pore width distribution of all catalysts.

correspond to lattice oxygen, oxygen vacancies, and adsorbed
oxygen species, respectively [51, 52]. As quantified in Table S2 in
the ESM, Ni-POM-V/, exhibits the highest concentration of oxygen
vacancies among the studied catalysts. These vacancies play a
crucial role in modulating the electronic structure of metal oxides
by serving as active sites for molecular adsorption and activation,
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thereby reducing reaction energy barriers and enhancing catalytic
efficiency. Notably, plasma etching treatment significantly increases
the oxygen vacancy content, demonstrating a viable method for
their controlled generation. Analysis of the post-reaction catalyst
revealed a slight increase (91.29% to 92.44%) in oxygen vacancy
content (Fig. S8 and Table S3 in the ESM). This increase resulted
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POM and Ni-POM-V,,. (d) P 2p XPS spectra of Ni-POM and Ni-POM-V,,.

from redox reactions involving oxygen atoms in the metal oxide
under the influence of an electric field, leading to the formation of
oxygen vacancies [53]. This finding is consistent with the EPR (Fig.
S11 in the ESM) test results obtained for the post-reaction catalyst.
The Ni 2p spectra of NiO and Ni-POM-V,, (Fig. 4(b)) display
characteristic spin-orbit doublets at 853.8 (Ni 2p,,) and 871.2 eV
(Ni 2p,,), accompanied by satellite features at 860.0 and 879.5 eV,
consistent with NiO [11]. In contrast, Ni-POM and Ni-POM-V,

exhibit positive binding energy shifts, suggesting electron density
withdrawal from Ni centers due to the higher electronegativity of
coordinating polyoxometalate ligands [54]. During the reaction
process (Fig. S9 in the ESM), some Ni* (73.52% to 57.7%) was
reduced to Ni** (24.48% to 42.3%). The Mo 3d spectra (Fig. 4(c))
reveal that MoO,; and MoO,-V, exhibit primary emissions at
236.1 eV (Mo 3d,;,) and 233.0 eV (Mo 3ds,), characteristic of Mo*
[55, 56]. However, Ni-POM and Ni-POM-V,, show negative
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binding energy shifts relative to MoO,, indicating a reduced
oxidation state of Mo [57]. This lower Mo oxidation state weakens
metal-oxygen bonds, facilitating oxygen vacancy formation. The
resultant vacancies provide additional charge storage sites and
enhance jon insertion/extraction reversibility. Furthermore,
increased oxygen vacancy concentration modifies the charge
distribution in Ni-POM-V,, improving its electronic conductivity
and charge transfer capability. After participating in the
electrochemical reaction, the oxidation state of Mo remains
unchanged and continues to exist as Mo* (Fig. S10 in the ESM).
The P 2p spectrum of Ni-POM-V,, (Fig. 4(d)) exhibits two
components at 133.2 (P 2p,,) and 134.7 eV (P 2p,,,), consistent with
metal phosphate species [58].

The NH,-TPD results, presented in Fig. 5(a) and Table S3 in the
ESM, indicate weak acidic sites (< 300 °C), moderate acidic sites
(300-500 °C), and strongly acidic sites (> 500 °C) [59]. The data
indicate that NiO and NiO-V,, exhibit weak, moderate, and strong
acidic sites, while MoO; and MoO.-V,, display moderate and strong
acidic sites. In contrast, Ni-POM and Ni-POM-V,, possess only
moderate acidic sites. According to the table, Ni-POM
(3.09 mmol-g™) and Ni-POM-V,, (3.53 mmol-g") possess 20 times
more moderate acidic sites than the other catalysts (NiO
(0.13 mmol-g”), NiO-V, (0.27 mmol-g”), MoO,(0.12 mmol-g™),
MoO;-V,, (0.13 mmol-g™)). Furthermore, the number of these sites
increases in catalysts enriched with oxygen vacancies (Ni-POM-
Vo). The detachment peaks of the moderately acidic sites are
attributed to NH, binding with the Lewis acid centers. This finding
suggests that oxygen vacancies are associated with Lewis acid
sites [60]. The Lewis acidic active sites enhance the electrooxidation
of H,O and activate the adsorption of CH,, resulting in the
formation of two key intermediates: *OH and *CH, [61]. To assess
the CH, adsorption capabilities of the catalysts, CH, temperature
programmed desorption (CH,-TPD) measurements were
performed. As illustrated in Fig. 5(b) and Table S3 in the ESM, the
CH,-TPD curves can be categorized into three distinct regions:
desorption of weak adsorption sites at temperatures below 200 °C,

desorption of moderate adsorption sites between 200 and 500 °C,
and desorption of strong adsorption sites at temperatures above
500 °C [62-64]. NiO and NiO-V,, possess three adsorption sites,
exhibiting total adsorption quantities of 0.86 and 0.54 mmol-g’,
respectively. In contrast, MoO; and MoO,-V,, have two types of
medium to strong adsorption sites, with total adsorption quantities
of 0.14 and 0.10 mmol-g™, respectively. Notably, Ni-POM and Ni-
POM-V,, are characterized by moderate adsorption sites only, with
total adsorption values of 2.14 and 2.51 mmol-g”, respectively.
Notably, methane adsorption on NiO-V,, and MoO,-V,, decreased.
This reduction can be attributed to structural collapse induced by
plasma etching, which diminished their adsorption capacity. The
methane adsorption capacity of Ni-POM-V,, exceeded that of Ni-
POM due to the structural stability of Ni-POM-V,, which is less
prone to collapse. Additionally, the high concentration of Lewis
acid favors methane adsorption and C-H bond activation.

3.2 Electrochemical performances of catalysts

The electrocatalytic performance of all catalysts for methane
oxidation reaction (CH,OR) was evaluated using a standard three-
electrode H-cell setup in a 0.1 M KOH solution saturated with
methane. Figure 6(a) illustrates distinct redox peaks for Ni-POM
and Ni-POM-V, within the voltage range of 1.0 to 2.0 V vs. RHE.
A notable oxidation peak, occurring at 1.6 V, corresponds to the
conversion of NiO to NiOOH [11]. As shown in Fig. S11 in the
ESM, at a potential of 1.6 V, the current density of Ni-POM-POM-
V,, in the presence of methane was significantly higher than that of
the methane-free control group, indicating that methane
participated in the oxidation reaction at this potential
Subsequently, the current density increases, indicating the
electrooxidation of methane at the Ni-POM-V, electrode.
Figure 6(b) shows that the current density of CH,OR on Ni-POM-
V, (8.73 mA-cm™) is double that of Ni-POM (4.37 mA-cm™) at
1.7 V vs. RHE, while no reaction occurs on the surface of other
catalyst electrodes. This indicates that Ni-POM-V,, possesses
superior catalytic activity for the CH,OR. In Fig. 6(c), A lower R,
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3881 i 437
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Figure5 (a) NH,-TPD of all catalysts. (b) CH,-TPD of all catalysts.
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Figure 6 (a) CV of all catalysts in CH,-saturated 0.1 KOH solution. (b) LSV of all catalysts. (c) Nyquist plots of all catalysts. (d) Faradic efficiency of different products of
Ni-POM-V,, at different potentials (1.5-2.0 V vs. RHE). (e) Ethanol Faraday efficiency of different catalysts at different potentials (1.5-2.0 V vs. RHE). (f) The catalytic
performance of the Ni-POM-V,, system in this study was compared with that of CH,OR reported in the literature.

value indicates easier charge transfer and higher electrocatalytic
activity of the catalyst. Specifically, Ni-POM-V,, (R, = 57.93 Q)
exhibits the smallest R,, demonstrating high electrocatalytic activity
at 1.7 V vs. RHE. Ni-POM (R, = 94.04 Q), NiO-V,, (R, = 102.3 Q),
NiO (R, = 1164 Q), MoO,-V, (R, = 884 Q), and MoO; (R, =
115.6 Q) exhibit larger R, values, corresponding to relatively lower
electrocatalytic activity. This observation indicates a lower reactive
charge transfer resistance from the electrode surface to the reactive
molecules in CH,OR [65]. Figure 6(d) illustrates the Faraday
efficiency of Ni-POM-V,, for product formation across a voltage
range of 1.5 to 2.0 V versus RHE. The maximum Faraday efficiency
of 88.4% for ethanol production on the Ni-POM-V,, electrode was
recorded at 1.7 V versus RHE. In Fig. 6(e), we further compare the
Faraday efficiencies of ethanol production among various catalysts
within the voltage range of 1.5 to 2.0 V vs. RHE. The results
indicated that only Ni-POM-V, and Ni-POM exhibited higher
selectivity for ethanol. Furthermore, the selectivity of Ni-POM-V,,
for ethanol was significantly higher than that of Ni-POM. This
suggests that enhancing the concentration of Lewis acidity through
oxygen vacancy modulation can improve ethanol selectivity. To
investigate Ni-POM-V, stability, inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis data for the electrolyte
were obtained. During leaching of Mo/Ni at a potential of 1.6-1.7 V
vs. RHE in 0.1 M KOH solution, the following concentrations were
measured: Ni (2.939 pgL™), Mo (1261.598 pg:L™"). Additionally,
XPS (Figs. S9 and S10 in the ESM) and EDS (Fig. S13 in the ESM)
data for the working electrode were supplemented. Combined with
Table S3 in the ESM, these results confirm that under alkaline
conditions, POM undergoes corrosion, Ni** is partially reduced to
Ni*, while the valence state of Mo* remains unchanged. The
primary configuration of the Ni-POM-V,, remains unchanged. As
shown in Fig. 6(f) and Table S6 in the ESM, this catalyst exhibits
superior Faraday efficiency for ethanol in the CH,OR reaction
compared to most previously reported results.
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3.3 Reaction mechanism of CH,OR

To investigate the impact of Lewis acids on CH,OR, we performed
DFT calculations on all catalysts to analyze potential reaction
pathways (Figs. 7(a) and 7(b)). Firstly, the adsorption of CH, on the
electrode surface is initiated via electron transfer, which results in
the formation of *CH, (CH,OR rate determining steps). The Gibbs
free energy required to dissociate the C-H bond (*CH, chemical
adsorption activation) on the Ni-POM-V,, surface (0.83 eV) was
lower than those others catalysts. This finding suggests that Ni-
POM-V,, more effectively promotes the activation and initiation of
CH,OR compared to Ni-POM. During the formation of *CH,, the
carbon atom of *CH,; forms bonds with two low-coordinated Ni
atoms adjacent to the Lewis acid site on the Ni-POM-V,
surface (0.64 eV). This interaction significantly reduces the
dehydrogenation energy compared to Ni-POM (0.93 eV). For Ni-
POM-V,, (-0.48 V), the conversion from *CH, to *CH,OH occurs
with significantly less energy than that for Ni-POM (0.10 eV). On
the Ni-POM-V,, surface, *CH, subsequently migrates to the Lewis
acid-containing POM site, where it reacts with *OH to form
*CH,OH (Figs. 7(c) and 7(d)). POM significantly stabilizes the
reaction intermediates (*CH,, *CH,, and *CH,OH). Additionally,
water (H,O) is oxidized within the cavities of POM to generate
*OH, which subsequently facilitates C-C coupling, promoting the
formation and release of CH;CH,OH while inhibiting its oxidative
conversion to CO, [26]. On the surface of Ni-POM-V, (-0.95 eV),
the reaction between *CH,OH and *CH, to form *CH,OH
occurred with a lower energy barrier compared to Ni-POM
(<0.10 V). This lower barrier is conducive to C-C coupling and
effectively explains the high selectivity for CH,CH,OH observed.

4 Conclusions

In conclusion, the electrochemical oxidation of CH, to ethanol was
accomplished at ambient temperature and pressure, achieving a
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selectivity of up to 88.4%. This was facilitated by Ni-POM, prepared
through cluster-core co-assembly and subsequently etched with N,
cold plasma, yielding Ni-POM-V,, enriched with oxygen vacancies.
The presence of oxygen vacancies on Ni-POM-V, led to the
formation of numerous Lewis acid sites. These oxygen vacancy
defects, exhibiting strong Lewis acid activity, facilitated the
adsorption and activation of methane, leading to the formation of
*CH, and *CH,OH intermediates. The intermediates *CH, and
*CH,OH further adsorb onto polymetallic oxygenated groups
(POM), promoting C-C coupling reactions that yield ethanol. This
work provides a new method for adjusting the Lewis acid content
on the catalyst surface through oxygen vacancies, improving the
selectivity of methane electro oxidation to ethanol.

Electronic Supplementary Material: Supplementary material
(SEM images, TEM image, and XPS relevant contents refer to Figs.
S1-S7; BET, elemental valence content, NH,-TPD, CH,-TPD, and
literature comparison relevant contents refer to Tables. S1-54) is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908604.
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