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A B S T R A C T   

Selective methane oxidation is one of the key challenges in modern chemistry. To increase the value-added 
chemical production, the oxidation state of active metals should be easily converted to oxidized or reduced 
states in order to adsorb or provide an oxygen atom efficiently into methane. Here, we firstly report that lithium 
incorporating molybdenum oxide with silica supports significantly enhances HCHO production in virtue of 
redox-driven restructuring of active molybdenum sites. In reduction conditions under CH4 flow, lithium ions are 
inserted into the molybdenum-oxide phase by forming lithium molybdenum oxide (LiyMoO3) nanoclusters and 
conversely extracted by O2 oxidation. Due to the redox migration of lithium ions and reconstruction of LiyMoO3 
nanoclusters under the reaction process, the oxidation state of active molybdenum centers is effectively 
controlled to both oxidized and reduced states. These findings provide insight into the distinct role of lithium 
ions in various catalytic systems and suggest new strategies for developing active sites for selective oxidation 
area.   

1. Introduction 

Direct conversion of methane, the primary component of shale gas, 
to value-added chemicals has been actively studied due to the growing 
interest in the efficient use of non-renewable resources [1–6]. Its simple 
reaction pathway is also considered to be one of the “Holy Grails in 
Chemistry” [7]. Methane is the least reactive alkanes with C–H binding 
energy that can be as high as 440 kJ mol− 1. Therefore, current industrial 
systems use harsh operation conditions (above 850 ◦C and 10–100 bar) 
and multi-step processes that proceed through the production of syngas 
from methane to the subsequent conversion of syngas to chemical 
commodities [8]. In this regard, the direct oxidation of methane to C1 
oxygenates has been vigorously researched in recent years in order to 
promote the efficient and universal use of natural gas as a feedstock 
[9–15]. 

Flexibility in the electronic structure of an active metal is one of the 
key factors in designing active sites for selective oxidation, because the 

entire reaction pathway entails a reduction of the active center by 
providing oxygen species to reactants, which allows their regeneration 
with oxidants [16–18]. Although various catalytic models have been 
suggested for modifying the electronic properties of active sites, the 
oxidation state can be controlled in only one direction — either highly 
oxidized or reduced [19,20]. However, selective oxidation of light al-
kanes requires an active center for the effective conversion of its 
oxidation state to both states over the entire redox cycle [21,22]. 

Silica-supported molybdenum oxide catalyst (MoOx/SiO2) is 
commonly used to convert methane to formaldehyde, because of the 
multiple oxidation states of the active metal [23–25]. Interestingly, 
molybdenum oxide is also known as a lithium insertion compound, and 
has recently been tested in numerous studies for use as a cathode ma-
terial in lithium-ion batteries because of its high capacity for revers-
ibility in redox reactions with lithium ions [26–28]. Intercalation and 
de-intercalation of lithium ions are triggered either by the discharge 
or charge of a cathode material [29]. During the process, a lower 
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oxidation state of the Mo species is formed via the insertion of lithium 
ions, and then conversely an oxidized state is achieved when the lithium 
ions are extracted [30,31]. This phenomenon suggests that lithium ions 
incorporated in the molybdenum-oxide phase migrate under the 
reduction and oxidation environments created by CH4 and O2 flow, 
which could improve the catalytic activity by effectively controlling the 
electronic state of the Mo species. 

Here, we firstly mimic the cathode material for lithium ion batteries 
as a dual reaction catalyst for the selective oxidation of methane. In 
specific, the HCHO production was significantly enhanced while main-
taining a high level of selectivity when a certain amount of lithium ions 
is incorporated into MoOx/SiO2 catalysts. Structural characterizations at 
both atomic and bulk scale revealed that lithium ions were inserted into 
the MoOx phase under a CH4 flow via the formation of lithium molyb-
denum oxide nanoclusters (LiyMoO3, y denotes the amount of lithium 
ions incorporated in MoO3 species) and were extracted under the flow of 
O2 at 650 ◦C. Owing to the reconstruction of LiyMoO3 nanoclusters 
under the reaction process, the electronic state of active Mo species is 
effectively controlled to both reduced and oxidized states and this 
phenomenon is maximized in the Li-MoOx/SiO2 with the Li/Mo molar 
ratio of 0.7. The optimized 0.7Li-MoOx/SiO2 catalyst gives a superior 
oxygenates yield of 7,611 μmol g− 1 h− 1 (methane conversion = 4.8%; 
HCHO selectivity = 65%), which was the highest level among all alkali 
metal incorporated transition metal oxide catalysts reported [32–36]. 
Supported molybdenum oxide catalyst are widely used in various 
redox-type reactions such as in the activation of short-chain alkanes and 
in their oxidative dehydrogenation as well as selective oxidation 
[37–39]. The redox-driven restructuring of lithium molybdenum nano-
clusters induced by lithium ions, is advantageous for facile changes in 
the oxidation states of more active molybdenum species, which results in 
an enhancement of value-added chemical production. Our findings 
provide general insights regarding the distinct role of lithium ions in the 
catalytic process and suggest new strategies for developing active sites 
for those redox-type reactions. 

2. Methods 

2.1. Catalyst preparation 

Lithium-modified MoOx/SiO2 (Li-MoOx/SiO2) catalysts were pre-
pared via incipient wetness impregnation by adding aqueous solutions 
of (NH4)6Mo7O24∙4H2O (SAMCHUN) and LiCl (SHINYO) to a silica 
support (Aerosil, 200 m2/g). The loading of MoO3 was maintained at 1 
wt% and a proper amount of lithium precursor was added with a Li/Mo 
molar ratio of 0.4/0.7/1.1/1.5. The samples were referred to as 0.4/0.7/ 
1.1/1.5Li-MoOx/SiO2. The MoOx/SiO2 with 1 wt% of MoO3 loading and 
Li/SiO2 with the same amount of lithium ions in 0.7Li-MoOx/SiO2 were 
prepared as a reference sample. All samples were dried at 70 ◦C over-
night, and calcined under air at 650 ◦C for 5 hr. 

2.2. Characterizations 

X-ray photoelectron spectroscopy (XPS) was conducted using an Axis 
Supra (Kratos) in an ultra-high-vacuum chamber. The C 1s peak (284.5 
eV) was used as a reference for correcting the binding energy for each of 
the elements. Peak assignments for Mo 3d and Li 1s were performed in 
reference to previous research [40]. 

Mo K-edge X-ray absorption spectroscopy (XAS) was performed in a 
fluorescence mode on an 8C- or 10C-wide XAFS beamline at the Pohang 
Light Source (PLS) using a 3.0 GeV storage ring with a beam current of 
~300 mA. The synchrotron radiation was monochromatized using a Si 
(111) crystal. The 0.7Li-MoOx/SiO2 was activated by exposure to pure 
O2 (20 ml min− 1) for 2 h at 650 ◦C. Subsequently, the O2-activated 
samples were reacted with a CH4 flow (20 ml min− 1) at 650 ◦C for 2 h 
and analyzed. The CH4-treated samples were continuously re-activated 
with O2 flow at 650 ◦C for 2 h. All samples were stored under an Ar 

atmosphere with silica-gel to minimize the effect of moisture and were 
analyzed in an ex-situ mode. A reference Mo foil was concurrently 
measured to calibrate the samples. The obtained X-ray absorption 
spectra were processed and fitted using IFEFFIT with a Horae package 
(Athena and Artemis). The amplitude reduction factor, S0

2, was derived 
from EXAFS fitting of standard MoO2 to 0.83. The K-range window was 
3–11.5 Å− 1 and the fitting was done in an R-space that ranged from 1 to 
4 Å. The XANES spectrum of 0.7Li-MoOx/SiO2 in real reaction condi-
tions was collected after treating the sample with CH4 (5 ml min− 1) and 
O2 (2.5 ml min− 1) at 650 ◦C for 2 h. Subsequently, linear combination 
fitting (LCF) of the XAENS spectrum was processed using solely CH4- 
treated or O2-treated 0.7Li-MoOx/SiO2. 

UV–vis–near infrared (UV–vis–NIR) spectra were recorded using a 
JASCO V670 spectrometer equipped with a diffuse reflectance spec-
troscopy unit. The powder samples were placed into a quartz cell, and 
the spectra were obtained at 200–1,200 nm. The intensity of the 
collected UV–vis–NIR spectra was processed in the form of the Kubelka- 
Munk function with O2-activated SiO2 used as a reference. 

XRD analysis was performed using a Rigaku D-MAX2500-PC (Cu Kα 
radiation, 50 kV, 100 mA). 

Aberration-corrected high-angle annular dark field scanning trans-
mission electron microscopy (STEM) and energy-dispersive X-ray spec-
troscopy (EDS) mapping images were obtained using a JEM-ARM200F 
microscope with an accelerating voltage of 200 kV at the National 
Center for Inter-university Research Facilities (NCIRF) at Seoul National 
University. 

H2 temperature-programmed reduction (H2-TPR) was carried out 
using the same reaction system whereby 0.1 g of the sample was loaded 
onto a porous quartz bed that was activated by O2 flow (20 ml min− 1) for 
2 h at 650 ◦C (ramping rate = 10 ◦C min− 1). The sample was cooled to 
room temperature and flushed by Ar (20 ml min− 1) for 1 h. Next, the gas 
flow was switched to 10% H2/Ar (20 ml min− 1) and then the sample was 
heated with a temperature ramping rate of 10 ◦C min− 1. The desorbed 
H2O (m/z = 18) was analyzed by quadruple mass spectrometer (Hiden 
Analytical QGA). 

O2 pulse chemisorption of reduced samples was performed at 650 ◦C 
according to the reported procedures [25]. The titration was conducted 
in a flow reactor system with 6 port valves for the rapid introduction of a 
10% O2/He pulse. Samples (~40 mg) were placed in a U-shaped quartz 
tube and heated at 650 ◦C in 10% O2/He (20 ml min− 1) for 1 h, followed 
by flushing with He for 30 min. Then, the sample was treated with pure 
10% H2/Ar at 450 ◦C or CH4 at 650 ◦C for 2 h. Subsequently, 500 μl of 
10% O2/He was injected along with carrier gas (He) to the samples 20 
times with an interval of 3 min. The outlet gas was detected by a thermal 
conductivity detector (TCD) and consumed O2 was calculated by inte-
grating the area of these continuous peaks. 

A galvanostatic intermittent titration technique (GITT) was con-
ducted by applying 5 min of constant current followed by 1 h of resting 
with repetitive cycles using a multichannel automatic battery cycler 
(WonATech, WBCS3000). A 1.5Li-MoOx/SiO2 cathode was prepared by 
coating carbon paste (Super P) as a carbon support with the same 
amount of binder, N-methyl-2-pyrrolidone (NMP), on a copper current 
collector. The cathode was dried at 120 ◦C overnight under vacuum. 

2.3. Direct methane oxidation 

Reaction tests were carried out using a fixed-bed flow reactor with a 
thermocouple well. The temperature was measured via a K-type ther-
mocouple placed in the thermocouple well, and was controlled elec-
tronically via an external electrical furnace. Then, 0.05 g of 0.4/0.7/1.1/ 
1.5Li-MoOx/SiO2, MoOx/SiO2 or Li/SiO2 catalysts were placed on a 
porous quartz bed, and activation was carried out by O2 flow (20 ml 
min− 1) for 1 h at 650 ◦C (ramping rate = 10 ◦C min− 1). The samples 
were flushed with He to eliminate the residual O2 gas. Then, 62 ml 
min− 1 of the feed gas was introduced with 8% CH4 and 4% O2 in He 
balance with 0.5% of N2 gas as an internal standard and a pressure of 1 
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atm. Product gases were cooled to 5 ◦C using a cooling bath, and liq-
uefied HCHO was collected in a sample tube containing 20 ml of 
deionized water for 1 h. The obtained HCHO was reacted with 2,4-dini-
trophenylhydrazine (DNPH) for 30 min and quantified via high- 
performance liquid chromatography (HPLC) using a Zorbax Eclipse 
XDB-C18 column [41]. The gas-phase products were analyzed via online 
gas chromatography (Younglin 6500GC model) using a ShinCarbon ST 
100/120 column. The signal was detected using a thermal conductivity 
detector (TCD). The CH4 consumption rate was the summation of the 
CO, CO2, and HCHO production rate. The reaction orders of the methane 
and oxygen were calculated based on the power law rate expression. The 
partial pressure of either CH4 or O2 was fixed as 8.11 kPa while the flow 
of the other was changed and the total flow rate was maintained using 
helium as the balance gas. 

2.4. Calculation for Gibbs free energies of CH4 and O2 conversion steps 

When the Li-MoOx/SiO2 catalyst was treated with CH4 gas at 650 ◦C, 
lithium ions were incorporated into the lattice space of the MoO3 species 
by forming a LiyMoO3 phase that produced HCHO and H2O (Eq. (1)). 
Subsequently, active MoO3 and Li2O species were regenerated by O2 
conversion and degradation of the LiyMoO3 species (Eq. (2)). 

MoO3 +
y
2
Li2O+

y
4
CH4 ↔ LiyMoO3 +

y
4

HCHO+
y
4
H2O (1)  

LiyMoO3 +
y
4

O2 ↔ MoO3 +
y
2
Li2O (2) 

Gibbs free energy (ΔG) of the O2 conversion step (Eq. (2)) over Li- 
MoOx/SiO2 was obtained from subtracting the ΔG values of LiyMoO3 
(Eq. (4)) from that of Li2O (Eq. (3)) formation. The ΔG value of the CH4 
conversion step (Eq. (1)) was calculated by subtracting the ΔG values of 
the HCHO production reaction (Eq. (5)) from the O2 conversion step (Eq. 
(2)). 

4Li+ + 4e− + O2 ↔ 2Li2O (E = 2.91 V vs. Li/Li+) (3)  

yLi+ +MoO3 + ye− ↔ LiyMoO3 (4)  

y
4

CH4 +
y
4

O2 ↔
y
4

HCHO+
y
4

H2O (5) 

The ΔG values of Li2O (Eq. (3)) and LiyMoO3 (Eq. (4)) formation 
were calculated based on the following equation (Eq. (6)): 

ΔG = − nFE (6) 

(ΔG is the change of internal energy in the process of ion and electron 

insertion or extraction; n is the number of electrons transferred in the 
cell reaction or half-reaction; F is the Faraday constant; and, E is the 
electrochemical potential of an electrode.). 

The electrochemical potential values of the Li2O formation are from 
previous reports [42–44], and those of LiyMoO3 formation were ob-
tained from GITT measurement. 

3. Results and discussion 

3.1. Reaction pathway for direct conversion of methane over Li-MoOx/ 
SiO2 

The catalytic performances for the selective oxidation of methane 
over Li-MoOx/SiO2 with a Li/Mo molar ratio of 0.4/0.7/1.1/1.5 
(denoted as 0.4/0.7/1.1/1.5Li-MoOx/SiO2 and the total loading amount 
of MoO3 is 1 wt%) are presented in Fig. 1a and Table S1. Li/SiO2 (with 
the same amount of lithium ions as that in 0.7Li-MoOx/SiO2) and MoOx/ 
SiO2 (MoO3: 1 wt%) were used as reference samples. The overall reactor 
system appears in Fig. S1. Li/SiO2 exhibited a low HCHO yield of 
632 μmol g− 1 h− 1 and MoOx/SiO2 showed that of 1,870 μmol g− 1 h− 1, 
which indicates that Mo species play the role of the major active site. 
When lithium ions were incorporated into MoOx/SiO2, the 0.4/0.7/1.1/ 
1.5Li-MoOx/SiO2 samples showed an enhanced HCHO production rate 
while maintaining a high selectivity (almost 100%). Among those 
samples, 0.7Li-MoOx/SiO2 showed the highest level of HCHO produc-
tivity, 5,182 μmol g− 1 h− 1

, and remarkably, this rate was about 3 times 
the value for MoOx/SiO2. 

Notably, when the reaction tests were performed for an increased 
concentration of reactants, the 0.7Li-MoOx/SiO2 showed a consistently 
higher HCHO production rate compared with that of MoOx/SiO2, as 
shown in Table S2. In that case, the maximum HCHO production of 
0.7Li-MoOx/SiO2 was reached at 7,611 μmol g− 1 h− 1 (methane con-
version=4.8%; HCHO selectivity=65%), which was the highest level 
among all alkali metal incorporated transition metal oxide catalysts 
tested (Table S3) [32–36]. This indicates that a certain amount of 
lithium ions incorporated in Li-MoOx/SiO2 catalysts contribute to sig-
nificant enhancement of HCHO production, which is affected by the 
concentration of reactants. 

To clarify the effect that the concentrations of methane and oxygen 
exert on catalytic properties, the reaction orders from 0.7Li-MoOx/SiO2 
and MoOx/SiO2 were obtained, as shown in Fig. 1b and c. The reaction 
orders of methane and oxygen were estimated at 1.31 and 0.36 for 0.7Li- 
MoOx/SiO2 and 0.82 and 0.3 for MoOx/SiO2. Interestingly, 0.7Li-MoOx/ 
SiO2 showed a higher reaction order with respect to methane, 1.31, 
compared with that of MoOx/SiO2 (Fig. 1b). This meant that a similar 

Fig. 1. (a) The HCHO production from direct methane oxidation on Li/SiO2 (with the same amount of lithium ions in 0.7Li-MoOx/SiO2, LS), MoOx/SiO2 (MS) and 
0.4/0.7/1.1/1.5Li-MoOx/SiO2 (LMS) catalysts activated by O2 gas (20 ml min− 1) at 650 ◦C. Reaction conditions: 8% CH4 and 4% O2 balanced with He, 5,600 h− 1 of 
space velocity, 650 ◦C, atmospheric pressure, and 0.05 g of the samples. Dependence of reaction rate on partial pressure of (b) methane and (c) oxygen of 0.7Li- 
MoOx/SiO2 and MoOx/SiO2 catalysts activated by O2 gas (20 ml min− 1) at 650 ◦C. Reaction conditions: 5600 h− 1 of space velocity, 650 ◦C, atmospheric pressure, and 
0.05 g of the samples. 

Y. Kim et al.                                                                                                                                                                                                                                     



Nano Energy 82 (2021) 105704

4

reaction rate from MoOx/SiO2 was obtained under methane-lean con-
ditions and the reaction rate was largely increased under methane-rich 
conditions. In this regard, the lithium ions incorporated in 0.7Li- 
MoOx/SiO2 contributed to a higher reaction rate with the aid of methane 
gas. 

By comparison, a similar oxygen reaction order was obtained for 
both samples, but 0.7Li-MoOx/SiO2 still achieved a higher reaction rate 
(Fig. 1c). It should be noted that the activation of methane is a rate- 
determining step in a direct methane oxidation process over 
molybdenum-based catalytsts, and the regeneration of surface oxygen 
by gaseous oxygen proceeds very fast [45,46]. Consequently, the 
obvious variance in the reaction order between 0.7Li-MoOx/SiO2 and 
MoOx/SiO2 was observed only in the reaction order of methane, but 
both the methane and oxygen conversion rates were enhanced in 
0.7Li-MoOx/SiO2, as shown in Fig. S2. This suggests that a significant 
interaction exists between the lithium ions and the active Mo species in 
Li-MoOx/SiO2, which can be maximized as the concentration of methane 
and oxygen increases. 

Interestingly, molybdenum oxide also has been vigorously studied as 
a cathode material in lithium-ion battery systems [26–28,47]. During 
either the discharge or charge processes, either intercalation or dein-
tercalation of the lithium ions toward a MoO3 cathode is triggered by the 
redox-potential changes and the oxidation state of the molybdenum is 
effectively controlled to both reduced and oxidized states. Previous re-
ports have shown that reactants can induce surface restructuring of an 
active metal phase [48–50]. We regarded methane and oxygen as a 
reductant and oxidant, respectively, which could contribute to the 
structural change of molybdenum oxide species by lithium migration 
similar to that in lithium-ion battery systems. Therfore, we characterized 
the structural information of 0.7Li-MoOx/SiO2, which shows the highest 
HCHO productivity, for both oxidative (O2) and reductive (H2 or CH4) 
conditions by XPS, STEM, EDS, UV–vis–NIR and XAS analysis. 

3.2. Structural transition of 0.7Li-MoOx/SiO2 in oxidative or reductive 
conditions 

There was no bulk crystal structure above 5 nm, which was the limits 
of detection for orthorhombic MoO3 or polymolybdate crystallites [51], 

based on XRD analysis (Fig. S3). No chlorine content from LiCl precursor 
was detected in all the samples by XPS analysis (Fig. S4). The Li/Mo 
molar ratio was sustained following the reaction process (Table S4). 

The Mo K-edge XAS spectra of the fresh (hydrated) MoOx/SiO2, 
which are shown in Fig. S5 and Table S5, revealed that dispersed Mo 
species are formed on the SiO2 support. By comparison, the hydrated 
0.7Li-MoOx/SiO2 consists mostly of octahedral [MoO6] units with a 
highly distorted structure. This means that Li uptake induces consider-
able structural change in MoOx/SiO2, and, as a result, new alkali- 
transition metal oxide aggregates were generated [52]. It should be 
noted that highly dispersed MoOx species are known as active sites for 
direct methane oxidation [46,53]. Thus, the HCHO production rate 
generally decreases when alkali-molybdate aggregates are formed by 
the addition of alkali ions to MoOx/SiO2 [52,54]. In the present study, 
however, 0.7Li-MoOx/SiO2 had superior productivity toward direct 
methane oxidation, as shown in Fig. 1. This indicates that the catalytic 
performance on the Li-MoOx/SiO2 catalysts is significantly relevant to 
the phase transition of the lithium-molybdenum oxide aggregates under 
a redox environment. Therfore, the electronic and geometric structural 
change of Mo species in 0.7Li-MoOx/SiO2 and MoOx/SiO2 after oxida-
tive or reductive treatment was analyzed via ex-situ XPS analysis (Fig. 2a 
and b). 

Upon oxidation of 0.7Li-MoOx/SiO2 using O2 at 650 ◦C, higher 
binding energies of 235.5 eV (Mo6+ 3d3/2) and 232.4 eV (Mo6+ 3d5/2) 
were observed with a diminished portion of Mo5+ cation to 13% as 
shown in Figs. 2a and S6a. Additionally, the Li 1s XPS spectrum revealed 
Li2O species in O2-activated 0.7Li-MoOx/SiO2. This behavior suggests 
that lithium-incorporated molybdenum oxide aggregates are changed to 
a dispersed MoOx phase via the de-insertion of lithium ions, since well- 
dispersed Mo species tend toward a highly oxidized state owing to a 
strong interaction between Mo(VI)-oxo and the silica surface [40]. The 
transition of distorted [MoO6] octahedra to a dispersed MoOx phase was 
also confirmed by the UV–vis–NIR spectra of 0.7Li-MoOx/SiO2, as shown 
in Fig. S7a. Unlike 0.7Li-MoOx/SiO2, no obvious structural change was 
observed between fresh (hydrated) and O2-activated MoOx/SiO2 
(Figs. 2b, S6b and S7b). 

To investigate the electronic properties of the Mo species under 
reductive conditions, both 0.7Li-MoOx/SiO2 and MoOx/SiO2 were 

Fig. 2. XPS spectra of (a) 0.7Li-MoOx/SiO2 and (b) MoOx/SiO2 after O2 activation (20 ml min− 1) at 650 ◦C and consecutive H2 reduction (10% diluted in Ar, 
20 ml min− 1) at 450 ◦C. (c) UV–vis–NIR spectra of 0.7Li-MoOx/SiO2 and MoOx/SiO2 samples after H2 treatment at 450 ◦C. (d) XPS Mo 3d/Si 2p peak intensity ratios 
for 0.7Li-MoOx/SiO2 and MoOx/SiO2 samples after O2 treatment at 650 ◦C or H2 treatment at 450 ◦C. 
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reduced by H2 gas instead of CH4 to eliminate the effect of carbon 
deposition at 450 ◦C, which is below the total phase-transition tem-
perature (Fig. S8). In the XPS spectra for both samples, two peaks cor-
responding to Mo6+ 3d3/2 and 3d5/2 were observed centered at 235.4 
and 232.3 eV, respectively. For the XPS spectrum of MoOx/SiO2, lower 
binding energy peaks related to Mo5+ (doublet 234.2 and 231 eV) and 
Mo4+ (doublet 232.8 and 239.7 eV) were detected in the aerial portions 
of Mo5+ and Mo4+, which comprised 2.9% and 8.2%, respectively, of the 
total Mo species (Fig. 2b). The UV–vis–NIR spectrum for the H2-treated 
MoOx/SiO2 also supported the presence of Mo5+ and Mo4+ due to the 
absorption feature at 740 nm, which was related to the Mo5+/Mo4+

intervalence (Fig. 2c) [55]. 
It is noteworthy that the lower oxidation state portions of the Mo 

species in 0.7Li-MoOx/SiO2 were enlarged to 18.8% for Mo5+ and 13.7% 
for Mo4+ compared with those from MoOx/SiO2, suggesting that further 
reduction in the Mo species was triggered by lithium ions, as well as by 
the H2 molecule (Fig. 2a). Concurrently, a higher binding energy peak at 
56.2 eV appeared in the Li 1s spectrum for H2-treated 0.7Li-MoOx/SiO2, 
indicating that the lithium ions inserted into molybdenum oxide [31]. 
UV–vis–NIR spectrum of the H2-treated 0.7Li-MoOx/SiO2 also exhibits a 
broad absorption feature from 400 to 800 nm that is related to the Liy-

MoO3 species as shown in Fig. 2c [47,56]. A lower binding energy at 
54.6 eV corresponds to the hydrated lithium oxide that originated from 
H2 surface dissociation [57]. Therefore, a further reduction in the 
number of molybdenum sites in 0.7Li-MoOx/SiO2 was triggered by the 
insertion of lithium ions into the molybdenum oxide species after H2 
treatment. 

Additionally, the change in the XPS intensity ratio of Mo/Si, as 

shown in Fig. 2d, provided information about the dispersion of molyb-
denum species on the support [58,59]. The Mo/Si intensity ratio in 
0.7Li-MoOx/SiO2 was decreased after H2 treatment at 450 ◦C, while that 
in MoOx/SiO2 was sustained. This is because the insertion of lithium ions 
into molybdenum oxide species by H2 treatment results in an agglom-
eration of the surface molybdenum species. Based on these observations, 
we concluded that dispersed MoOx and Li2O phases are formed under an 
oxidative environment and are then transformed into LiyMoO3 aggre-
gates under reductive conditions, which lead to a further reduction of 
Mo species. 

3.3. Structural transition of 0.7Li-MoOx/SiO2 under reaction conditions 

To observe the Mo species under reaction conditions, aberration- 
corrected high-angle annular dark-field STEM was performed on the 
0.7Li-MoOx/SiO2 after O2 or CH4 treatment (reactants treatment) at 
650 ◦C (Figs. 3a, b and S9). For O2-treated 0.7Li-MoOx/SiO2, 80% of the 
Mo species counted in the images was present in an atomically dispersed 
state as shown in the inset of Fig. 3a. A minority of Mo nanoclusters was 
present on the sample. After CH4 treatment at 650 ◦C, we found that the 
sample contains an abundance of Mo nanoclusters (~1 nm), which is 
also verified by the elemental mapping (Fig. 3b and c). This indicates 
that CH4, as well as H2, can contribute to the aggregation of surface Mo 
species. 

To identify the Mo nanoclusters in the CH4-treated 0.7Li-MoOx/SiO2, 
ex-situ UV–vis–NIR spectroscopy was performed (Fig. 3d). The 
UV–vis–NIR spectra of 0.7Li-MoOx/SiO2 activated by oxygen at 650 ◦C 
had absorption bands centered at around 213–240 nm, assigned to an 

Fig. 3. Aberration-corrected high-angle annular dark-field STEM images of the (a) O2-treated and (b) CH4-treated 0.7Li-MoOx/SiO2. Circles are drawn around 
isolated atoms. The size distribution (inset) is based on > 150 observed molybdenum species. (c) Elemental mapping images of CH4-treated 0.7Li-MoOx/SiO2. (d) 
UV–vis–NIR spectra of 0.7Li-MoOx/SiO2 after O2, subsequent CH4 treatment and O2 re-treatment at 650 ◦C. 
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edge energy of 4.4 eV, which indicated the presence of isolated mo-
lybdenum oxide [60]. After the reduction of 0.7Li-MoOx/SiO2 using CH4 
at 650 ◦C, a new absorption feature was observed in the lower energy 
region that ranged from 400 to 800 nm and corresponded to the Liy-

MoO3 phase [47,56]. That result indicates that the LiyMoO3 nano-
clusters in the CH4-treated 0.7Li-MoOx/SiO2 were formed by insertion of 
lithium ions. When the CH4-treated 0.7Li-MoOx/SiO2 was re-oxidized 
using O2 at 650 ◦C, the broad absorption peak ranging from 400 to 
800 nm clearly disappeared, demonstrating that the LiyMoO3 nano-
clusters were dissociated during the oxidative contribution from flowing 
O2. The overall phase transition behaviors are presented in the inset of 
Fig. 3d. 

To gain further insight into the structural changes of 0.7Li-MoOx/ 
SiO2 under actual reaction conditions, ex-situ XAS at the Mo K-edge was 
performed on the 0.7Li-MoOx/SiO2 samples after O2 treatment, subse-
quent CH4 treatment, and O2 re-treatment (Fig. 4a and b). The X-ray 
absorption near edge structure (XANES) spectra for standard compounds 
such as commercial Na2MoO40.2 H2O MoO3, MoO2 and Mo foil are also 
shown in Fig. S10. 

By comparison with that from O2-treated 0.7Li-MoOx/SiO2, the 
XANES spectrum from 0.7Li-MoOx/SiO2 after CH4 treatment resulted in 
a slight decrease in the pre-edge intensity at 20,006 eV (Fig. 4a). The 
intensity of the pre-edge peak increases as incorporated Mo6+ centers 
obtain tetrahedral symmetry by virtue of enhanced p-d orbital mixing 
[61]. This indicates that CH4 treatment contributed to an aggregation of 
the surface Mo species out of dispersed MoOx species in O2-treated 
0.7Li-MoOx/SiO2 as also confirmed in Fig. 3. Additionally, the absorp-
tion edge shifts to lower energy with CH4 treatment, demonstrating that 
the oxidation state of Mo is changed from around + 6 to + 4. Regarding 
the reaction process, CH4 not only performs as the reactant but also is 
employed as the reducing agent for Li-MoOx/SiO2. 

Subsequently, the pre-edge intensity increased after O2 re-treatment, 
and the absorption edge shifted back to the higher energy position, 
albeit slightly lower than the original position. This indicated that 
dispersed MoOx species were formed, but traces of molybdenum oxide 
aggregates remained. On the contrary, no significant changes in either 
pre-edge intensity or edge energy were found in any of the MoOx/SiO2 
samples (Fig. S11). 

In order to further clarify the local position of Mo species, extended 
X-ray absorption fine structure (EXAFS) analysis was conducted for the 
0.7Li-MoOx/SiO2 samples treated in the same method (Fig. 4b). The R- 
space magnitude and imaginary portions of the Mo K-edge FT(k3

∙χ(k)) 
and the fitted curves appear in Fig. S12. Details of the results on bond 
distances and coordination numbers from EXAFS data fitting are given in 
Table S6. 

The EXAFS spectrum of O2-treated 0.7Li-MoOx/SiO2 included two 

dominant Mo-O bonds with coordination numbers of 3.9, demonstrating 
that it primarily possesses tetrahedral [MoO4] units. The characteristic 
peak above 3 Å indicates Mo-Mo scattering from traces of oligomeric 
MoxOy species [62]. It is notable that Li2O species were formed with the 
[MoO4] species following O2 activation, as evidenced by the results of 
XPS in Fig. 2a. As a consequence, dispersed MoOx and Li2O species were 
mainly formed following the O2 treatment of 0.7Li-MoOx/SiO2. 

By comparison, the EXAFS spectrum of the CH4-treated 0.7Li-MoOx/ 
SiO2 represented a distinct shift in the Mo-O distance and the appear-
ance of a strong new Mo-Mo peak at 2.2 Å. The various distances of Mo- 
O bonds constituted 0.7Li-MoOx/SiO2, giving a total coordination 
number of 5.6. The peak at 2.2 Å (assigned to the actual bond length of 
2.62 Å after phase correction) corresponds to the Mo-Mo bonding from 
the two edge-sharing [MoO6] octahedral units [28]. This indicates that 
CH4-treated 0.7Li-MoOx/SiO2 consisted primarily of octahedral units 
[MoO6] assigned to LiyMoO3 nanoclusters as evidenced in Fig. 3d. After 
O2 re-treatment of 0.7Li-MoOx/SiO2, the intensity of the Mo-Mo bond at 
2.2 Å largely decreased and dispersed MoOx species were again formed. 

In order to confirm that the phase transition can be triggered in the 
reaction process, we also performed XANES analysis for 0.7Li-MoOx/ 
SiO2 after the reaction in CH4 and O2 gas together (Fig. 4c). Linear 
combination fitting of the XANES spectrum of the reactants-treated 
0.7Li-MoOx/SiO2 showed contributions of 89.4% for O2-treated and 
10.4% for CH4-treated 0.7Li-MoOx/SiO2. In addition, the pre-edge in-
tensity at 20,006 eV of the reactants-treated 0.7Li-MoOx/SiO2 was 
located between the spectra shown in the inset of Fig. 4c. This result 
explains that the phase transition between dispersed MoOx, Li2O, and 
LiyMoO3 was triggered during the reaction process and the trace Liy-

MoO3 species, which constitute about 10.4% of overall Mo species, were 
formed in the equilibrium state. 

With respect to the entire phase transition of 0.7Li-MoOx/SiO2 under 
the reaction conditions shown in Figs. 3 and 4, CH4 led to an insertion of 
lithium ions into the MoOx species, which resulted in the formation of 
LiyMoO3 nanoclusters. By comparison, the incorporated lithium ions 
were de-inserted from the LiyMoO3 phase under a flow of O2 gas. These 
phase transitions were triggered during the methane oxidation process. 
Notably, the tetrahedral [MoO4] units of dispersed MoOx species 
continue to act as an active site in the case of Li-MoOx/SiO2, as with 
conventional MoOx/SiO2, since methane gas induces the formation of 
LiyMoO3 with the expense of the dispersed MoOx. Instead, the restruc-
turing of LiyMoO3 nanoclusters during the redox cycle significantly 
affect the catalytic activity from direct methane oxidation. 

Fig. 4. (a) Mo K-edge X-ray absorption near edge spectra 0.7Li-MoOx/SiO2 after O2, subsequent CH4 treatment and O2 re-treatment at 650 ◦C. (b) Mo K-edge k3- 
weighted Fourier transformed EXAFS spectra for the 0.7Li-MoOx/SiO2 samples. (c) Mo K-edge XANES spectra for Li-MoOx/SiO2 after reaction under O2 and CH4 gas 
simultaneously at 650 ◦C with linear combination fit, its individual components (O2-treated and O2→CH4-treated Li-MoOx/SiO2), and the residual from the fit. The 
inset is the pre-edge spectra of the 0.7Li-MoOx/SiO2 samples in the same intensity scale. 
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3.4. Thermodynamic approach to understanding the role of lithium ions 
in Li-MoOx/SiO2 for enhancing HCHO production 

The process of direct methane oxidation involves C–H bond cleavage 
(CH4 conversion step) and oxidant activation (O2 conversion step), 
which implies that those two steps should be easily converted for high 
HCHO productivity. We calculated the Gibbs free energies (ΔG) of one 
mole each of CH4 and O2 conversion steps by considering the phase 
transition of the LiyMoO3 species in Li-MoOx/SiO2 (Eqs. (1) and (2) in 
the Method section) to better understand the relationship between the 
redox migration of lithium ions and the enhancement of HCHO pro-
duction (Fig. 5a). The ΔG values of the structural changes in Li-MoOx/ 
SiO2 were obtained based on the results from galvanostatic intermittent 
titration technique (GITT) measurement. This technique is used to 
determine the thermodynamic information of the structural transition of 
the LiyMoO3 species in a cathode containing Li-MoOx/SiO2 by intro-
ducing current pulses followed by periods of relaxation to reach a state 
of equilibrium [63]. Results of the GITT measurement of the equilibrium 
charge potential appear in Fig. S13 and the details are described in the 
Methods Section 2.4. 

The free energy of CH4 conversion step was increased with an in-
crease in the amount of the inserted lithium ions (y), since the molyb-
denum oxide phase can contain a limited amount of lithium ions. On the 
other hand, the ΔG value of the O2 conversion step was decreased as the 
amount of incorporated lithium ions increased. Interestingly, this trend 
diminished the free energy barrier between the CH4 and O2 conversion 
steps until a certain amount of lithium ions are incorporated into the 
MoOx species (y ≈ 1.2), which easily switched those two steps and 
enhanced HCHO productivity. In this regard, the extent of the reduced 
Mo species by insertion of lithium ions has a strong relationship with the 
catalytic activity on Li-MoOx/SiO2 for direct methane oxidation. 

We quantified the level of catalyst reduction for the 0.4/0.7/1.1/ 
1.5Li-MoOx/SiO2 samples after H2 treatment at 450 ◦C or CH4 treatment 
at 650 ◦C using O2 pulse chemisorption. The amounts of reduced sites 
titrated are indicated in Fig. 5b as the extent of the oxygen atom uptake 
per Mo atom. We found that the portion of the reduced Mo species in H2- 
or CH4-treated Li-MoOx/SiO2 samples was increased until the total Li/ 
Mo molar ratio was 0.7. Then, the portion was slightly decreased as 
higher amounts of lithium ions were incorporated into the samples. This 
is because the further insertion of lithium ions into MoOx species (at high 
y values) by CH4 gas is suppressed due to the larger Gibbs energy barrier 
as shown in Fig. 5a. Therefore, the 1.1/1.5Li-MoOx/SiO2 catalysts still 
contain uninserted lithium ions, which can block the surface active sites. 
As a consequence, the 0.7Li-MoOx/SiO2 produced the highest level of 
HCHO by virtue of the maximized lithium insertion capacity, which 
contribute to the facile change in the Mo oxidation states and produces a 
superior HCHO yield. 

4. Conclusions 

In this work, we incorporated lithium ions into MoOx/SiO2, which 
significantly enhanced HCHO production from the direct oxidation of 
methane. Under these reaction conditions, a facile change in the 
oxidation states of Mo was induced via the redox migration of lithium 
ions and the reconstruction of lithium molybdenum oxide nanoclusters. 
In reductive conditions, lithium ions migrated into the molybdenum 
oxide phase and led to a reduction in the Mo species by forming LiyMoO3 
nanoclusters. The incorporated lithium ions were easily extracted during 
oxidative contribution. Although the LiyMoO3 species was not used as an 
active site, the transition between dispersed MoOx, Li2O, and LiyMoO3 
phases effectively transformed the oxidation states of Mo species toward 
both oxidized and reduced states. This behavior decreases the free- 
energy barriers between CH4 and O2 conversion steps and significantly 
enhanced HCHO yield. Moreover, the yield was the highest level of 
productivity among all alkali metal incorporated transition metal oxide 
catalysts tested. These results would provide insight into the distinctive 

role of lithium ions in the catalytic process, which could lead to a new 
approach to the design of active sites for selective oxidation reactions. 
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