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Multi-purpose research Multi-purpose research 
station: the Berlin-based Max station: the Berlin-based Max 
Planck team is able to observe Planck team is able to observe 

experiments within this experiments within this 
vacuum apparatus using vacuum apparatus using 

various instruments. The steel various instruments. The steel 
hemisphere on top contains the hemisphere on top contains the 

analyzer for measuring the analyzer for measuring the 
energy of photoelectrons.energy of photoelectrons.
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GREENHOUSE  
GASES ELECTRIFIED

TEXT: KARL HÜBNER 

The concentration of CO2 in the atmo-
sphere is inexorably rising – which 
has well-understood consequences 
for the climate. Stopping this process 
is a task of mammoth proportions. Yet 
in some areas, such as waste incinera-
tion or cement production, it is almost 
impossible to avoid producing carbon 
dioxide exhaust. One option is cap-
turing the gas at the point where it is 
released and disposing of it in under-
ground storage facilities. Another 
possibility is to use it as raw material 
for synthesizing fuels and chemicals 
as a way of carbon recycling. Such 
CO2-neutral production would have 
two positive impacts: avoiding direct 
CO2 emission and reducing consump-
tion of fossil raw materials.

Research groups around the world, in-
cluding some at the Max Planck Soci-
ety, are working on ways to utilize car-
bon dioxide as a raw material for the 
production of useful chemicals (see 

MaxPlanckResearch 3/2021). Indeed, 
the gas is already being processed in-
dustrially, together with hydrogen, to 
produce methanol – a raw material of 
major importance in the chemicals in-
dustry. Furthermore, a research 
group led by Walter Leitner, Director 
at the Max Planck Institute for Chem-
ical Energy Conversion, is collaborat-
ing with a team from Covestro AG to 
develop another special process. For 
several years now, a polymer has been 
partially derived from CO2 that is 
used to produce foams used in mat-
tresses (see MaxPlanckResearch 
2/2019). The method reduces con-
sumption of the crude oil from which 
the corresponding polymer compo-
nent is usually extracted. Neverthe-
less, using CO2 in chemical processes 
is no simple matter, because it is 
highly stable as a molecule. A substan-
tial amount of energy has to be spent 
to make the molecule responsive, 
which is why high pressure and high 
temperature are required for such 
methanol synthesis. There is another 
approach, however: using electrical 
instead of thermal energy to get CO2 
to react. This represents an electro-
catalytic route comparable to the elec-
trolytic generation of hydrogen from 

water. Ideally, of course, the electric-
ity required for the process should be 

“green” – for example, derived from 
solar or wind power.

Carbon monoxide (CO) is a possible by-
product of CO2 electrolysis. It is pos-
sible to obtain numerous important 
basic chemical substances from this 
gas, in combination with hydrogen 
(which should also be produced using 
renewable energies). What’s more, the 
necessary industrial infrastructure 
for this already exists. A further idea 
is the direct electrocatalytic produc-
tion of some of these basic chemicals 
from CO2 (and water). This avenue is 
being explored by a team led by Beat-
riz Roldán Cuenya, who is Director of 
the Interface Science Department at 
the Fritz Haber Institute in Berlin, 
part of the Max Planck Society. 

The researchers are especially interested 
in ethylene (also known as ethene) and 
ethanol. “Those substances are of 
great interest due to their high energy 
content, and because they are easy to 
store,” explains Beatriz Roldán 
Cuenya. Furthermore, ethylene is the 
base substance for plastic polyeth-
ylene (PE), the most important plastic 

In future, the greenhouse gas carbon 
dioxide could be used to create  
important chemicals and fuels. If this 
vision becomes reality, it would be a 
major step towards achieving a sus-
tainable circular economy. The Inter-
face Science Department of Beatriz 
Roldán Cuenya at the Fritz Haber In-
stitute of the Max Planck Society in 
Berlin is working toward this very goal.
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quantitatively speaking, and a key 
building block in many chemicals 
used in widely different industries. In 
the past, ethylene was produced ex-
clusively from fossil raw materials. 
Ethanol, on the other hand, is suitable 
for use as a fuel due to its good com-
bustibility, and it is already being 
added to premium petrol. For  Roldán 
Cuenya, ethanol and ethylene are and 
will be “essential molecular building 
blocks of chemistry,” even in the lon-
ger term. The physicist thus believes 
that fossil-free production of these 
substances from CO2 and green hy-
drogen is a “high-priority goal in 
chemical energy conversion efforts.”

From a scientific perspective, one of the 
primary tasks is to develop suitable 
catalysts for the production of eth-
ylene and ethanol. This is what the 
Berlin-based researchers are doing 

for the electrolysis of CO2 but also for 
the electrolysis of water, which is split 
into hydrogen and oxygen in the pro-
cess. Roldán Cuenya’s team is cur-
rently working on catalysts for split-
ting water molecules that can replace 
the costly use of iridium, which is 
commonly used for the oxygen evolu-
tion reaction. The objective: to make 
the entire electrolysis process, and 
hence hydrogen synthesis, more eco-
nomical. Great hopes are pinned on 
green hydrogen as a possible replace-
ment for fossil raw materials one day, 
for example, in the steel and chemical 
industries. Green ammonia could 
also be synthesized this way, thus 
functioning as a storage medium for 
(green) hydrogen, facilitating its 
transport in tankers and through 
pipelines. Additionally, ammonia is 
the primary raw material used in the 
production of artificial fertilizers. 

SUMMARY

Numerous research groups around 
the world are working on obtaining 
fuels or substances for chemical 
production from carbon dioxide. 

The team led by Beatriz Roldán 
Cuenya is trying to use electrolysis 
for the targeted production of 
fuels and industrial chemicals 
through high-yield processes. 

Experiments have shown that the 
size, shape and chemical 
properties of the copper catalyst 
required make it possible to 
influence the reaction, so as to 
promote the creation of either 
ethylene or ethanol.

CO2 recycling pathways: 
CO2 can be directly 
captured from combustion 
gases and from the air. 
Together with hydrogen, to 
be generated with electrical 
power from regenerative 
sources, CO2 can be 
converted into industrial 
chemicals and fuels via the 
water-gas shift and 
Fischer-Tropsch reactions, 
or electrochemically.
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Returning to CO2 electrolysis, the good 
news is that it is already possible to ob-
tain the two desired substances eth-
ylene and ethanol from CO2 through 
electrolysis. Clara Rettenmaier, a PhD 
student in Roldán Cuenya’s depart-
ment, showed us what this looks like 
on a small scale in a lab at the Fritz 
Haber Institute. She presented a cy-
lindrical glass vessel containing a col-
orless liquid with gas bubbling 
through it. Inserted into the liquid is a 
kind of stylus, with a one cent coin at-
tached to the bottom. “The stylus 
serves as the electrode; we apply volt-
age to it to reduce the CO2 released 
into the water through the gas bubbles. 
The copper coin is our catalyst,” ex-
plains the chemist. The coin makes 
the demonstration more striking for 
visitors. The actual catalysts used are 
much smaller – copper nanoparticles 
invisible to the human eye.

With a few clicks on a computer just next 
to the lab apparatus, the chemist calls 
up measurement curves that provide 
information about the products 
formed. “That’s the ethylene there,” 
says Clara Rettenmaier, pointing to  
a peak in a curve. Moving her finger 
on to further spikes, she continues: 

“And that’s methane, this is carbon 
monoxide, and up here we have 
 hydrogen.”

In search of a process 
selection mechanism

The problem the research group is in-
tensively working on can be described 
as a search for a process selection 
mechanism. “Theoretically, a whole 
range of compounds can be created 
from CO2, but unfortunately, they of-
ten form at the same time,” explains 
Roldán Cuenya. Another problem is 
that the applied voltage simultane-
ously also splits water into hydrogen 
and oxygen. Since product mixtures 
make further processing complicated 
and expensive, it is important to have 
an economically feasible process in 
which the single desired substance is 
obtained with maximum yield, as 
Roldán Cuenya further elaborates. 

Thus, the question her research depart-
ment is addressing is: how can elec-

trolysis be controlled so as to maxi-
mize production of ethylene, or etha-
nol? Clearly, the right catalyst is re-
quired for this. The basic job of the 
catalyst is to break the bonds of CO2 
and stabilize certain intermediate 
products to enable new bonds to form. 
Roldán Cuenya’s team is studying 
precisely what happens on the surface 
of the catalyst during the reaction 
process, namely, how the material re-
acts and adapts to the reaction condi-
tions. 

To date, copper has been the only known 
catalyst material that can electro-
chemically convert CO2 into com-
pounds with two or more carbon at-
oms. The necessary carbon-carbon 
coupling process in electrolysis oc-
curs only with copper. This is appar-
ently the case because the distances 
between the copper atoms in the cop-
per metal lattice and the strength of 
the bonds between the copper and 
carbon atoms are optimal.

Unlike in the apparatus used for their 
demonstration, the actual experi-
ments do not involve a copper coin 
but rather tiny little copper oxide 
cubes. The Berlin-based team pro-
duces these so-called “nanocubes” 
themselves – you would have to line 
up about a thousand of the cubes to 
equal the diameter of a hair. The tiny 
cube shape means the copper has a 

Green  
electricityH2

Water  
electrolysis

H2O

Depth at surface level: Lara Celeste Chaves, Rosa Maria Arán-Ais, 
Clara Rettenmaier, Antonia Herzog, and Beatriz Roldán Cuenya (from 

left) study ways of controlling the electrocatalytic conversion of CO2.
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much larger surface area per gram 
than a cent coin, so with the same 
amount of copper, much more CO2 
can react. The researchers affix the 
catalyst cubes directly to the elec-
trode, which is then immersed in 
CO2-saturated water. In addition, the 
water’s electrolytic properties have 
been improved using dissolved potas-
sium salt. 

The electrolytic cell will fit into a coffee 
cup, but the Berlin research group 
employs entire rooms full of equip-
ment. This is because with some 
measurement methods, the smaller 
the structure that is to be studied, the 
more space is required. Ultimately, 
the researchers are interested in what 
happens to the catalyst at the atomic 
level during electrolysis, which 
means on the scale of a millionth of a 
millimeter. The department main-
tains a vast range of equipment to ren-
der this visible in complete chemical 
and physical detail, distributed over 
several large laboratories in multiple 
buildings. Roldán Cuenya and her 
team have modified certain methods, 
such as electron microscopy, to allow 
their use in the aqueous environment 
of electrolysis. 

In some cases, multiple measurement 
technologies have to be combined for 
a single experiment. Doing so was 
necessary, for example, to reveal that 
the actual active centers of the cata-
lyst material only form under reac-
tion conditions, and that these con-
stantly change during the process. 
Using liquid-phase electron micros-
copy, the team has now also made vis-
ible other changes in the catalyst that 
occur during CO2 electrolysis. “We 
have observed that the catalyst cubes 
change their shape and size during 
the electrolysis process,” explains 
Roldán Cuenya. Clearly, such mor-
phological changes affect catalytic 
properties as well. Routine use of this 
process in an industrial setting would 
thus only be possible once it is known 
how to stabilize the active phases of 
these catalysts. 

Another of the team’s key findings is that 
the active centers of the catalyst for 
the undesired side reaction – in which 
hydrogen is split off from water – dif-
fer from the active centers for the 
electrocatalytic reduction of CO2. 
Furthermore, the researchers have 
also discovered that there is appar-
ently an ideal cube size. “If the cubes 

are too small, they simply detach and 
accumulate elsewhere,” says Roldán 
Cuenya. This is disadvantageous, she 
notes, because such agglomerations 
mean a loss of catalytically active sur-
face area.

However, the catalyst also changes 
chemically in the course of the reac-
tion, as experiments using X-ray pho-
toelectron spectroscopy have shown. 
The textbook rule that a catalyst does 
not change in the course of a reaction 
is thus not true in all cases. The 
pre-catalyst was initially in oxidized 
form owing to the production process, 
but gradually this was reduced until a 
certain proportion of elemental cop-
per was reached. The problem: this 
steers the reaction in a different di-
rection than the oxide.

Anti-aging cure for 
the catalyst

The scientists devised a clever idea  
for controlling the conversion to  
pure copper during the reaction:  
simply reversing the process after a 
certain period by applying a voltage 
with opposite polarity. That served  
to re-oxidize the metallic copper at-
oms, regenerating the catalyst to 
some extent. The group commenced 
experiments in which they applied 
voltage in pulses, switching between 
positive and negative polarities. As 
predicted, the procedure did indeed 
effectively reverse changes in the cat-
alyst, prompting Roldán Cuenya to 
call this an “anti-aging” procedure. 
But regularly switching the voltage 
between positive and negative had an-
other effect as well: it acted as a selec-
tivity lever, because the duration of 
the respective pulses can be used to 
promote the formation of certain 
products. Long reduction pulses, for 
example, promote the production of 
ethylene, while long oxidation pulses 
produce more carbon monoxide. Fur-
thermore, long reduction pulses of 
several seconds’ duration combined 
with short oxidation pulses signifi-
cantly increases ethanol yield. 

The extensive analysis conducted by the 
team has now enabled good visual 

Nanoscopic 
surface 

exploration: Felix 
Landwehr and 

Claudia 
Khanh-Ly 

Nguyen adjust an 
atomic force 

microscope usable 
to create profiles 

of surfaces.
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rendering of precisely what happens. 
For example, the researchers ob-
served that more ethanol is synthe-
sized when thin, disordered copper 
oxide clusters form on the surface of 
elemental copper. Ethylene, in con-
trast, appears more likely to form on 
elemental copper than on oxidized 
copper. This provides a plausible 
expla nation for why longer reduction 
pulses promote ethylene synthesis. 
The methods employed by the team 
at the Fritz Haber Institute in Berlin 
are also effective, among other things, 
for identifying the influence on elec-
trolysis of defects or foreign metal at-
oms in the lattice of copper atoms. 
Thus, it emerged that ethanol synthe-
sis is accelerated by adding five-per-
cent silver.

A contribution to 
fighting climate 

change
These are all just initial insights into 

possible ways to achieve selectivity. 
“The main thing right now is to gain a 
better understanding of the mecha-

nisms,” emphasizes Roldán 
Cuenya, adding: “You just can’t 
make a leap before you’ve learned 
how to walk.” In other words, we 
still have a lot to learn before it 
will be possible to custom-design 
the optimal catalyst for a specific 
desired reaction and bring it into 
large-scale industrial usage.

Industrial applications may still be a 
long way off, but for the Max 
Planck Director Roldán Cuenya, 
conducting “fundamental re-
search with social relevance” is 
important. She envisions that 
sometime in the future, electro-
chemical processes will be  
conducted with CO2 right out of 
the air. Research is already under-
way at various institutions into the 
direct air capture technologies  
required for this. Roldán Cuenya 
believes that achieving a complete 
restructuring of the energy and 
chemicals industries around sus-
tainability objectives will pose one 
of the greatest challenges society 
faces in the fight against climate 
change. And she hopes to contrib-
ute to these efforts with her work.

Controlled reaction: carbon 
monoxide and methane  
(left cube) are the primary 
products generated during 
electrolytic reduction  
of CO2 on nanocubes with 
substantial copper oxide on 
their surface. The reaction 
proceeds in this direction if 
the polarity of the reducing 
voltage is regularly reversed 
over an extended period of 
time (left square graph), so 
that the surface is oxidized. 
Less oxide forms on the 
surface if the oxidation 
pulses are shorter, in which 
case ethanol is the main 
product (center cube). Long 
reduction pulses keep the 
surface free of oxides, 
resulting in CO2 being 
reduced to ethylene (right 
cube).

C2H4 CO CH4 C2H5OH

Voltage

Time interval

C H A RT: GCO ACCOR DING TO TI MOSH ENKO, J.,  BERGM A N N, A.,  R ET TENM A I ER , C .,  ET A L. STEER ING TH E STRUCTU R E A N D SELECTI V ITY OF CO2  
ELECTRO R EDUCTION C ATA LYSTS BY POTENTI A L PU LSES. NAT C ATA L 5,  259 –267 (2022)

ELECTROLYSIS
An electric current between two  

electrodes in an electrolyte is used to  
chemically transform substances. 

One electrode (the anode) takes on 
electrons from a substance within the 

electrolyte, while the other (the cathode) 
gives up electrons to another substance.

LIQUID PHASE ELECTRON  
MICROSCOPY  

Electron microscopy is a high-vacuum 
microscope that uses an electron beam  

to depict atomic structures. 
Beatriz Roldán Cuenya has found a 

method enabling the study of samples in 
liquids that under normal conditions 

would immediately evaporate.

CATALYST  
A substance that lowers the energetic 
hurdle for a reaction to occur, thereby 

enabling or facilitating the formation of 
certain products.  

 
X-RAY PHOTOELECTRON  

SPECTROSCOPY  
A technique in which an X-ray beam  

releases electrons from the surface of a 
sample; these electrons provide 
information about the chemical 

properties of the surface.

GLOSSARY
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Cu+

Cu0

ethyleneethanolmethanecarbon monoxide

CO2


