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Making the most of methane

Natural gas has fast become a cheap 

and abundant resource, transforming the 

energy landscape of the United States. Its 

main component, methane gas (CH
4
), can 

be converted into a liquid fuel, methanol 

(CH
3
OH), which in turn can be used as a 

feedstock for other commodity chemicals. 

However, the unfavorable economics of 

capturing, transporting, and processing 

the methane released during oil drilling 

means that significant amounts of it get 

burned off or vented, contributing harmful 

greenhouse gases to the atmosphere. 

The direct conversion of methane to 

methanol would make the recovery of 

natural gas more profitable and sustain-

able. However, this conversion is very  

challenging, because methane’s strong C-H 

bonds require high temperatures to break. 

Yet, if the temperature is too high, the 

reaction will produce unwanted 

byproducts—CO or CO
2
. Researchers have 

thus been searching for catalysts that will 

work at low temperatures and with high 

selectivity for methanol.

Inverted ceria catalyst

Traditionally, industrial catalysts have 

consisted of a small amount of metal 

dispersed on a metal oxide support. In 

“inverted” catalysts, oxide nanoparticles 

are deposited on a metal substrate. Such 

systems offer more opportunities for 

tuning: small size, strong oxide–metal 

interactions, and abundant interfaces 

where reactions tend to occur. 

In earlier work, a group of researchers 

from Brookhaven National Laboratory 

discovered a promising inverted catalyst, 

CeO
2
-Cu

2
O, that converts methane to 

methanol with high (70%) selectivity at 

room temperature in the presence of 

water. The group studied the material’s 

morphology using various microscopic 

probes and predicted its step-by-step 

molecular rearrangements using Monte 

Carlo simulations and density functional 

theory (DFT) calculations, performed in 

part at Berkeley Lab’s National Energy 

Research Scientific Computing Center 

(NERSC).

Ambient reality check

To confirm the predictions and obtain 

direct evidence for the essential role of 

water, the researchers used ambient- pres-

sure x-ray photoelectron spectroscopy 

(APXPS) at ALS Beamline 9.3.2.  The beam-

line provides tunable soft x-rays that are 

ideally suited for APXPS measurements, 

with high flux, excellent energy resolution, 

and an optimal energy range for probing 

electronic signatures of interest. 

The samples, which consisted of 

inverted CeO
2
-Cu

2
O catalysts on Cu(111), 
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In this depiction of an “inverted” catalyst, nanoparticles of the metal oxide, ceria (CeO
2
), are grown 

on the surface of copper oxide (Cu
2
O), which is supported on a Cu(111) layer.



were exposed to various combinations of 

methane gas, oxygen gas, and water vapor. 

Consistent with predictions, the results 

revealed that methoxy groups (CH
3
O)—

immediate precursors of methanol—

formed on the catalytic surface in the 

presence of water. The appearance of the 

surface methoxy groups was strongly 

correlated with high selectivity for the 

production of methanol.

Triple action of water

The APXPS data, together with the 

theory and simulation work, established 

that water plays a key triple role in meth-

ane-to-methanol conversion: blocking an 

unwanted reaction, activating the desired 

reaction, and extracting the final product. 

Water molecules preferentially dissociate 

over the active cerium ions, blocking O-O 

bond cleavage that would otherwise  

dehydrogenate methoxy groups to CO and 

CO
2
. The dissociated water molecules 

formed adsorbed hydroxyl groups that 

directly converted methane to methanol. 

And water adsorption displaced the 

produced methanol into the gas phase, 

enabling it to be extracted. Overall, the 

study establishes design principles for 

optimizing the catalyst’s active site in the 

future and extending the results to highly 

active chemical processes in general.
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(a) C 1s APXPS spectra of catalyst surfaces 

exposed to different gas mixes at 450 K. 

S u r f a c e -a d s o r b e d  m e t h ox y  ( * C H
3

O)

appeared when H
2
O was added to the reac-

tion feed. This signal correlated with high 

methane selectivity as measured in catalytic 

tests. (b) C 1s APXPS spectra of catalyst 

surfaces exposed to CH
4
 + O

2
 + H

2
O at vari-

ous temperatures. The *CH
3
O signal appears 

even at 300 K (room temperature).
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