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List of abbreviations

HCOO− Formate

DC Online Gas-Chro-
matography

FE	 Faradaic	Efficiency

HER Hydrogen Evolution 
Reaction

IC Ion Exchange Chro-
matography

NP Nanoparticle

rGO reduced Graphene-
Oxide

Scope of project

The electrochemical reduction of CO2 to hydrocarbon is a promising pathway for the recycling of this 
greenhouse gas. Nevertheless, the electrochemical reduction of CO2 suffers from a low faradaic ef-
ficiency	(it	is	kinetically	more	favorable	to	evolve	hydrogen	in	the	hydrogen	evolution	reaction	(HER)	
from water than to reduce CO2), and from a poor and/or uncontrolled yield of valuable products such 
as methanol or methane. In this work package, strategies will be employed in order to:
• design tailored Cu electrocatalysts to increase selectivity in the CO2 reduction towards desired

C2 products.
• monitor the oxidation state changes of SnO2 that accompany CO2 reduction by in operando Ra-

man Spectroscopy.

Status	of	project	and	main	scientific	results	of	workgroups	

CO2 electroreduction 
on Cu-based catalysts

Polycrystalline Cu catalysts 
show a superior activity of CO2 
conversion towards C2 products 
(ethylene, ethane etc.). How-
ever, the selectivity towards a 
certain desired C2 product is 
still rather low. 

One promising approach to 
further increase the product 
selectivity is a tailored design 
of the surface morphology 
which turned out to be a cru-
cial parameter for the catalyst 
design besides its chemical 
composition. 

We make use of a galvanostat-
ic Cu electrodeposition from 
an	 acidified	 Cu	 plating	 under	
harsh conditions (J = –3 A/
cm2) where the Cu electro-
deposition process is super-
imposed on a massive hydro-
gen evolution reaction (HER). 
Hydrogen bubbles formed at 
the electrode surface serve as 
structural template for the Cu 
electroplating thus resulting in 
a highly porous catalyst mate-
rial	whose	porosity	can	be	fine-
tuned by various parameters 
such as plating time, applied 
current density and the Cu ion 
concentration in solution. 

A particularly new aspect of the 
electrosynthesis of this type of 
Cu foam catalysts makes use 
of particular Cu plating addi-
tives (provided by BASF SE) 
that were originally designed 
for advanced Damascene plat-
ing processes. The use of these 
polymeric additives provides 
another important degree of 
freedom to control the desired 
catalyst performance not only 
by	 influencing	 its	 morphol-
ogy but also by its chemical 
composition through the em-
bedment of trace amounts of 
foreign elements (N, O, C). An 
example of the impact of plat-
ing time and the choice of the 

additive package on the result-
ing foam morphology is given 
in Figure 1. 

We could prove that the se-
lectivity of the Cu foam cata-
lyst (Cu black, 40 s deposition 
time, additive package 1) to-
wards ethylene and ethane is 
strongly enhanced compared 
to a planar Cu wafer substrate 
(Figure 2). Furthermore, it 
turned out that the product 
distribution is strongly depend-
ing on the given mean pore 
diameter (Figure 3). CO2 con-
version does not take place on 
a planar solid/liquid interface 
but instead inside the pores 

Figure 1: 

Two sets of SEM micro-
graphs demonstrating the 
change of mean pore size 
of the Cu foam catalysts 
(Cu black) as function of 
the deposition time. The 
Cu catalysts were depos-
ited at J = – 3A/cm2 from 
an	 acidified	 Cu	 sulfate	
plating bath in the pres-
ence of two different ad-
ditive packages.
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CO2 electroreduction 
on reduced graphene-
oxide supported SnOx-
nanoparticles:  
An in-operando Raman 
spectroscopy study 

A major concern of electroca-
talysis research is to assess 
the structural and chemical 
changes that a catalyst may 
itself undergo in the course of 
the catalysed process. These 
changes	 can	 influence	 not	
only the activity of the studied 
catalyst, but also its selectiv-
ity towards the formation of a 
certain product. 

An illustrative example is the 
electroreduction of carbon di-
oxide on tin oxide nanopar-
ticles (NPs). Sub-10 nm SnO2-
NPs (cassiterite-type) were 
synthesized directly on a re-
duced graphene-oxide (rGO) 
support by a wet chemical ap-
proach. Under the operating 
conditions of the electrolysis 
(that is, at cathodic potentials) 
the rGO-supported SnO2-NP 
catalyst undergoes structural 
changes which in an extreme 
case involves its reduction to 

Electrochemical Conversion of CO2

Figure 3: 

Dependence of the C2 and 
CO FEs on the mean pore 
diameter of the Cu black 
catalyst.

Figure 2: 

Product analysis based 
on online gas-chromatog-
raphy. The 1 h electroly-
sis was carried out under 
 potentiostatic conditions 
from a CO2 saturated 0.5 M 
NaHCO3 electrolyte. A 
blanket Cu wafer coupons 
is compared to a given Cu 
black catalyst (deposition 
time 40 s, additive pack-
age 1).

of the catalyst. Local changes 
of the pH as well as the trap-
ping of gaseous intermediates 
and by-products (CO, H2) are 
discussed to play a key role 
for the resulting potential-de-
pendent product distribution, 
analysed by online gas-chro-
matography (DC) and ion ex-
change chromatography (IC). 
Faradaic	 efficiencies	 (FEs)	 for	
ethylene and for ethane are 
found to be above 35 % [1].

Next steps of the Cu catalyst 
development involve the ad-

ditive-assisted electrodeposi-
tion of Cu-based binary and 
	ternary	alloy	films	and	foams.	
In the focus of our develop-
ment are alloys in which the 
Cu	 matrices	 are	 modified	 by	
more abundant metals (Co, 
Ni, Sn). These  co-alloyed 
metal components undergo 
partial surface oxidation un-
der  experimental conditions 
relevant for the CO2 electrore-
duction thus leading to metal/
metal oxide type of composite 
catalysts. Catalysts were so 
far deposited on blanket wafer 
coupons. The next steps also 
involve the transfer of these 
electrodeposition  processes 
onto (primary) porous Cu 
skeletons. This new approach 
would then  allow for the use 
of these functional foams un-
der	 electrolyte	 flow	 condi-
tions. This would  allow for a 
better control of the pH inside 
the catalyst and the residence 
time of reaction  intermediates 
(CO, H2) inside the catalyst. 
In operando Raman- and IR-
spectroscopy will be applied to 
discover mechanisms of prod-
uct selection control inside the 
foam catalyst. 
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metallic tin. This results in a 
decreased	 Faradaic	 efficiency	
(FE) for the production of for-
mate (HCOO−) that is other-
wise the main product of CO2 
reduction on SnOx surfaces. 

In this study we utilized po-
tential and time dependent in 
operando Raman spectroscopy 
in order to monitor the oxida-
tion state changes of SnO2 that 
accompany CO2 reduction. In-
vestigations were carried out 
at different alkaline pH lev-
els, and a strong correlation 
between the oxidation state 
of the surface and the FE of 
HCOO− formation was found 
(Figure 4). At moderately ca-
thodic potentials SnO2 exhibits 
a high FE for the production of 
formate, while at very negative 
potentials the oxide is reduced 
to	 metallic	 Sn	 and	 the	 effi-
ciency of formate production is 
significantly	 decreased.	 Inter-
estingly, the highest FE of for-
mate production is measured 
at potentials where SnO2 is 
thermodynamically unstable. 
However, its reduction is kinet-
ically hindered. The complete 
reduction to metallic Sn takes 
place at potentials more nega-
tive than what the Pourbaix di-
agram of the system predicts; 
at this potential range the in-
tensity of the SnO2-related A1g 
mode	(fingerprint	for	the	pres-
ence of SnO2-NPs) is dramati-
cally decreased.

Next steps of our in-operando 
study deal with the reversibil-
ity/irreversibility of the oxide 
electroreduction. Preliminary 
in-operando Raman stud-
ies suggest that the electro-
reduction of the rGO-supported 
SnO2-NPs followed by their re-
oxidation	 involve	 a	 significant	
change in the size-distribution 
of the NPs, thus tremendously 
altering the FEs towards for-
mate production. 

Figure 4: 

In operando Raman studies 
at varied potential and pH. 
(a) The potential depen-
dence of the Raman spec-
tra for each studied pH. 
(b) The relative intensities 
of the SnIV-related A1g 
Raman peaks (°, solid line) 
and	 the	 Faradaic	 efficien-
cies of formate production 
(×, dashed line) as a func-
tion of electrode potential. 
In the three distinct poten-
tial regions represented by 
the shaded background, 
the catalyst is in the form 
of fully oxidized SnO2 (I), 
a partially reduced com-
pound of mixed oxidation 
state (II) and complete-
ly reduced metallic Sn 
(III), as illustrated by the 
scheme of (c).
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