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Catalytic Oxidation of Methane to Methanol over Cu-CHA with 
Molecular Oxygen
Airi Hirayama,a Yuka Tsuchimura,a Hiroshi Yoshida,b Masato Machida,b Shun Nishimura,c Kazuo 
Kato,d Keisuke Takahashie and Junya Ohyama*b

Direct oxidation of CH4 to CH3OH using O2 is challenging because of the high stability of CH4 and the relatively high reactivity 
of CH3OH. Here, Cu-CHA zeolites are tested for direct oxidation of CH4. Catalytic production of CH3OH in a CH4-O2-H2O flow 
reaction is improved using CHA type zeolites compared to other zeolites including MOR, BEA, MFI, and FAU zeolites reported 
previously. In situ X-ray absorption fine structure (XAFS) spectroscopy reveals that high catalytic activity of Cu-CHA is derived 
from its redox property, particularly, the high reducibility of Cu2+ involved in CH4 activation.  The reaction gas concentrations 
are varied to find optimized reaction conditions on Cu-CHA. In addition, the reaction mechanism of the direct CH4 oxidation 
on a Cu-CHA is investigated based on not only the effects of gas concentrations but also the isotope gas effects using CD4, 
18O2, and D2O. It is suggested that the rate-determining step is C-H activation of CH4, and the selectivity of CH3OH is 
determined by oxidation rate of CH3OH, which is affected by O2 and OH groups activation rate on Cu-CHA.

Introduction
Methanol (CH3OH) production is growing as CH3OH is 
increasingly used as chemical and fuel in the industry. In the 
current industrial process of CH3OH production from natural 
gas, CH3OH is produced via two steps, CH4 steam reforming and 
CO hydrogenation, where high-temperature and high-pressure 
conditions are required.1, 2 Therefore, direct synthesis of CH3OH 
by CH4 oxidation at low temperatures has attracted attention, 
because it can significantly reduce energy and cost for CH3OH 
production.2, 3 However, direct oxidation of CH4 to CH3OH is 
challenging because of the high stability of CH4 and the 
relatively high reactivity of CH3OH.4, 5 Since the bond 
dissociation enthalpy of the C-H bond of CH4 is about 46 kJ mol-1 
higher than that of CH3OH, it is difficult for CH3OH to exist stably 
under CH4 activation conditions.4, 5 Thus, even if CH3OH is 
formed, CH3OH suffers from oxidation to CO and CO2 under CH4 
oxidation conditions. Consequently, the trade-off between CH4 
conversion rate and CH3OH selectivity can be a significant 
problem in the direct oxidation of CH4 to CH3OH.

It is known that methanotrophic bacteria in nature use 
metalloenzymes called methane monooxygenase (MMO) to 
achieve the direct oxidation of CH4 under ambient conditions.6 
The structures of active centers in MMO have inspired 
researchers to design and develop artificial catalysts for the 
direct oxidation of CH4.7-9 Among the catalyst materials, metal 
exchanged zeolites, particularly, Cu zeolites have been 
attracted attentions because they form similar structures of Cu 
active sites to a soluble MMO (sMMO).7-10 In fact, recent studies 
have revealed that Cu zeolites offer the direct oxidation of CH4 
to CH3OH not only using relatively highly reactive oxidants such 
as H2O2 and NOx, but also using O2.11-17

The direct oxidation of CH4 to CH3OH using O2 has been 
achieved by chemical looping process over Cu zeolites, where 
Cu zeolites do not act as catalysts but stoichiometric oxidants 
for CH4.18, 19 The chemical looping process offers selective 
production of CH3OH. However, the production rate is low and 
does not meet the criteria for practical application, because the 
looping process needs abstraction of CH3OH by H2O after CH4 
activation and then reactivation of Cu zeolites under O2.3, 18 To 
solve the complexity of the looping process and the low 
productivity of CH3OH, continuous synthesis of CH3OH by 
catalytic partial oxidation of CH4 has been developed using Cu 
zeolites.15-17 As a result, several Cu zeolites have been found to 
show catalytic activity for selective and continuous CH3OH 
production at low temperatures, e.g. < 270 º C, and low O2 
concentrations, e.g., < 0.1%. However, the CH3OH production is 
still low. Therefore, further development of catalysts with 
understanding of reaction mechanisms are necessary for 
improvement of the catalytic direct oxidation of CH4 to CH3OH.

In the previous study of the authors’ research group, various 
Cu zeolites including Cu-MOR, Cu-BEA, Cu-MFI, and Cu-FAU 
have been tested for the direct oxidation of CH4 at higher O2 
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concentration, e.g., 2％, and higher temperature, e.g., 300 ºC 
compared to the conditions of the other research groups’ 
studies.15-17 As a result, the CH3OH production was greatly 
improved using Cu-MOR, although the CH3OH selectivity was 
decreased to 30% with production of CO and CO2. The more 
important finding is that the catalytic performance is largely 
varied with the catalysts and the reaction conditions. It is 
suggested that further exploration of Cu zeolites and reaction 
conditions can improve the direct oxidation of CH4 to CH3OH. 
Herein, Cu-CHA catalysts are tested for the direct oxidation of 
CH4. The reason for the improved catalytic activity of Cu-CHA is 
investigated using in situ XAFS spectroscopy. In addition, the 
reaction mechanism of the direct CH4 oxidation is investigated 
based on the variation of reaction kinetics with gas 
concentrations and isotope gases.

Experimental
Catalyst preparation

Cu(X)-CHA(Y) catalysts, where (X) is the Cu loading and (Y) is the 
Si/Al ratio, were prepared by an ion-exchange method. CHA 
zeolites were CHA5 and CHA10, supplied from JGC Catalysts and 
Chemicals Ltd. Ammonium exchanged CHA zeolite powder (2 g) 
was added to Cu(CH3COO)2·H2O aqueous solution (200 mL) and 
stirred at 80 °C for 3 h . The suspension was then filtered and 
washed with water. In the case of the preparation of Cu2.8-
CHA10, the ion exchange process was performed twice at room 
temperature. After the ion exchange, the catalysts were dried 
at 110 °C and then calcined at 700 °C for 1 h.
Catalytic reaction

CH4-O2-H2O reaction was carried out using a fixed-bed reactor, 
where 50 mg of catalyst was placed in a quartz glass tube with 
an inner diameter of 4 mm (Figure S1). The catalyst was 
pretreated at 550 °C for 30 min under 15 mL min-1 of O2. After 
cooling to 300 C, the reaction tube was purged with 50 mL min-

1 of N2 for 30 min, and then the reaction gas composed of CH4, 
O2, N2, and H2O(g) was flown at 110 mL min-1 to the catalyst bed. 
H2O(g) was supplied using a vapor mixing system (Bronkhorst µ-
FLOW L01 and CEM W-101A). The outlet gas was cooled by a 
cold trap at 10 °C. The trapped aqueous solution was analyzed 
by high performance liquid chromatography (HPLC, JASCO LC-
200 Plus) equipped with a Shodex RSpak DE-413L column 
(Showa Denko) and refractive index (RI) and UV detectors. The 
amount of CH3OH in the trapped solution was corrected by 
evaporated amounts evaluated using Raoult’s law and CH3OH 
vapor pressure of 569.2 Pa at 9.96 C. The amount of HCHO was 
as detected without correction of evaporation, because most of 
the HCHO in the trapped aqueous solution is assumed hydrated 
to form methanediol and its evaporation is negligible. The gas 
phase components were analyzed by a GC (Shimadzu GC-2014) 
equipped with a thermal conductivity detector (TCD) and a 
Shincarbon ST column (Shinwa Chemical Industries LTD.), one 
equipped with a flame ionization detector (FID) and a HP-PLOT 
Q column (Agilent) after a methanizer (Shimadzu MTN-1), and a 
quadrupole mass (QMS) analyzer (BELMASS, MicrotracBEL 
Corp.). The isotope effect experiments were performed using 

CD4 (99%, Cambridge Isotope Laboratories, Inc.), 18O2 (98%, 
Shoko Science Co., Ltd.), and D2O (99.8%, FUJIFILM Wako Pure 
Chemical Co.) instead of CH4 (99.9%, TAIYO NIPPON SANSO Co.), 
O2 (>99.5%, TAIYO NIPPON SANSO Co.), and H2O (Milli-Q), 
respectively. The production rates during the isotope effect 
experiments were evaluated from the reaction under every gas 
condition for 2.5 h as shown in Schemes S1. Only in the isotope 
effect experiment of H2O/D2O, bubblers at 47 ºC were used to 
switch between H2O and D2O with ca. 0.5 g h-1 of flow rate 
instead of the vapor mixing system used in the other 
experiments.
Characterization

The X-ray fluorescence (XRF) intensity of Cu-CHA zeolites was 
evaluated by an energy dispersive XRF analyzer (Rigaku EDXL 
300). The Cu content was determined from the previously 
reported linear relationship between the XRF intensity of Cu / 
(Cu + Al + Si) and the Cu contents determined by an inductivity 
coupled plasma optical emission spectrometer.11

In situ XAFS measurement

The in situ XAFS measurement was performed at BL01B1 at 
SPring-8. A sample in pellet form (φ7 mm, 34 mg of Cu2.5-
CHA10 or 48 mg of Cu2.0-MOR10) was set to an in situ cell, 
where gas can flow through the sample under heat. Cu K-edged 
XAFS spectra were taken in a transmission mode. The sample 
was pretreated at 550 °C for 30 min under 50 mL min-1 of O2. 
The sample was cooled to 300 C,  then the cell was purged with 
50 mL min-1 of He, where a XAFS spectrum after the 
pretreatment was taken. After a wet He gas flow (He 50 mL min-

1 + H2O(g) 0.5 g h-1), the following gases were flown in the order: 
a reaction gas (CH4 48 mL min-1 + O2 2mL min-1 + He 50 mL min-

1 + H2O(g) 0.5 g h-1); a reduction gas (CH4 48 mL min-1 + He 52 
mL min-1 + H2O(g) 0.5 g h-1); a oxidation gas (O2 2mL min-1 + He 
98 mL min-1 + H2O(g) 0.5 g h-1); and the reduction gas again. 
H2O(g) was supplied using a water babbler controlled at 48˚C. 
During the gas flow variation, XAFS spectra were obtained. The 
XAFS data were analyzed using Athena software in Demeter 
package.

Results and discussion
Catalytic activity

Figure 1 show the time course of CH3OH, CO, and CO2 
production in a CH4-O2-H2O reaction at 300 C over Cu2.5-
CHA10, Cu2.8-CHA10, Cu4.1-CHA5, and Cu3.4-CHA5, where 
CH3OH, CO and CO2 were continuously detected over all Cu-CHA 
catalysts for at least 24 h while they were not significantly 
decreased. The CH3OH production was confirmed by HPLC 
analysis of the liquid trapped after the reaction. In addition, 
HCHO was detected in the trapped solution, although formic 
acid was not detected. The accumulated amount of the 
products for the 24 h reaction over Cu-CHA were presented in 
Figure 2. It should be noted that the amounts of CH3OH 
evaluated by GC-FID contains some errors (ca. 20% 
underestimation) because of overlap of broad peaks derived 
from HCHO on the peaks of CH3OH. Thus, the amounts of CH3OH 
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in Figure 2 are the ones evaluated by HPLC with correction of 
evaporated amounts based on Raoult’s law. More importantly, 
the product distributions are changed by the Cu-CHA catalysts. 
Table 1 entry 1 – 4 shows the product yields, the CH3OH 
production rates, the turnover numbers (TON), and the 
selectivity of the four types of Cu-CHA under identical reaction 
conditions. Among the catalysts, Cu2.5-CHA10 produced the 
largest amount of CH3OH, which was 8.8 mmolCH3OH gcat

-1 with 
the average production rate of 6.1 molCH3OH gcat

-1 min-1. The 
CH4 conversion of Cu2.5-CHA10 was 0.06%, and the selectivity 
for only CH3OH and on for the total of CH3OH and HCHO were 
22% and 41%, respectively. Although the CH3OH yield was 
decreased from that of Cu2.5-CHA10, Cu3.4-CHA5 produced 
CH3OH and HCHO with relatively high selectivity, 63% and 87 % 
in terms of the production of only CH3OH and the total of CH3OH 
and HCHO, respectively. One can find that CHA5 offers higher 
selectivity than CHA10. High Al content in CHA, i.e., large 
amount or high density of ion exchange sites, might contribute 
to the improved selectivity. The TONs of Cu-CHA based on the 
amount of CH3OH (TONCH3OH) were greater than 10 
molCH3OH/molCu. In addition, those based on the total of CH3OH 
and HCHO (TONCH3OH+HCHO) were more than 20 
molCH3OH+HCHO/molCu. The TONs confirm that all the Cu-CHA act 
as catalysts for the CH4 partial oxidation, not as simple oxidant 
for CH4 oxidation.

In the previous study of the authors’ research group, the other 
types of Cu zeolites including Cu-MOR, Cu-BEA, Cu-MFI, and Cu-
FAU were tested for the CH4-O2-H2O reaction under the same 
reaction conditions as Cu-CHA in the entry 1-4 of Table 1.15 
Among the other zeolites, Cu2.0-MOR10 showed the largest 
TONCH3OH and TONCH3OH+HCHO, which were 7.4 and 10.9, 
respectively, as shown in entry 5 of Table 1. Compared to Cu2.0-
MOR10, Cu2.5-CHA10 exhibits ca. 3 – 4 times larger TONs, but 
lower selectivity of CH3OH and HCHO. However, Cu3.4-CHA5 
presents about twice higher TONs with much higher selectivity. 
Therefore, CH3OH and HCHO production over Cu-zeolite is 
improved by using CHA type zeolites.

Figure 1.  Time course of CH3OH (red), CO (purple), and CO2 (gray) production in the CH4-
O2-H2O reaction over (a) Cu2.5-CHA10, (b) Cu2.8-CHA10, (c) Cu4.1-CHA5, and (d) Cu3.4-
CHA5. Reaction conditions: catalyst 50 mg, 300 C, CH4 (48 mL min−1) + O2 (2 mL min−1) + 
N2 (50 mL min−1) + H2O(g) (0.5 g h−1).

Figure 2.  Product amounts of CH4-O2-H2O reaction for 24 h over (a) Cu2.5-CHA10, (b) 
Cu2.8-CHA10, (c) Cu4.1-CHA5, and (d) Cu3.4-CHA5. Reaction conditions: catalyst 50 mg, 
300 C, CH4 (48 mL min−1) + O2 (2 mL min−1) + N2 (50 mL min−1) + H2O(g) (0.5 g h−1). CH3OH 
and HCHO were evaluated by HPLC. CO and CO2 were evaluated by GC-TCD.
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Table 1. Results of CH4-O2-H2O reaction for 24 h over Cu-CHA together with those over Cu2.0-MOR10 for comparison.

Entry Catalyst

CH3OH 
yield a

(mmolCH3

OH gcat
-1)

CH3OH 
production 

rate b

(molCH3OH 
gcat

-1 min-1)

HCHO 
yield a

(mmolH
CHO gcat

-

1)

CO2 
yield c

(mmolC
O2 gcat

-1)

CO 
yield c

(mmolC
O gcat

-1)

TON for 
CH3OH

(molCH3OH

/molCu)

TON for 
CH3OH + 

HCHO
(molCH3OH+

HCHO/molC
u)

TON for 
all 

products
(molCH3OH+

HCHO+CO+CO2

/molCu)

CH3OH 
selectivi

ty
(%)

CH3OH + 
HCHO 

selectivit
y

(%)

CH4 
conversio

n
(%)

1d Cu2.5-
CHA10

8.8 6.1 7.2 20.7 2.4 22.3 40.5 99.2 22 41 0.06

2d Cu2.8-
CHA10

5.3 3.7 4.7 30.2 2.0 12.1 22.8 96.0 13 24 0.07

3d Cu3.4-
CHA5

7.8 5.4 3.0 1.4 0.1 14.5 20.1 22.9 63 87 0.02

4d Cu4.1-
CHA5

8.2 5.7 6.1 6.5 1.4 12.7 22.2 34.4 37 65 0.04

5d,e Cu2.0-
MOR10

2.3 1.6 1.1 3.2 0.0 7.4 10.9 21 34 52 0.011

6f Cu2.5-
CHA10

16.3 11.3 5.8 13.4 1.9 41 56 92 45 60 0.06

a Obtained by 24 h reaction and evaluated by HPLC. b Averaged over 24 h. c Obtained by 24 h reaction and evaluated by GC-TCD. d Reaction results under CH4 (48 mL 
min−1) + O2 (2 mL min−1) + N2 (50 mL min−1) + H2O(g) (0.5 g h−1). e Previously reported data in ref. 15. f Reaction results under CH4 (78　mL min−1) + O2 (1 mL min−1) + 
H2O(g) (1.5 g h−1) for 2.5 h. The presented data for 24 h reaction were calculated from the results of the reaction for 2.5 h.

Redox of Cu species

Since the previous study has suggested that the redox of Cu 
species in zeolites is the key for the catalytic activity for CH4 
oxidation, the redox of Cu2.5-CHA10 was evaluated and 
compared to that of Cu2.0-MOR10 in order to reveal the reason 
for the high catalytic activity of Cu-CHA catalysts. The redox of 
Cu species was observed using the in situ XAFS spectroscopy. 
Figure 3(a) shows the Cu K-edge X-ray absorption near edge 
structure (XANES) spectra of Cu2.5-CHA10 after the 
pretreatment, the reaction gas, the reduction gas and the 
oxidation gas flows. The spectra were obtained after almost no 
change was observed under each gas flow. The spectrum after 
the pretreatment exhibited the feature of dehydrated Cu2+ 
species with shoulder peak at 8988 eV. The reaction gas flow 
caused a spectral change, and increased the shoulder peak at 
8985 eV, which is assignable to the 1s to 4p transition of Cu+ 
species. The reduction gas flow further changed the spectrum 
to show the peak due to Cu+ species more prominently. 
Accordingly, the reaction and reduction gas flows caused 
reduction of Cu2+ to Cu+. Then, the oxidation gas flow decreased 
the shoulder peak and the spectral feature returned to that of 
Cu2+ species. Thus, Cu+ was oxidized to Cu2+ by the oxidation gas 
flow. It should be noted that the spectrum under the reaction 
gas flow exhibits an intermediate feature of those under the 
reduction and oxidation gas flows. The Cu species are 

considered in the middle of the redox under the reaction 
conditions. Similar spectral change was also observed on Cu2.0-
MOR10 (Figure 3(b)). However, the magnitude of the change, 
more specifically, the peak intensity due to the Cu+ formation 
was different between the catalysts, and Cu2.5-CHA10 
exhibited larger spectral change than Cu2.0-MOR10. It is 
suggested that Cu2.5-CHA10 has more Cu species that are redox 
active in the reaction conditions. Since the reaction proceeds 
with the redox of Cu species, Cu2.5-CHA10 has more active Cu 
species for the CH4 oxidation reaction than Cu2.0-MOR10. This 
can explain the enhanced catalytic activity of Cu-CHA zeolites.

For further investigation of the reason for the enhanced 
catalytic activity of Cu-CHA zeolites, the redox rates were 
evaluated from the variation of in situ XANES spectra. Figure 4 
shows the Initial change of the absorbance at 8985 eV (A8985) of 
Cu2.5-CHA10 and Cu2.0-MOR10 at the oxidation gas flow to the 
reduced samples (a) and at the reduction gas flow to the 
oxidized samples (b). The decrease and increase of A8985 
indicate the reduction and oxidation of Cu species, respectively. 
When the initial change rates of A8985 were compared between 
the oxidation step (Figure 4(a)) and the reduction step (Figure 
4(b)), the rate in the reduction step was lower on both catalysts. 
This suggests that the reduction step is involved in the rate 
determining step of the catalytic CH4 oxidation reaction. In 
other words, the CH4 activation with the reduction of Cu2+ is the 
rate determining step. It was found that Cu2.5-CHA10 showed 
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faster change of A8985 in the reduction step than Cu2.0-MOR10 
(Figure 4(b)). This means that the reduction of Cu2.5-CHA10 is 
faster than that of Cu2.0-MOR10. Therefore, the high catalytic 
activity of Cu-CHA zeolites can be explained by the increase of 
reactive Cu species and their improved reduction rate, or in 
other words, CH4 activation. 

Figure 3.  Cu K-edge XANES spectra of (a) Cu2.5-CHA10 and (b) Cu2.0-MOR10 after the 
pretreatment (black), the reaction gas (blue), the reduction gas (red) and the oxidation 
gas (green) flows.

Figure 4.  Initial change of A8985 of Cu2.5-CHA10 and Cu2.0-MOR10 at the oxidation gas 
flow to the reduced samples (a) and at the reduction gas flow to the oxidized samples 
(b).

Effects of reaction gas concentrations

The effects of reaction gas concentrations were investigated by 
conducting CH4-O2-H2O reaction using Cu2.5-CHA10 at the total 
gas flow rate of 110 mL min-1. Figure 5(a) shows the effect of 
CH4 concentration on the product yields. As the CH4 
concentration increased, all the oxidized products increased; 
however, the response to the change of CH4 concentration was 
different between the products. The amounts of CH3OH, HCHO, 
and CO were increased more sharply than that of CO2, indicating 
that the increase of CH4 concentration can improve both the 
yield and the selectivity of partial oxidation products.

The effect of O2 concentration is presented in Figure 5(b). 
Without O2 flow, almost no products were obtained, suggesting 
that O2 plays a major role as an oxidant in CH4-O2-H2O reactions. 
The increase of O2 concentration to 1% caused production of all 
compounds. However, CH3OH decreased by further increase of 
O2 to > 1% and also HCHO decreased by increasing O2 to > 2%. 
In contrast, CO and CO2 rose with the O2 concentration. In 
addition, the increased amount of CO2 is much larger than the 
decreased amount of CH3OH and HCHO. Thus, the effect of O2 
is more prominent on CO2 production than on the partial 
oxidation products. It is suggested that tuning of O2 
concentration is important for improvement of both the yield 
and the selectivity of CH3OH.

The effect of H2O concentration at 0 – 40% is shown in Figure 
5(c). CH3OH increased at > 2% H2O, and CO simply decreased 
with the H2O concentration. Meanwhile, HCHO increased 
slightly with the H2O concentration at 0 – 5%, then decreased. 
The CO2 production also exhibited a volcano dependence with 
a peak at 2% H2O. The H2O concentration dependence suggests 
that H2O is effective for promoting desorption of CH3OH before 
it suffers from overoxidation. Therefore, in the range of H2O 
concentration tested, the higher the H2O concentration, the 
larger the yield of CH3OH produced.

Based on the results, in the case of CH4-O2-H2O reaction using 
Cu2.5-CHA10, the CH3OH yield and selectivity can be optimized 
by increase of CH4 or H2O concentration and control of O2 
concentration to < ca. 2%. In fact, the reaction was performed 
under CH4 78 mL min−1/O2 1 mL min−1/H2O(g) 31 mL min-1 (1 g 
h−1) using Cu2.5-CHA10. The reaction result is presented in 
entry 6 of Table 1. The CH3OH yield and selectivity are improved 
by the optimization (cf. Table 1 entry 1). Therefore, the partial 
oxidation of CH4 over Cu-CHA was improved by optimization of 
the reaction conditions based on understanding of the effects 
of each reaction gas concentration.
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Figure 5. Production rate of CH3OH (red, left axis), HCHO (blue, left axis), CO (purple, right axis), and CO2 (gray, right axis) under various concentrations of (a) CH4, (b) O2, and (c) H2O 
over Cu2.5-CHA10. The total gas flow rate was kept at 110 mL min-1 during the variation of reactant gas concentrations by changing N2 flow rate.

Isotope effects
The isotope effects of the reactants were evaluated on a CH4-

O2-H2O reaction over Cu2.5-CHA10 in order to investigate the 
reaction kinetics and mechanism. First, the isotope effect of CH4 
was evaluated by changing the gas flow from CH4-O2-H2O to 
CD4-O2-H2O and backing to CH4-O2-H2O at identical 
concentrations of the reactants (Scheme S1(a)). Before 
changing the gas flow, the reactants and the products were 
purged with N2-H2O. The product yields under each gas flow are 
presented in Figure 6(a). It is found that all the products are 
largely reduced by flowing CD4 as the reactant. In addition, the 
formation of CD3OH under CD4-O2-H2O reaction was confirmed 
by QMS analysis as presented in Figure S2. The kinetic isotope 
effect of CH4 (KIECH4) was evaluated from the ratio of the 
production rates of the total products under the first CH4-O2-
H2O flow to that of under the CD4-O2-H2O flow. As a result, the 
KIECH4 value was 2.2, which is significantly greater than 1. It is 
suggested that the C-H cleavage of CH4 is the rate determining 
step of CH4-O2-H2O reaction. The result is consistent with that 
of in situ XAFS analysis. Therefore, the C-H activation 
accompanied with the reduction of Cu2+ species is the rate 
determining step of the reaction.

The isotope effect of O2 was also evaluated by switching the 
gas flow from CH4-16O2-H2O to CH4-18O2-H2O and to CH4-16O2-
H2O at the same concentration of the reactants (Scheme S1(b)). 
The amounts of products under each gas flow are shown in 
Figure 6(c). The KIE of O2 (KIEO2) was evaluated from the ratio of 
the production rate of the total products under the CH4-16O2-
H2O flow to that under the CH4-18O2-H2O flow. The KIEO2 value 
was 1.0, indicating that O2 involved reactions do not determine 
the overall reaction rate. Interestingly, however, the product 
distribution was changed by using 18O2. The amount of CH3OH 
rose by changing the gas from CH4-16O2-H2O to CH4-18O2-H2O. In 
contrast, the amount of CO2 diminished by changing the gas 
flow from CH4-16O2-H2O to CH4-18O2-H2O, and was increased 
again by returning to CH4-16O2-H2O. The same behavior as the 

CO2 production was observed in the HCHO and CO production. 
This behavior can be explained by change in the relative rate of 
the overoxidation to the production rate of CH3OH, which is 
lowered under 18O2 to increase CH3OH and decrease the 
overoxidized products. The result is consistent with the effect 
of O2 concentration (Figure 2(b)), where the lower the O2 
concentration, the higher the CH3OH production and the lower 
the overoxidation products, although the reaction without O2 
could hardly offer any oxidized products. Therefore, O2 is not 
involved in the rate determining step of CH4 oxidation over 
Cu2.5-CHA10, but in the step of CH3OH oxidation. According to 
the literature, the oxidation of CH3OH is considered initiated by 
formation of methoxide intermediate on the catalyst surface, 
and then the C-H of methoxide is activated to form the 
overoxidized products.20 Thus, one can consider that O2 
activation on the Cu-CHA might be slow or comparable for the 
activation steps of CH3OH, although it is fast enough for the 
activation of CH4. Therefore, the isotope effects of O2 on the 
product distribution can be explained by contribution of O2 
activation to CH3OH oxidation.

To investigate the KIE of H2O (KIEH2O), the reaction gas flow was 
changed between CH4-O2-H2O and CH4-O2-D2O. Figure 6(b) 
shows the product amounts under the gas flows containing H2O 
and D2O. It should also be noted that the amount of HCHO in 
the CH4-O2-D2O reaction was not able to be evaluated by HPLC 
with a RI detector due to overlap of signal from D2O in the 
analysis conditions of this study. Thus, the KIEH2O value was 
estimated from the ratio of the production rates of the total 
products other than HCHO, which was 1.0. It is suggested that 
H2O is not involved in the rate determining step. However, the 
change of H2O to D2O caused variation of product distribution, 
slight increase of CH3OH(D) yield and slight decrease of CO2 
yield. In other words, the oxidation of CH3OD became slower 
than that of CH3OH. D2O can exchange OH groups of CH3OH and 
on catalyst surface to OD groups. Thus, the isotope effect of D2O 
suggests that the activation of OH(D) groups of H(D)2O, 
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CH3OH(D) and/or catalyst surface contribute to the reaction 
kinetics for oxidation of CH3OH(D). In other words, the OH(D) 
activation step(s) are considered slow, comparable to the C-H 
activation of methoxide. 

As above, the reaction mechanism of CH4 partial oxidation 
over Cu-CHA has been revealed by the investigation of the 

isotope effects. The rate-determining step is C-H activation, 
which is supported by the results of the in situ XAFS analysis. In 
addition, the product distribution, more specifically, the 
selectivity of CH3OH is determined by its oxidation rate affected 
by the O2 activation and/or the OH activation on Cu-CHA.

Figure 6. Variation of production rates of methanol (CH3OH, CD3OH, or CH3
18OH, red, left axis), formaldehyde (HCHO or HCH18O, blue, left axis), carbon monoxide (CO or C18O, purple, 

right axis), and carbon dioxide (CO2, CO18O, or C18O2, gray, right axis) under (a) CH4/CD4-O2-H2O, (b) CH4-16O2/18O2-H2O, and (c) CH4-O2-H2O/D2O reaction over Cu2.5-CHA10. Reaction 
conditions: catalyst 50 mg, 300 C, CH4/CD4 (48 mL min−1) + 16O2/18O2 (2 mL min−1) + N2 (50 mL min−1) + H2O/D2O(g) (0.5 g h−1). The experimental error evaluated by the standard 
deviation of the four data under the identical experimental conditions in Figure 6(a) and (b): 0.6, 0.0, 0.0 and 0.4 μmol gcat

-1 min-1 for CH3OH, HCHO, CO and CO2, respectively.

Conclusions
Cu-CHA zeolites showed catalytic activity for direct oxidation of 
CH4 to CH3OH in a CH4-O2-H2O flow reaction at 300ºC. The TON 
and the selectivity of CH3OH were improved by Cu-CHA 
compared to the other Cu-zeolites including MOR, BEA, MFI, 
and FAU reported previously. The in situ XAFS analysis of Cu2.5-
CHA10 and Cu2.0-MOR10 suggested that the increase of 
reactive Cu species and the improved reduction rate are 
responsible for the high catalytic performance of Cu-CHA 
catalysts. In addition, the catalytic performance of Cu-CHA was 
further improved by optimization of the reaction gas 
concentrations. More specifically, CH3OH production rate and 
selectivity of Cu2.5-CHA10 were improved at relatively high 
concentrations of CH4 (ca. 70%) and H2O (ca. 30%) and low 
concentration of O2 (ca. 1%). The reaction mechanism of the 
direct CH4 oxidation on Cu2.5-CHA10 was investigated based on 
not only the effects of the reaction gas concentrations but also 
the isotope gas effects using CD4, 18O2, and D2O. The results 
suggested that the rate-determining step is C-H activation of 
CH4, and the CH3OH selectivity is determined by oxidation rate 
of CH3OH, which is affected by O2 activation on Cu species and 
OH activation of H2O, CH3OH and/or catalyst surface.
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