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Upgrading methane into methanol or other high value-added chemicals is not only beneficial to mitigate

the greenhouse effect, but also provides basic raw materials for industrial production. Nowadays, most

research is limited to zeolite systems, and it is a considerable challenge to extend the support to metal

oxides while achieving a high yield of methanol. In this paper, we take advantage of impregnation

methods to synthesise a novel Cu/MoO3 catalyst, which can convert methane to methanol in the

gaseous phase. At 600 °C, the Cu(2)/MoO3 catalyst can achieve a maximum STYCH3OH of 47.2 mmol (g−1

h−1) with a molar ratio CH4 : O2 : H2O = 5 : 1.4 : 10. Consequences of SEM, TEM, HRTEM and XRD

substantiate that Cu is incorporated into the lattice of MoO3 to form CuMoO4. And transmission infrared

spectroscopy, Raman spectroscopy together with XPS characterization techniques confirm the

generation of CuMoO4, which is the main active site provider. This work provides a new support

platform for Cu-based catalyst research in the methane-to-methanol system.
1. Introduction

Today, achieving carbon neutrality is both the ambitious vision of
people worldwide and an important goal for individual coun-
tries.1,2 In this process, a series of energy sources with the main
component ofmethane, such as natural gas, combustible ice, coal-
bed methane, biogas, etc., play an indispensable role. Compared
with traditional fossil energy, these energy reserves are larger,
more widely distributed and more environmentally friendly when
used.3,4 However, in the process of resource extraction, a large
amount of methane is inevitably produced. Simultaneously, since
the global warming capacity of methane is more than 20 times
that of carbon dioxide, direct emissions or inefficient utilization
will cause serious greenhouse effects.5,6 At present, the most ideal
treatment is to convert methane into methanol and other high
value-added chemicals, which has the superiority of increasing
energy density, facilitating storage and transportation, while also
providing raw materials for modern industry.7,8 But due to its
symmetrical regular tetrahedral structure, the energy of breaking
C–H chemical bond is higher than that in methanol,9,10 which
makes the direct conversion of methane to methanol difficult to
achieve. Therefore, in industrial production, steam reforming is
the dominating method in methane transformation.11,12 At 1123–
University of Science and Technology of

liwenzhi@ustc.edu.cn; Fax: +86 0551

ational Science Center, Hefei 230031, PR

tion (ESI) available. See DOI:

the Royal Society of Chemistry
1173 K and 30 bar, methane is rst converted to CO and H2, then
the syngas is converted to methanol. For this process, rstly, it is
energy-intensive and requires a lot of large-scale facilities, which is
not environmental-friendly. Second, it is a multi-step process and
there is an upper limit to the conversion efficiency.13,14 Consid-
ering these drawbacks, we urgently need a catalyst to realize the
single-step conversion of methane to methanol with low energy
consumption.

In recent years, precious metal catalysts and zeolite catalysts
are the two main research directions.15,16 A series of noble metal
catalysts including Au,17,18 Pd,19,20 Rh (ref. 21 and 22) and Ir (ref.
23) usually have a good promotion effect on the adsorption of
methane and the cleavage of the C–H bond. However, their
scarcity and expensive price attribute limit their large-scale
application. Zeolite catalysts originated from mimicking
methane monooxygenase (MMO) in nature, which can use
methane, oxygen and water to produce methanol in a moderate
temperature and normal pressure.24,25 Through simulating the
structure of MMO, many scientists have loaded Cu or Fe onto
zeolite includingmordenite (MOR),26–29 chabazite (CHA)30–32 and
ZSM-5 (ref. 33–35) by impregnation or ion exchange methods.
For Fe-zeolite catalysts, its biggest limitation is that its oxidant
is mainly N2O36,37 or H2O2.38,39 Neither N2O nor H2O2 are avail-
able directly from nature, and they are also much more expen-
sive than the product methanol. And Cu-zeolite catalysts have
the most industrial research value due to its large reserves, low
price, and the ability to use oxygen as an oxidant. But due to the
poor hydrothermal stability of ordinary silica–alumina zeolites,
and its many Brønsted acid and Lewis acid sites, which are not
conducive to the desorption of methanol.40,41 Many scientists
RSC Adv., 2023, 13, 5393–5404 | 5393
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hope to expand the application of the carrier. Ha V. Le et al.
used the impregnation method to support Cu on SBA-15 and
found that the highly dispersed CuO particles have the ability to
catalyze methane to methanol.42 S. E. Bozbag et al. prepared Cu–
SiO2 catalyst, and the active Cu-oxo sites were formed on its
surface that can help with methane activation.43 Liu, Z. et al.
synthesized CeO2–Cu2O catalyst and they also emphasized that
water plays a key role in promoting methanol production.44

Other materials also have potential as Cu catalyst supports.
Some studies have shown that MoO3 is a promising and

valuable catalyst carrier.45,46MoO3 hasmultiple valence states (+6,
+5 and +4) and abundant oxygen vacancies, which enable it to
possess favorable dehydrogenation and oxygenation capacity. For
example, H.-F. Liu et al. synthesizedMo/SiO2 catalyst, which used
N2O to formMo6+O2− that could convert CH4 to HCHO.47 K. Aoki
et al. prepared MoO3/SiO2 catalyst using sol–gel method. With
excess water vapor, methane was partially oxidized to methanol
and formaldehyde.48 Through the metal–support interaction, the
MoO3 support can easily interact with other metals to produce
specic reactive species, thereby improving the activity. For
example, C. Brookes et al. prepared a core–shell Fe2O3–MoO3

catalyst to selectively convert methanol to formaldehyde.49 They
conrmed that ferric molybdate is the active component for
formaldehyde synthesis. J. Zhu et al. synthesized a series ofMxOy/
MoO3/CeO2 (M = Ni, Cu, Fe) catalyst for selective reduction of
NH3 and NO.50 In addition, MoO3 also has the advantages of low
cost and good chemical stability, which help it widely used in
catalytic conversion. These advantages demonstrate the potential
of MoO3 as a carrier to help convert methane into methanol.

Taking the above factors into consideration, we prepared
a novel Cu/MoO3 catalyst by impregnation method. And Cu was
uniformly dispersed on the carrier and formed active species of
CuMoO4, which can catalyze the synthesis of methanol from
methane, oxygen and water. The inuences of various reaction
parameters such as Cu wt%, reaction temperature, molar ratio
of CH4–O2–H2O on methanol yield were discussed. Different
characterization methods such as BET, ICP-AES, TEM, SEM,
XRD, XPS are adopted to research the structure and properties
of Cu/MoO3 catalyst. Simultaneously, transmission infrared
spectroscopy (TS) and Raman spectroscopy are exploited to
study the active component of Cu/MoO3 catalyst and CuMoO4 is
convinced to be the main active site supplier.
2. Experimental
2.1. Materials

Molybdenum trioxide (MoO3, 99.95%) and cupric carbonate
basic were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Ammonium carbonate and ammonia
solution (25–28%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. All of materials were applied without further
purication.
2.2. Catalysts preparation

The Cu/MoO3 catalysts were compounded by impregnation
method. First, 2.5 g of ammonium carbonate was added into
5394 | RSC Adv., 2023, 13, 5393–5404
10 mL of ammonia water with stirring to make a pellucid
solution. Then, putting 3 g of cupric carbonate basic into the
previous solution. Aer stirring at 800 rpm for 30 min, the
precursor solution was prepared. Cu/MoO3 catalysts with
different mass fractions were synthesized by mixing the MoO3

carrier with an appropriate amount of the precursor solution.
Aerwards, the catalysts were placed in an oven to dry overnight
at 150 °C following by calcining at 400 °C in the muffle furnace.
Therefore, the Cu(x)/MoO3 catalysts were prepared successfully,
where the x represented the mass fraction of Cu.

2.3. Characterization

The structure and physicochemical properties were investigated
by inductively coupled plasma atomic emission spectrometer
(ICP-AES), Brunauer–Emmett–Teller method (BET), trans-
mission electron microscope (TEM), high-resolution trans-
mission electron microscope (HRTEM), scanning electron
microscope (SEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), transmission infrared spectroscopy (TS),
hydrogen-temperature programmed reduction (H2-TPR), UV-vis
spectroscopy and Raman spectroscopy (Raman). A detailed
description of the characterization techniques was given in the
ESI.†

2.4. Catalyst activity test

The reactive gas included 15% CH4 (residual gas is N2) and
synthetic air (abbreviated as air, 21% O2 + 79%N2). Activity tests
of Cu/MoO3 catalysts were carried out in xed bed reactors at
atmospheric pressure. The schematic diagram of the reaction
device is shown in Fig. S1.† At rst, 50 mg of the testing sample
was placed in the middle of the quartz tube (i.d. 6 mm). And
quartz wool was used as a xture to prevent it from being blown
away by the reaction gas. Secondly, heated the furnace to the
corresponding temperature (400 °C, 450 °C, 500 °C, 550 °C, 600
°C) at a heating rate of 10 °C min−1 and catalyst was activated
for one hour at this temperature. Aer that, CH4 and air were
introduced into the quartz tube, and their ow rates were
controlled by owmeters respectively. Then, controlled the
precise amount of water entering the reaction chamber with
a water vapor generator. Unless specically mentioned, all the
response time had been set to two hours and the water inlet
speed were set to 3 mL min−1. Finally, the outlet gas rst passed
through the cold trap (set at−3 °C) following by entering the gas
chromatograph (GC) for online analysis. The gas chromatog-
raphy utilized an HP-PLOT/Q column to separate the products
and a ame ionization detector (FID) to detect the signal of the
products. Selectivity of liquid products as well as yield were
analyzed by calibrated GC and nuclear magnetic resonance
hydrogen spectroscopy (1H-NMR). The methanol space-time
yield (STY) was computed as NCH3OH/(Mcat × T), where NCH3OH

represented the molar amount of methanol collected in the cold
trap, Mcat represented the mass of the catalyst and T repre-
sented the reaction time. The selectivity of each liquid product
was calculated as SCH3OH = NCH3OH/(NCH3OH + NCH3OOH +
NOHCH2OOH), SCH3OOH = NCH3OOH/(NCH3OH + NCH3OOH + NOHCH2-

OOH) and SOHCH2OOH = NOHCH2OOH/(NCH3OH + NCH3OOH +
© 2023 The Author(s). Published by the Royal Society of Chemistry
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NOHCH2OOH), where NCH3OOH represented the molar amount of
CH3OOH and NOHCH2OOH represented the molar amount of
OHCH2OOH.
3. Results and discussion
3.1. Crystal structure and morphology

Table S1† lists the results of ICP-AES and BET characterization
techniques. From the ICP-AES data, there is no difference
between the theoretical value and the actual value of Cu
loading, which proves the accuracy of the previous preparation
process. Analysis of the BET data shows that with the increase of
Cu loading, the specic surface area and pore volume of the
catalyst also increase gradually. This result conrms that Cu is
supported on MoO3 and has an effect on the surface properties
of MoO3. There are two possibilities. One is that the agglom-
eration of Cu on the surface of MoO3 increases the specic
surface area and pore size, and the other is that the incorpo-
ration of Cu destroys the initial morphology of MoO3 and reacts
with it to form a new species, which is conrmed by the results
of XRD and SEM.

Fig. 1 exhibits the XRD patterns of different Cu/MoO3 cata-
lysts. In Fig. 1A, the main peaks of catalysts loaded with
different Cu mass fractions are analogous, which correspond to
a-MoO3 (orthorhombic MoO3, JCPDS PDF #35-0609). a-MoO3 is
a thermodynamically stable phase structure that can interact
with other metal ions and maintain its own structure without
drastic changes. Therefore, when the Cu loading increased from
0% to 11%, the XRD signal of samples do not changemuch. And
the diffraction peaks of CuO has not appeared, which means
that Cu is very uniformly distributed on the MoO3 carrier or Cu
enters the lattice of MoO3 to form new species. Fig. 1B exhibits
the XRD pattern features between 20–30°. As can be seen from
the Fig. 1B, when Cu is impregnated on the support, the
sharpness of these peaks decreased to a certain extent. This
Fig. 1 (A) 20–80° XRD patterns of (a) Cu(0)/MoO3, (b) Cu(1)/MoO3, (c) Cu
XRD patterns in (A). (A) represents CuMoO4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
phenomenon indicates that Cu has interacted with MoO3

carrier and inuences its crystallinity. New peaks appear in the
XRD patterns of Cu(3)/MoO3, Cu(5)/MoO3, Cu(11)/MoO3, which
correspond to CuMoO4 (JCPDS PDF #22-0242). This metal
compound has been veried to provide multiple active sites to
catalyze the oxidation of methane, formaldehyde and other
species.50–52

Fig. 2 displays the SEM images of the Cu/MoO3 catalysts.
Typical morphology of commercial MoO3 without Cu loading is
in the form of irregular polygons, which is presented in Fig. 2a.
With the addition of Cu, this morphology is destroyed gradu-
ally. And when the Cu loading reaches 11%, the morphology is
basically completely destroyed and transformed into smaller
irregular polygons (Fig. 2f). According to the above phenom-
enon, we can infer that Cu is not simply loaded on MoO3, but is
likely to interact with the support to form new species and
produce dissimilar appearances.

The TEM results of different Cu/MoO3 catalysts are shown in
Fig. S2.† Analysis of the TEM images show that although Cu is
impregnated on theMoO3 support, even if the catalyst is Cu(11)/
MoO3, there are still no obvious particles on the surface of the
sample. This indicates that Cu is very likely to enter the lattice of
MoO3 and form new species. Fig. 3 exhibits the HRTEM image
and element mapping of Cu(2)/MoO3. Fig. 3a shows two typical
crystal planes ((1 1 0), (0 4 1)) of a-MoO3, which are consistent
with the XRD results. And Fig. 3b reveals the distribution of Mo,
O, Cu elements on the catalyst surface. As shown in the picture,
the Cu element is dispersed uniformly and no apparent aggre-
gation can be noticed. Combined with the results of XRD, SEM,
TEM, etc., aer Cu is supported on the MoO3 carrier, Cu is
capable of interacting with the carrier and entering the lattice of
MoO3, thereby forming new species of CuMoO4, which
possesses the active sites of methane oxidation probably.

H2-TPR experiments are performed to probe the redox
capacity of the dissimilar catalysts. The specic data is shown in
(2)/MoO3, (d) Cu(3)/MoO3, (e) Cu(5)/MoO3, (f) Cu(11)/MoO3; (B) 20–30°

RSC Adv., 2023, 13, 5393–5404 | 5395
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Fig. 2 SEM images of (a) Cu(0)/MoO3, (b) Cu(1)/MoO3, (c) Cu(2)/MoO3, (d) Cu(3)/MoO3, (e) Cu(5)/MoO3, (f) Cu(11)/MoO3.
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Fig. 4. For puried MoO3 catalyst, the reduction peak appears
only at 657 °C, which correspond to the reduction of Mo6+ to
Mo5+ and Mo4+.51,53,54 Aer Cu had supported on the carrier, the
reduction temperature drops sharply. Simultaneously,
a distinct shoulder peak at 492 °C also appears, which can be
viewed as the reduction of Mo6+ in CuMoO4. So it is obvious that
Fig. 3 (a) HRTEM image and (b–d) EDX element mapping of the Cu(2)/M

5396 | RSC Adv., 2023, 13, 5393–5404
the incorporation of Cu helps the formation of new active
species on the catalyst surface, which is consistent with the
results of XRD, SEM and TEM. With the increasing mass frac-
tion of Cu, the reduction temperature shows a downward trend.
And new reduction peak is shown at near 370 °C, which can be
assigned to the reduction of tiny copper oxide.55,56 When Cu
oO3 catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TPR profiles of H2 for (a) Cu(0)/MoO3, (b) Cu(1)/MoO3, (c) Cu(2)/MoO3, (d) Cu(3)/MoO3, (e) Cu(5)/MoO3, (f) Cu(11)/MoO3.
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loading increases from 0 wt% to 1 wt% and 1 wt% to 2 wt%, the
drop in temperature is very large, close to 60 °C. Aer that, the
temperature drop becomes smaller, which means that there is
an upper limit for the inuence of Cu on the redox properties of
the carrier itself. J. L. Brito et al. prepared Ni–Mo oxides and
found that Ni and Mo had an optimal ratio, excess Ni would
produce tiny NiO.57 W. Yu et al. investigated the surface struc-
ture of CuO/MoO3/CeO2 and demonstrated that the amount of
Cu should be regulated, excess Cu would produce tiny copper
oxides.58 Combining with the phenomenon that new reduction
peak appears at near 370 °C in Fig. 4d–f, the optimal loading of
Cu may be 2 wt%. This nding has great guiding signicance
for the inuence of Cu mass fraction on methanol yield.
3.2. Catalyst activity

The effects of Cu loading together with reaction temperature on
the STYCH3OH and liquid product selectivity are studied
preliminary and the consequences are shown in Fig. 5 and
Table S2.† And the 1H-NMR result of liquid products is shown in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. S3,† from which we can nd that CH3OH, CH3OOH and
OHCH2OOH are the main component. From Fig. 5a and Table
S2,† we can nd that in the absence of Cu incorporation, the
reactivity of the Cu(0)/MoO3 is very decient. Aer Cu is
impregnated on the support, the methanol yield is improved
signicantly. With the increase of Cu mass fraction, the meth-
anol yield reached the optimum value at Cu(2)/MoO3, and then
the number began to decrease. As to the selectivity, when the
mass fraction of Cu was less than 2 wt%, the selectivity of the
three products was basically the same. But when the mass
fraction of Cu increased to 3 wt%, the SOHCH2OOH became
higher, while the SCH3OH and SCH3OOH decreased. Even aer the
copper loading exceeded 5 wt%, OHCH2OOH was basically
undetectable, indicating that excessive oxidation had occurred
in the reaction. From the results of H2-TPR, we can know that
when the loading of Cu exceeds 2 wt%, there will be tiny copper
oxides produced. And since methane has a symmetrical regular
tetrahedral conguration, the energy required to break its C–H
bond is much higher than the energy required to break the C–H
RSC Adv., 2023, 13, 5393–5404 | 5397
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Fig. 5 (a) Effect of Cu loading on STYCH3OH and methanol selectivity. Reaction conditions: T = 500 °C, CH4 : O2 : H2O = 4 : 2.8 : 10. (b) Effect of
reaction temperature on STYCH3OH and methanol selectivity of Cu(2)/MoO3. Reaction conditions: CH4 : O2 : H2O = 4 : 2.8 : 10.
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bond in methanol, which leads to the liable over-oxidation of
intermediate product and methanol.59,60 Therefore, for Cu(3)/
MoO3, Cu(5)/MoO3 and Cu(11)/MoO3 catalysts, the intermediate
products of the reaction and methanol are highly likely to have
more severe over-oxidation, which leads the decrease of meth-
anol yield. Because the Cu(2)/MoO3 catalyst maintains the best
activity, we mainly study this sample next. The inuence of
reaction temperature on the Cu(2)/MoO3 catalyst is shown in
Fig. 5b and Table S2.† Elevating temperature has a positive
effect onmethanol yield. When the temperature reaches 600 °C,
the methanol yield reaches 22.4 mmol (g−1 h−1). However, the
selectivity of methanol and CH3OOH gradually decreases, while
the proportion of OHCH2OOH gradually increase, indicating
that with the increase of temperature, the reaction product will
undergo a certain excessive oxidation phenomenon. Because
our target is to achieve higher methanol space-time yield, the
positive effect of increasing temperature on methanol yield
outweighs the negative impact of excessive methanol oxidation,
we choose 600 °C as the optimal temperature for the reaction.
And Fig. S4† displays the thermogravimetric analysis (TGA)
result of Cu(2)/MoO3. According to this picture, when temper-
ature arrives at 658 °C, the sample will become unstable and
begin to evaporate and decompose gradually. That's why we set
the maximum reaction temperature to 600 °C. Within 400–600 °
C, the higher the reaction temperature, the better the activity. It
is well-known that the high temperature provides more energy
to activate methane molecules while speeding up the reaction
rate. And it may also help to increase the catalytic active sites.
More characterization methods will be adopted to investigate
this intrinsic reason.
Fig. 6 Transmitted infrared spectroscopy (TS) images of (a) Cu(0)/
MoO3, (b) Cu(1)/MoO3, (c) Cu(2)/MoO3, (d) Cu(3)/MoO3, (e) Cu(5)/
MoO3, (f) Cu(11)/MoO3.
3.3. Surface chemical groups

The UV-vis spectra of Cu(2)/MoO3 catalyst at different temper-
ature are shown in Fig. S5.† In Cu-zeolite catalysts, the peak at
22 700 cm−1 is oen considered the active site in the methane-
5398 | RSC Adv., 2023, 13, 5393–5404
to-methanol reaction, but this is not shown in Fig. S5.†61,62 And
there are no other signature peak signals for active copper
species. Therefore, the active species in Cu/MoO3 catalyst are
not the same as the active species in zeolite.

Transmission infrared spectroscopy (TS) is applied to further
study the specic structure of the Cu/MoO3 catalyst. And the
spectrum is performed in Fig. 6. The peak at 522 cm−1 and the
peak in the range 739–829 cm−1 can be considered to be
aroused by the vibration of the Mo–O–Mo bond. At the same
© 2023 The Author(s). Published by the Royal Society of Chemistry
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time, the peak at 958 cm−1 represents the vibration of terminal
Mo]O bond in bulk MoO3.49,63,64 With the doping of Cu, the
peak near 739 cm−1 is slightly shied rstly, which means that
Cu atoms may have contact with Mo atoms and then affect the
Mo–O–Mo bond. Secondly, a new vibrational peak appears at
697 cm−1 which represents the formation of Cu–O–Mo bond.
Thirdly, two shoulder peaks generate around the peak of
958 cm−1, which are correspond to the vibration of Mo]O bond
in the molybdate ion.52,65 Combined with the above results, it is
obvious that Cu interacts with the MoO3 aer being dispersed
on its surface and forms new species. Basing on the previous
analysis, the new species is CuMoO4. Although the change of
each vibration peak is not very distinct in Cu(1)/MoO3 and
Cu(2)/MoO3, the following Raman spectroscopy will prove that
the two also produced new species.

Fig. S6 and S7† illustrate the Raman spectra of Cu/MoO3

catalysts under different conditions. The spectral range of
Fig. S6† is 500–1100 cm−1. As we can discovery in the spectra,
there are three foremost peaks presented at 667 cm−1, 819 cm−1

and 997 cm−1. The peak at 667 cm−1 is assigned to the
symmetric stretching vibrations of Mo–O–Mo in bulk MoO3, the
peak at 819 cm−1 is a typical Mo–O–Mo asymmetric stretch and
the band at 997 cm−1 is originally from terminal vibration of
Mo]O in bulk MoO3.50,66,67 But due to the support of the cata-
lyst is commercial MoO3, its own signal is too strong and do not
transform severely, resulting in less obvious peaks of other
species. Simultaneously, indistinct peak signal appeared
between 860–980 cm−1, so we analyze this part of the Raman
spectra. The detailed spectra are shown in Fig. 7. In Fig. 7A,
three major peaks are appeared at 888 cm−1, 937 cm−1,
968 cm−1, which are characteristic peaks of CuMoO4.51,52,68 The
band at 968 cm−1 can be recognized as the stretching mode of
terminal Mo]O bond in the molybdate ion, the band at
937 cm−1 is aroused from the asymmetric vibration of Mo]O in
the distorted tetrahedral structure and the peak at 888 cm−1 is
correspond to the stretching vibration of Mo–O bond. With the
impregnation of Cu on the carrier, these peaks become more
intense gradually. And in the Cu(2)/MoO3 catalyst, the signals
are exhibited clearly. This phenomenon has convinced that Cu/
MoO3 catalyst with different Cu loading all possess this new
species. The conclusion obtained from the Raman spectrum in
Fig. 7 (A) Raman spectra of various Cu loading. (B) Raman spectra of Cu(
600 °C with different reaction gas.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 7A is mutually conrmed with the completion acquired
from the Fig. 6.

Effect of reaction temperature is shown in Fig. 7B. As we can
see from this picture, the characteristic peaks about CuMoO4

put in an appearance again. The intensity of these governing
signals gradually strengthens with the increase of reaction
temperature. According to Fig. 5b, the methanol yield is also
enhanced with temperature getting higher. Thence, we can
conjecture that CuMoO4 has a signicant impact on the catalyst
activity. Higher temperature makes more Cu interact withMoO3

support to formmore CuMoO4, which helps the manufacture of
methanol. Comparing with Fig. 7A, although more CuMoO4 are
produced with more Cu loading. But according to the results of
H2-TPR, we can also know that tiny copper oxides also appeared.
This may cause more severe over-oxidation and reduce meth-
anol yield.

Fig. 7C reveals the evolution of surface active species on
Cu(2)/MoO3 catalysts under different reaction atmosphere. The
intensity of the three peaks gradually decreases from top to
bottom, as the reactant gas changes from air to 15% CH4 + air
following by only 15% CH4. At the beginning, only sending air
into the reaction line helps the fabrication of CuMoO4. Then
when the 15% CH4 is pouring into the tube simultaneously, the
peak intensity decreases obviously, which means the
consumption of CuMoO4. Finally, only 15% CH4 is blowing into
the quartz tube, the signals of CuMoO4 basically disappear.
Based on the above analysis, CuMoO4 is closely related to the
activation process of methane. For the conversion of methane to
methanol, CuMoO4 is an important active component, which
provides sufficient active sites. This conclusion also explains
the phenomena in Fig. 7A and B very well, which in turn further
validates the role of CuMoO4.
3.4. Electronic states

The electronic states of elements on the catalyst surface were
characterized by X-ray photoelectron spectroscopy (XPS). Mo 3d
and O 1s XPS spectra of the four samples in different reaction
situations are shown in Fig. 8 and the specic data are listed in
Table S3.† Analyzing the Mo 3d XPS data, we can nd four
different binding energies appear in the spectra, which
2)/MoO3 at different temperature. (C) Raman spectra of Cu(2)/MoO3 at

RSC Adv., 2023, 13, 5393–5404 | 5399
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correspond to 233.09 eV, 236.19 eV, 231.99 eV and 234.99 eV,
respectively. Based on the conclusions of other articles,53,69,70 the
binding energies at 233.09 eV and 236.19 eV are assigned to
Mo6+ 3d5/2 and Mo6+ 3d3/2. While the double hills at 231.99 eV
and 234.99 eV can be regard as the orbital electrons of Mo5+ 3d5/
2 and Mo5+ 3d3/2. In the light of the atomic ratios of Mo5+/Mo6+,
we can demonstrate that molybdenum atoms with valence +6
dominate in Cu/MoO3 catalyst. At the same time, this ratio is
also closely related to the number of oxygen vacancies in the
catalyst.53,69 Under the calculation of Table S2,† the relationship
between the atomic ratios of Mo5+/Mo6+ for the four samples is
expressed as (e) > (a) > (g) > (c). Therefore, the relationship
between the number of oxygen vacancies for the four samples is
also expressed as (e) > (a) > (g) > (c).

Conducting the same research on O 1s XPS data, two binding
energies locating at 530.9 eV and 531.8 eV can be assigned to
lattice oxygen (Olat) and adsorbed oxygen (Oads) on catalyst
Fig. 8 Mo 3d andO 1s XPS spectra of (a) and (b) Cu(0)/MoO3, (c) and (d): C
Cu(2)/MoO3 after reaction at 600 °C.

5400 | RSC Adv., 2023, 13, 5393–5404
surface, respectively.69,71 At the same time, the ratio of Oads/Olat

usually signies the number of oxygen vacancies. Judging by the
Table S2,† the quantitative relationship of the four samples can
be stated as (f) > (b) > (h) > (d). This result is similar to the
previous conclusion obtained from Mo 3d XPS spectra. In the
catalytic oxidation of methane, oxygen vacancies can usually
assume the role of adsorbing and activating the reactive gas.
Numerous studies have shown that the greater the number of
oxygen vacancies, the generally better catalyst activity.53,69,72,73

But comparing the XPS data of Cu(0)/MoO3 and Cu(2)/MoO3, we
can nd that the number of oxygen vacancies has decreased
aer Cu is impregnated on MoO3 support. While the methane
conversion together with methanol yield have enhanced
remarkably. Obviously, supported Cu can form new active
species withMoO3, which could overcome the effects of reduced
oxygen vacancies and increase the activity of methane oxidation
simultaneously. During the preparation of catalysts, oxygen
u(2)/MoO3, (e) and (f) Cu(2)/MoO3 before reaction at 600 °C, (g) and (h)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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vacancies may play a role in trapping and immobilizing Cu
elements.74 The effect of reaction temperature can also be
explained by the comparison of Fig. 8a, b, e and f. As the reac-
tion temperature increased to 600 °C, the number of oxygen
vacancies also increased. This maybe another reason why high
temperature is benecial to methanol yield. During the reaction
process, oxygen vacancies help activate methane and oxygen.
Wherefore, the number of oxygen vacancies decreases accord-
ingly aer the reaction, which is shown in Fig. 8g and h.
3.5. Reaction parameters optimization

Previous reaction studies have demonstrated the effect of Cu
loading and reaction temperature on STYCH3OH and methanol
selectivity. And the main target of this research is to achieve
high methanol productivity. Hence, we had made efforts to
optimize the molar ratio of CH4 : O2 : H2O to achieve methanol
space-time yield improvement. Other articles have emphasized
that the ratio of methane to oxygen has a stupendous effect on
methanol yield.43,60,75 So while keeping the proportion of water
unchanged, we change the molar ratio of methane to oxygen to
observe the effect on reactivity. The consequence is shown in
Fig. 9a. As we can comprehend from the picture that with the
increasing proportion of oxygen, the selectivity of methanol has
been decreasing, but the space-time yield of methanol has rst
increased and then decreased. And the best molar ratio is 5 :
1.4 : 10, which helps the STYCH3OH to be maximized to 47.2 mmol
g−1 h−1. This phenomenon suggests that in order to achieve
higher methanol space-time yield, the molar ratio of methane to
oxygen should be appropriate. Too little oxygen is not conducive
to the activation of the catalyst, resulting in less methanol
production, while too much oxygen will cause more serious
excessive oxidation, and it is not benecial to the preservation
of the methanol produced. Effect of the proportion of water on
STYCH3OH and methanol selectivity is shown in Fig. 9b. Keeping
the molar ratio of methane to oxygen unchanged and adjusting
the water content gradually increased, the trend of STYCH3OH

and methanol selectivity are identical with Fig. 9a. The amount
of water in this experimental setup has been excessive, which
inhibits the oxidation of methanol well, so the space-time yield
Fig. 9 (a) Effect of themolar ratio of CH4 : O2 on STYCH3OH andmethanol
the proportion of water on STYCH3OH and methanol selectivity of Cu(2)/M
Reaction conditions: T = 600 °C, CH4 : O2 : H2O = 5 : 1.4 : 10.

© 2023 The Author(s). Published by the Royal Society of Chemistry
of methanol will initially increase. But when the content of
water is several times that of methane and oxygen, too much
water vapor can prevent methane and oxygen from coming into
contact with the active site, thereby inhibiting methanol
production. At the same time, the intermediate oxidation
product OHCH2OOH will be better preserved, so the liquid
phase selectivity of methanol will be reduced. Considering the
STYCH3OH, molar ratio CH4 : O2 : H2O = 5 : 1.4 : 10 is the best
experimental conditions, while the best value is 47.2 mmol g−1

h−1. Fig. 9c shows the stability test of Cu(2)/MoO3 in the opti-
mized condition. We can nd that the STYCH3OH is slightly
reduced and the selectivity of liquid products are almost
unchanged. Therefore, the catalysts possess a certain stability.
3.6. Probable reaction mechanism

According to the above discussion, the probable reaction
mechanism of methane oxidation to methanol is illustrated in
Scheme 1. From the analysis on TS and Raman spectra,
CuMoO4 is the main active component, which is indispensable
for the methane adsorption and C–H splitting. And other arti-
cles have convinced that methane is connected with Cu
element, then the C–H bond would be broken.43,50,52 Based on
the result of 1H-NMR, CH3OH and CH3OOH are the main liquid
products, which proved that the methoxy formation is a signif-
icant step. Therefore, aer methane is adsorbed at the active
site, it will react with the nearby reactive oxygen species to form
a methoxy group. Many articles have demonstrated that water
has extraction and weak oxidation functions in methane-to-
methanol reactions.10,76,77 Thence, the methoxy group would
convert to CH3OH and CH3OOH. Aer this step in the catalytic
cycle, the active site will be inactivated, and the oxygen will
mainly play a reactivation function and regenerate the catalyst
activity. Thus, the probable reaction proceeds involve some
basic steps as follows: (I) adsorption of methane molecule on
the site of CuMoO4; (II) dehydrogenation of methane molecule
into CH3

−; (III) the –CH3 subsequently binds to the neighboring
Cu attached O to form methoxy group; (IV) reaction with the
OH− species derived from water; (V) CH3OH and CH3OOH
formation and desorption from Cu/MoO3 interface; (VI) the
selectivity of Cu(2)/MoO3. Reaction conditions: T= 600 °C. (b) Effect of
oO3. Reaction conditions: T = 600 °C. (c) Stability test of Cu(2)/MoO3.
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Scheme 1 A probable oxidation mechanism of methane to methanol over Cu/MoO3 catalyst.
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catalyst activity is regenerated by O2 to complete the catalytic
pathway.

4. Conclusion

Cu/MoO3 catalyst prepared by a simple impregnation method is
capable of achieving direct continuous oxidation of methane to
methanol in the gaseous phase. Analysis of XRD, TEM and SEM
data shows that Cu is uniformly dispersed on the surface of
MoO3. And at the same time, it can interact with the carrier to
form new species-CuMoO4. The characterization techniques
such as TS, Raman, XPS and H2-TPR conrm the generation of
CuMoO4 and illustrate its important role as a provider of active
sites in the methane oxidation reaction. The improvement of
methanol yield is accomplished by adjusting a series of reaction
parameters. The loading of Cu and reaction temperature have
a signicant impact on the reactivity. Cu(2)/MoO3 catalyst
reacted at 600 °C has the best performance among all experi-
mental samples. Following by changing the molar ratio of CH4 :
O2 : H2O, methanol space-time yield reached its optimum value
of 47.2 mmol g−1 h−1. In the single-step oxidation of methane to
methanol, this catalyst demonstrates a new carrier possibility.
And with more improvements, it has tremendous potential to
accomplish high yield of methanol.
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