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Abstract: Electrochemical CO2 reduction is of high interest for 

production of non-fossil fuels. The reactivity of eight Cu foams with 

substantial morphology differences was comprehensively 

investigated by analysis of product spectrum and electrochemical in-

situ spectroscopies (XANES, EXAFS, XPS, Raman). This approach 

provided new insight in reactivity determinants: (1) Morphological 

details, (2) stable Cu oxide phases, and (3) *CO poisoning of H2-

formation are not decisive. (4) The electrochemically active surface 

area (ECSA) determines reactivity trends. (5) Macroscopic diffusion 

limits the proton supply, resulting in pronounced alkalization at CuCat 

surfaces (operando Raman spectroscopy). We propose: (6) H2 and 

CH4 formation are suppressed by macroscopic buffer alkalization, 

whereas CO and C2H4 formation still proceed via a largely pH-

independent mechanism. (7) C2H4 is formed from two CO precursor 

species, namely adsorbed *CO and dissolved CO present in the foam 

cavities.  

Introduction 

Selective conversion of CO2 into high quality chemical feedstock 
and fuels represents an emerging energy storage technology.[1] 
The electrochemical reduction of carbon dioxide is a promising 
way of utilizing intermittently available renewable energies to 
produce chemical feedstock and fuels for later use. Presently, 
copper is in focus because of its ability to catalyze the 
electrochemical reduction of CO2 into energy-dense 

hydrocarbons.[2] However, the electrochemical reduction of CO2 
on copper results in many different compounds formed at a wide 
range of overpotentials. In addition to undesired H2, CO and 
mainly C1 and C2 hydrocarbons as wells as alcohols are formed 
in the gas headspace and in the liquid electrolyte. In recent years, 
there has been increasing effort to establish the control over 
product distribution by fine tuning of the physical properties of the 
Cu electrode.[3] So far, different strategies have been proposed 
for improving the activity and selectivity[4], among them are the 
variation in thickness of Cu metal over-layers[5], adjustment of 
size[6], shape[7], interparticle distance of nanoparticles[6b], 
selection of single crystal facets[6c, 8], the utilization of electrolyte 
properties[9], and grain boundary strain effects[10]. 
The influence of the roughness or specific nanostructures of the 
Cu electrode surface likely is of high importance.[11] Cu electrodes 
with high surface areas mainly produce C2 products such as C2H4 

and C2H6.[3b, 12] However, high surface area gas diffusion 
electrodes favor the C1 pathway.[13] The CO yield at low potentials 
may or may not relate to the C2H4 yield at higher potentials.[6c, 7c, 

11, 14] In any event, adsorbed CO, denoted as *CO, is a crucial 
reaction intermediate in production of CO, CH4, and C2H4.[15] 
Increasing the relative amount of *CO sites favors elevated C2H4 
activity.[10d, 14c, 16] *CO intermediates may be favored by local 
alkalization and mass transport limitations of protons.[9d, 17] Local 
pH changes probably lead to a change in reaction kinetics as the 
CO3

2-/HCO3
- equilibrium is shifted, and CO2 may be depleted from 

the electrode surface.[17b, 18] The influence of surface area and 
roughness on the product spectrum may relate to the strength of 
local alkalization.[17b, 19] 
Incorporation of Cu2O into the bulk or the surface of the Cu 
electrodes may enhance the selectivity towards C2H4 and C2H6 
strongly[3b, 7c, 11]. Ex-situ XRD measurements resulted in 
contradicting conclusions regarding the presence and stability of 
Cu2O species in Cu foams: (i) no Cu2O[20], (ii) the presence of 
Cu2O after deposition[21], (iii) Cu2O reduction to Cu0 during 
operation at catalytic potentials[21b], (iv) and the presence of Cu2O 
after operation at reductive potentials[22]. Huan et al. quantified a 
10 % Cu2O mass contribution in their foams and 5 % of this phase 
was unaffected by cathodic electroreduction.[22a] In-situ deposition 
of a related dendritic Cu/Cu2O catalyst showed a stable cuprite 
phase after electrolysis at negative potentials in the regime of 
ethylene formation.[22b] Oxygen species may be merely products 
of air exposure, as recently shown for oxide-derived Cu 
catalysts,[23] so that reduction of copper oxide species precedes 
onset of CO2 reduction.[24] 
To shine light on the role of oxide species, we studied Cu foams 
by operando X-ray spectroscopy (XAS) and quasi in-situ X-ray 
photoelectron spectroscopy (XPS). The porous Cu films (called 
CuCats in the following) were electrodeposited using the dynamic 
hydrogen-bubble template method[21a]. For the first time, local pH 
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values at the Cu cathode during CO2 electroreduction were 
experimentally addressed via operando Raman spectroscopy, 
based on analysis of the shift in the HCO3

-/CO3
2- equilibrium. For 

eight foams with substantial morphology differences, we show 
how the area ratio of inner-foam surface (Aint) and macroscopic, 
outer surface (Aout) determines the partial current densities for 
formation of H2, CH4, CO, and C2H4 in distinctively different ways. 

Figure 1. SEM of CuCats. Top-view of CuCats electrodeposited at (a) 0.5 A cm-

2 for 10 s on Pt, (b) at 0.5 A cm-2 for 10 s on Cu, (e) at 1.0 A cm-2 for 20 s on Pt, 
and (f) at 1.0 A cm-2 for 20 s on Cu. Cross-sections of CuCats electrodeposited 
at (c) 0.5 A cm-2 for 10 s on Pt, (d) at 0.5 A cm-2 for 10 s on Cu, (g) at 1.0 A cm-

2 for 20 s on Pt, and (h) at 1.0 A cm-2 for 20 s on Cu. Under the catalyst layer 
the metal substrate and silicon glue are visible, above copper tape, which was 
used to fix the sample on the sample holder. The insets show a magnified region 
of the cross section. Complete cross-sections of all investigated CuCats are 
shown in Figure S1, complete SEM topographies in Figures S2, S3. 

Results and Discussion 

Relevant physical properties – foam thickness, density, 
morphology and electrochemically active surface area  
 
Material properties of the CuCats can be tuned by the 
electrodeposition process. Films of different thickness (Figure S1) 
with different micro-morphological structure (Figures S2, S3) were 
realized by variation of deposition current, time of deposition and 
substrates (Cu or Pt). Figure 1 shows the top-view and the cross-
sectional scanning electron micrographs (SEM) of selected 
CuCats electrodeposited on Pt or Cu substrate either at low 
current densities, short time (0.5 A cm-2 and 10 s), or at doubled 

current and time (1.0 A cm-2 and 20 s). The thickness of the 
catalyst film on Pt is significantly higher (80-360 µm) than on Cu 
(40-90 µm). The influence of the substrate is reflected in 
pronounced differences in morphology of the CuCats on Pt metal 
(Figure S2) and Cu metal (Figure S3). Aside from internal porosity 
and dendritic structures, there are vertical macropores limited by 
dendritic structures (with pore diameters around 35 µm), which 
form a network of craters on the catalyst surface (Figure 1f). The 
pronouncedly different morphologies relate to the specific 
parameters of the here used 'bubble-template' approach.[25] 
Surface pore sizes increase with deposition time and higher 
deposition current; larger pores and more pronounced fractal 
structures are created on Cu metal. Pore formation depends on a 
complex process involving nucleation, growth, and detachment of 
H2 gas bubbles during Cu electrodeposition.[25] Small H2 bubbles 
are released fast on Pt, while on Cu H2 desorption is slower, 
resulting in larger pores and deposition of less material.  

Figure 2. (a) Relation between the thickness (d in µm), of the CuCat films and 
the electrodeposited amount of metal ions (nCu in µmol per geometrical surface 
area in cm²). (b) Relation between the electrochemically active surface area 
(ECSA in cm²) of various CuCat films and the electrodeposited amount of metal 
ions (nCu in µmol per geometrical surface area in cm²). CuCats electrodeposited 
on Cu substrate are shown in blue, and on Pt substrate in red. The thickness of 
the samples was estimated from SEM cross-sections (Figure S1). The amount 
of deposited Cu material was determined from TXRF elemental analysis (Figure 
S4). The ECSA was calculated as ECSA=CDL/CCu metal. The double layer 
capacitance (CDL) was determined from scanning multiple CVs at different scan 
rates in a non-Faradaic current range (Figures S6, S7).  

A linear relation between Cu amount and film thickness (Figures 
2, S4, S5) indicates that the overall Cu density of the investigated 
porous CuCats is approximately the same (ρ=0.20±0.03 g cm-3 
versus 8.94 g cm-3 for pore-free metallic Cu metal foil). We thus 
conclude that the CuCats are low-density foams (~45 times lower 
than Cu metal). Surprisingly, macroscopic foam density is roughly 
constant, regardless of the pronounced morphology differences 
at the nanometer and micrometer scale.  
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ECSAs were determined by cyclic voltammetry (CV) 
measurements at different scan rates in the non-Faradaic current 
region (Table S1, Figures S6, S7). For both substrate materials, 
the ECSA depends, to a first approximation, linearly on the 
electrodeposited Cu amount, but the electrochemical surface 
area per deposited Cu atom is 6 times higher for the films 
deposited on a Cu foil (1.90 cm² µmol-1 for Cu substrate, 0.31 cm² 
µmol-1 for Pt substrate). This difference is in qualitative agreement 
with the SEM results shown in Figure 1, which also suggest a 
clearly larger surface area for CuCat deposition on a Cu foil.  

Figure 3. (a, b) CVs in 0.1 M CO2 saturated KHCO3 (pH=6.8, CO2 flow rate=20 
ml min-1, scan rate =100 mV s-1): CuCats deposited at 0.5 A cm-2 for 10 s (cyan), 
at 0.5 A cm-2 for 20 s (red), at 1.0 A cm-2 for 10 s (green), at 1.0 A cm-2 for 20 s 
(brown), Pt foil (black), and Cu foil (violet), on Pt substrate (a) or Cu substrate 
(b). The insets show the enlarged region of reduction waves originating most 
likely from *CO adsorption. (c, d) ECSA normalized current density during 1 h 
of chronoamperometric measurements as a function of applied potential vs. 
RHE for Cu foil (violet), and for CuCats deposited on Pt (c) and Cu substrate (d) 
at 0.5 A cm-2 for 10 s (cyan), at 0.5 A cm-2 for 20 s (red), at 1.0 A cm-2 for 10 s 
(green), at 1.0 A cm-2 for 20 s (brown). Tafel slope for Cu foil (violet) and 
averaged Tafel slopes with the corresponding standard deviations for CuCats/Pt 
– red and CuCats/Cu – blue. 

Total current densities and *CO current wave 
 
Total current density. The electrochemical characterization of the 
catalysts was carried out in 0.1 M KHCO3 solution saturated with 
CO2 at a pH of 6.8 in a custom-built H-cell (Figure S9). To ensure 
that initially present, but unstable Cu oxide phases get reduced to 
metallic Cu (see 1st cycle of CV in Figure S10), we swept the 
potential between 0 and -1.2 VRHE with high scan rates (100 mV/s) 
until reproducible currents were obtained (CVs in Figure 3), then 
performed slow linear sweep voltammetry (5 mV/s, Figure S11). 

Highly similar qualitative characteristics are observed for LSV and 
CV: The onsets of cathodic currents are significantly shifted to 
more positive potentials for CuCats of varying deposition currents 
and times of synthesis compared to metallic Cu foil. The 
overpotential necessary to reach -5 mA cm-2 is lowered up to 350 
mV by CuCats in contrast to pure Cu. All CuCats reach 
significantly larger current densities (up to 5 times) than Cu metal 
foil. CuCats have ~8-65 times higher surface area than Cu metal 
foil (Figure 2), which most likely relates to the larger current 
densities. However, the ECSA-normalized current densities of the 
CuCats are by about one order of magnitude lower than for a pure 
Cu foil (Figure 3c and d). Surprisingly, the Tafel slope (Figure 3c 
and d) is similar for all catalyst materials (about 300 mV per 
decade). This unusually high value for the Tafel slope may reflect 
a diffusion limitation that is common to all investigated catalysts 
(even to the pure metal foil).  
*CO current wave. A current plateau is observed for all the 
CuCats around -0.57 VRHE in the LSVs (Figure S11, Figure S12) 
and from around -0.65 to -0.70 VRHE in the CVs (Figure 3a-b). This 
current wave has been attributed mostly to CO2 reduction coupled 
to formation of adsorbed *CO,[14c, 15a, 26] but also to reduction of 
HCO3

- to HCOO-.[27] Because the current-wave magnitude did not 
correlate with jHCOO-

 (Figure S13), but is proportional to jCO (as 
shown later in Figure 8), we favor the assignment to adsorbed 
*CO. For a polycrystalline Cu metal foil with a low amount of 
defect sites[28], the *CO current wave has not been detectable. It 
also is invisible in the CVs we collected for the Cu metal foil, but 
clearly visible in all Cu foams (Figure 3a, 3b, S14; see Figure S15 
for the corresponding redox charges obtained by integration of 
current waves). Extension of the potential window to more positive 
potentials did not affect the size of this current plateau (Figure 
S16a). However, when the CV scan was started at more negative 
potentials, the current plateau decreased (Figure S16b and c), 
suggesting that unbinding of *CO proceeds only at potentials 
more positive than about -0.4 VRHE, in line with recent findings on 
CO desorption.[29] Variation of the scan rate suggests involvement 
of a diffusion limitation in *CO formation (Figure S17).  

Oxide content of Cu foams 
To gain insight into the structure of the catalysts, ex-situ X-ray 
diffraction (XRD) patterns of different CuCats after a cycling 
protocol (three CVs and a LSV) were recorded (Figure S18). The 
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main phase of the catalysts was identified as metallic Cu with 
major contributions from crystallites of ~100 nm. A minor and 
separated phase was identified as CuI

2O stemming from 
significantly smaller particles (<10 nm). CuIIO crystallites were not 
detected.  
For further structural information—specifically on XRD-invisible, 
non-crystalline CuCat fractions—Cu K-edge X-ray absorption 
spectroscopy (XAS) was performed on dry (electrolyte-free) 
CuCat foams at 20 K (frozen after having performed a cycling 
protocol consisting of three CVs and one LSV). XANES (X-ray 
absorption near edge structure) spectra of the CuCats resemble 
a mixture of a Cu metal contribution and Cu2O contribution (Figure 
S20). Calculating linear combinations of Cu0 metal foil and CuI

2O 
(with the weighting factors as fit parameters) leads to identical 
results for XANES and EXAFS (extended X-ray absorption fine 
structure) spectra, namely the presence of 15% to 45% Cu2O 
(Figure S20). 
The reason for the presence of the CuI

2O detected by cryo-XAS 
on dried CuCat foams could be either (i) the presence of stable 
CuI

2O[30], or (ii) re-oxidation originating from air exposure[23] before 
freezing and exe cution of the cryo-XAS experiment. To address 
the role of air oxidation, we have selected a CuCat (Cu 0.5A-20s) 
to be studied by  operando (or in-situ) XAS. In Figure 4a-c, the 
EXAFS and XANES of the films directly after electrodeposition, 
and at -0.2 and -0.95 VRHE (applied for 30 min each before 
collecting the data) are compared to reference substances (Cu 
metal, Cu2O, CuO, and [Cu(OH2)6]SO4). The as-deposited film 
contains Cu-O distances at 1.92 Å assignable to Cu2+ (Table S2), 

and three Cu-Cu distances assignable to metallic Cu (2.51, 3.58, 
4.41 Å). Applying a potential of either -0.2, or -0.95 VRHE for 30 
min, the film gets reduced to a metallic copper of comparably low 
order, similar to observations reported for Cu nanocubes.[31] To 
assess how fast these reductive changes occur at the negative 
operating CO2 reduction potential (-0.95 VRHE), we have 
immersed the as-deposited CuCat into the CO2-reduction buffer 
(0.1 M KHCO3, pH 6.8) for various amounts of time (Figure 4d). 
Already under OCP (open-circuit potential) conditions, a major 
fraction of the Cu oxide becomes reduced. The XANES spectrum 
collected after 9 min at -0.95 VRHE indicates essentially complete 
reduction to metallic copper; no more further spectral changes are 
observed for the following 18 min at -0.95 VRHE. Deconvolution of 
the final reduced state at -0.95 VRHE yielded a portion of 0-5% of 
Cu2O (Figure S21). This means that the complete absence of any 
Cu2O fraction is compatible with the spectra. Comparison with the 
spectrum collected at -0.2 VRHE reveals that already at low 
negative potentials (-0.2 VRHE) the CuCat is in its most reduced 
state, which could be oxide-free state.  
 

Figure 4. Analysis of the Cu oxide content by (operando) X-ray absorption spectroscopy at the Cu K-edge. a) Fourier-transformed k3-weighted EXAFS spectra. 
Solid lines represent the experimental data and shading the EXAFS simulation. The indicated reduced distances are about 0.4 Å shorter than the real distance 
determined by EXAFS simulations (Table S2). b) k3-weighted EXAFS spectra and simulations (colored lines) before Fourier transformation. c) XANES spectra at 
the Cu K-edge. Panels a, b, c contain data for Cu0 (violet), CuCat at -0.95 VRHE (red), at -0.2 VRHE (grey), as deposited (orange), Cu2O (green), [Cu(OH2)6]SO4 
(light blue), the Cu2+ ion in aqueous solution (blue). d) XANES at the Cu K-edge: CuCat in 0.1 M KHCO3 (pH 6.8) at open circuit potential (OCP), and at -0.95 VRHE 
for the shown time values, which indicate when the XANES scan was started (each scan was collected within 3 min).  
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Figure 5. Quasi in-situ XPS measurements after ultra-high vacuum (UHV) 
transfer of CuCat deposited at 0.5 A cm-2 for 20 s on Cu substrate, obtained 
directly after electrodeposition (as deposited), after performing three CVs and 1 
LSV (after cycling - Figure S10; S11), and after 20 min of operation at -0.95 VRHE 
in 0.1 M KHCO3, saturated with CO2, pH 6.8. a) Binding energy of the Cu 2p 
region. b) Kinetic energy of the Cu LMM Auger region. 

Additionally, the surface of a CuCat (0.5A-20s-Cu) was studied by 
quasi in-situ X-ray photoelectron spectroscopy (XPS) (Figure 5). 
Details about the XPS measurements and evaluation have been 
described elsewhere.[14b] The Auger spectra were fitted with the 
line shape of CuI

2O, CuIIO, and metallic Cu reference spectra 
(Figure 5b). Without any further electrochemical treatment, the 
as-prepared CuCat contained 17% Cu0, 66% CuI

2O, and 27% 
CuIIO. After performing a cycling protocol, consisting of three CVs 
(Figure S10, 3) and a LSV (Figure S11), no more oxides can be 
detected at the surface. XPS after catalytic operation for 20 min 
shows that the CuCat surface remains metallic. Air exposure of 
the as deposited film seemingly causes a strong oxidation of the 
surface of the CuCat (mixture of 66% CuI

2O and 27% CuIIO).  
In conclusions, the oxide species present in the as-deposited 
CuCat film are not stable at negative potentials, but they readily 
become reduced to metallic copper. A remaining minority fraction 
of sub-surface oxides that is below the detection limit of our 
experiments is not fully excluded. Complete reduction of the 
initially present Cu oxides likely occurs already at -0.2 VRHE 
(Figure S10). The transformation of the Cu oxides into metallic 
copper results in a disordered metallic phase, possibly with a 
metallic surface that offers a variety of non-crystalline 
arrangements of copper atoms. 

Figure 6. (a) Reference Raman spectra of 0.1 M KHCO3 at different pH values 
(6.8, 8.8, 9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0, 12.5). The pH was adjusted by 
addition of KOH. (b-d) Operando Raman spectra of CuCat-0.5A-20s on Cu at 
OCP (b), at -0.6 VRHE (c), and at -0.7 VRHE (d) in 0.1 M KHCO3 (bulk pH 6.8) 
directly at the surface (0µm – black line) and 200 µm far away from the surface 
(blue line). 

Evidence for pronounced local alkalization 
 
To demonstrate that CuCats experience diffusion-limited proton 
supply and thus local alkalization, we investigated the HCO3

-

/CO3
2- equilibrium via operando Raman spectroscopy. With 

increasing pH, the HCO3
-/CO3

2- equilibrium generally shifts 
towards CO3

2-, resulting in a decrease in the 1015 and 1363 cm-1 
Raman bands (HCO3

-) and an increase in the 1065 cm-1 band 
(CO3

2- ) (Figures 6a, S22-25). Figure 6 shows operando Raman 
spectra of a selected CuCat (0.5A-20s-Cu) at OCP and 
comparably low overpotentials (-0.6 and -0.7 VRHE) in CO2 
saturated 0.1 M KHCO3

 buffer. 
At OCP, mostly HCO3

- is detected at the CuCat surface, as 
expected (Figure S24). However, already at -0.6 VRHE directly at 
the surface a CO3

2- band is observed. At -0.7 VRHE the 1065 cm-1 
band is strongly enhanced compared to the 1015 cm-1 band. 
Comparison to the reference spectra (Figure S24) shows that the 
local pH at -0.6 VRHE is 9.0 and drops to 7.8 at 200 µm distant from 
the electrode. At -0.7 VRHE the local pH is higher than 10 and 
alkalization is still detectable at a distance of 200 µm away from 
the surface, where the pH exceeds 9.5. Figure S25 shows that on 
Cu foil the local alkalization at low overpotentials is strongly 
reduced compared to the surface of Cu foam (at -0.6 VRHE around 
pH 7.8, at -0.7 VRHE smaller than 9.5).  
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We conclude that already at low overpotentials the CuCat is 
exposed to a drastic local pH increase, likely relating to diffusion 
limitations of HCO3

- ions which act as proton carriers (in analogy 
to the role of H2PO4

- in water oxidation at neutral pH, see ref.[32]). 
The "local pH" is a macroscopic property because alkalization is 
detectable not only directly at the catalyst surface but also at a 
distance of 200 µm. We think that the relation (ratio) between 
proton-consuming catalytic processes and macroscopic proton 
movements is decisive for the extent of alkalization.  
 
Correlating ECSA with partial current densities 
 
The major detected products for CO2 electroreduction on CuCats 
are CO, CH4, C2H4, HCOO-, and minor products are C2H5OH, and 
C3H7OH, C2H6, C3H6O (Figures S26-30), with a stable product 
yield over the course of 8 h (Figure S31). When comparing CO2-
reduction product spectrum of the various electrodeposited Cu 
foams and a Cu foil, clear differences are observed. The formation 
of minor products is generally enhanced on Cu foams compared 
to Cu foil, but no distinct trends can be easily deduced for the 
minor products form the complex data shown in Figures S26-30. 
However, we observe interesting (and often surprising) 
quantitative relations between electrochemical surface area 
(ECSA) and partial current densities for H2 (at -0.6 VRHE), CH4 (at 
-1.05 VRHE), CO (at -0.6 VRHE), and C2H4 (at -0.85 VRHE). In the 
following, we focus on these informative relations, which are 
summarized in Figure 7 (and Figure S32 after normalization to 
ECSA).  
Methane formation is independent of internal surface area. As 
opposed to the total current density and other partial current 
densities, jCH4 is not enhanced by the increased ECSA of the 
CuCat foams (Figure 7b). This surprising behavior can be 
explained by a rate of CH4 synthesis that is determined by the 
area of the macroscopic, outer surface of the catalyst material 
(Aout), but largely insensitive to the area of the nanoscopic inner 
surfaces of the CuCat foam (Aint). The outer, macroscopic surface 
areas correspond to the macroscopic electrode area covered by 
the CuCat foam. This area determines the macroscopic diffusion 
fluxes of educts and products from the bulk electrolyte to the 
catalyst foam and vice versa. (For formation of the pronounced 
crater structures with diameters exceeding 35 µm, as observed in 
the 1.0A-20s-Cu foam, the effective macroscopic surface area 
may be larger than for the electrode surface.)  

The outer, macroscopic surface areas are approximately the 
same for Cu metal foils and all the porous Cu foams, whereas the 
inner surfaces are up to 65-fold larger in the herein investigated 
Cu foams (as judged by the ECSA determined in a non-catalytic 
potential range). It has been suggested that rougher surfaces 
suppress CH4 formation due to a rise in the local pH, because CH4 

formation involves rate-determining, pH-dependent CO 
protonation steps.[2b, 11, 12b] Based on our Raman results indicating 
pronounced alkalization and in line with earlier reports[9a, 11, 33], we 
thus attribute a suppression of CH4 production to locally reduced 
proton concentrations resulting from macroscopic diffusion 
limitations in the supply of protons to the CuCat electrode. Only 
for the CuCat with highest ECSA (65 cm²), jCH4 is elevated 
compared to the pure Cu foil. This could relate to the 
characteristic dimensions of large enough surface structures that 
enhance the macroscopic outer surface, which is relevant for CH4 
formation.  

Figure 7. Geometrical partial current densities of CuCats and Cu foil in 

dependence of the electrochemically active surface area (in cm²). Partial current 
densities were determined at -0.60 VRHE for H2 (black) (a), at -1.05 VRHE for CH4 
(green) (b), at -0.60 VRHE for CO (red) (c), and at -0.85 (blue), -0.95 (dark cyan), 
and at -1.05 VRHE (cyan) for C2H4 (d) in CO2 saturated 0.1 M KHCO3 (pH 6.8). 
ECSA was calculated from experimental double-layer capacitances, CDL (mF) 
(Figure S6, S7). Y-error bars correspond to the average of three individual 
measurements, and x-errors indicate the accuracy of determined ECSA. The 
data point in parenthesis is at the C2H4 detection limit; the real current density 
could be lower. Slope values of linear regressions are: (c) jCO 63.4±0.6 cm² dec-

1, and (d) jC2H4 35.7±0.2 cm² dec-1. 

H2-formation is independent of internal surface area. Figure 7a 
shows that at -0.6 VRHE, the H2-evolution partial current stays at 
the same level for all CuCat foams, irrespective of their ECSA. 
This means that the H2-evolution current densities per ECSA are 
strongly suppressed in a high-area foam when compared to low-
area foams (Figure S32). The CH4 and H2 partial currents thus 
behave highly similar suggesting a similar mechanistic 
explanation: A pronounced local alkalization results from 
macroscopic diffusion limitations in the supply of protons to the 
CuCat electrode, which limits the H2-formation current density and 
suppresses the relative yield of H2-formation when compared to 
CO formation. An alternative explanation might be poisoning of 
inner CuCat surfaces by adsorbed *CO, which is discussed 
further below (and judged as being less likely).   

CO formation follows internal surface area. In the CuCat foams, 
jCO increases pronouncedly with increasing ECSA (Figure 7c), in 
strong contrast to jH2 (Figure 7a) and jCH4 (Figure 7b). The 
regression line in Figure 7c corresponds to an exponential 
increase, but does not provide strong evidence for a truly 



7 
 

exponential behavior. An alternative presentation of the area-
normalized partial current densities suggests that the jCO is 
directly proportional to ECSA (roughly constant value of jCO/ECSA 
in Figure S32). A proportional increase of partial current density 
and ECSA may be viewed as being the "normal" behavior. 
Accordingly, the partial current densities of to jH2 (Figure 7a) and 
jCH4 (Figure 7b) do not behave normally. After normalization to 
ECSA, they are strongly suppressed at increasing ECSA (Figure 
S32). Again, diffusion limitations of protons may provide a 
possible explanation: Depletion of proton transporting carbonate 
ions results in pronounced alkalization[17b] at the active sites of CO 
formation within the CuCat foams which inhibits CH4 formation 
generally and H2 formation at least at low overpotentials, whereas 
CO formation proceeds via a largely pH insensitive pathway.[9a, 9d, 

19, 35] 

Foam-enhanced C2H4 formation from two CO precursor species? 
In the CuCat foams, jC2H4 at -0.85 VRHE increases especially 
strongly with increasing ECSA (Figure 7d). Taking into account 
that such enhancement is not observed at higher overpotentials 
(-0.95, -1.05 VRHE; cyan and blue lines in Fig. 7d), it corresponds 
to a lowering of the onset potential for C2H4 formation by 
increasing surface area in the foam interior. At -0.85 VRHE, the 
C2H4 partial current of the pure metal foil is below the detection 
limit so that the cavities of the foam may be conceived as an 
essential prerequisite for low-potential C2H4 formation. 
Interestingly jC2H4 (-0.85 VRHE) increases clearly more strongly with 
increasing ECSA than jCO (-0.6 VRHE). Whereas for jCO the partial 
current densities per ECSA are constant, the "normal" behavior, 
there is a strong increase in jC2H4 per ECSA when comparing low-
area with high-area foams (Figure S32). This behavior could 
result from a bimolecular reactions between (i) two adsorbed *CO 
species or (ii) between one adsorbed *CO and dissolved carbon 
species. We emphasize that the solid lines in Figure 7 represent 
a drastic approximation, but still may hint towards a quantitative 
trend. Their slope differs by a factor of about 2, which is in line 
with a quadratic dependence of jC2H4 on the rate of CO production 
or number of adsorbed *CO molecules, thus supporting formation 
of one C2H4 molecule from two precursor species in a bimolecular 
reaction.  

Role of *CO coverage. Interestingly, the CO partial current density 
is directly proportional to the magnitude of the irreversible redox 
wave likely assignable to formation of adsorbed *CO, as visible in 
Figure 8. (The CuCat with the highest ECSA represents an outlier, 
which again may be explainable by its large macropores 
increasing the effective outer surface versus the inner surfaces 
that dominate the ECSA.) This clear correlation can be 
straightforwardly explained as follows: The chemisorbed *CO 
equilibrates with gaseous CO in solution resulting in direct 
proportionality of *CO coverage and CO release. The redox-wave 
in the cyclic voltammogram becomes visible because largely 
complete *CO coverage of CO2-reduction sites in the foam interior 
is reached already at about -0.7 VRHE, resulting in a drop of the 
net partial current density for CO formation at more negative 
potentials. The outlined events also can explain that the rate of 
CO formation is not increasing significantly at higher 
overpotentials in most of the investigated copper foams. 
Comparison of the *CO reduction charge to the redox-active 
surface area indeed reveals that a major fraction of surface sites 
could be occupied by chemisorbed *CO molecules, as suggested 
by the following order-of-magnitude estimate for the surface area 

per absorbed CO molecule (A*CO for CuCat/1A-10s-Cu; e, 
elementary charge): 

𝐴∗ை ൌ 𝐸𝐶𝑆𝐴 ሺ𝑞ௗ/2𝑒ሻ⁄       (3) 
𝐴∗ை ൌ 37.7 𝑐𝑚ଶ ሺ9.1 𝑚𝐶/3.2 ∙ 10ିଵଽ 𝐶ሻ⁄  
𝐴∗ை ൌ 13.2 ∙ 10ିଶ 𝑚ଶ ൌ 13.2 Åଶ ൎ 3.6 Å ∙ 3.6 Å 

The above surface area per adsorbed *CO, which corresponds to 
about two copper surface atoms, likely is overestimated due to 
concomitant CO release, but it nonetheless demonstrates that a 
near-saturating level of *CO coverage is conceivable. Blockage of 
H2 by *CO 'poisoning' within the copper foam might contribute to 
suppression of H2 formation in the copper foam interior. However, 
our data suggest that the *CO coverage per ECSA is similar for 
low-area and high-area copper foams (but non-detectable for the 
metallic Cu foil). Therefore we consider it unlikely that *CO 
poisoning determines the activity trends shown in Figure 7.  

Figure 8. Geometric partial current density of CO in mA cm-2 vs qred (or *CO 
adsorption charge) in mC cm-2. The charge was obtained by integrating the 
plateau observed in the 2nd cycle of CVs (Figure 3) of CuCats. Linear regression 
(red line) excludes 1.0A-20s-Cu with ECSA of 65 cm². X- and y-error bars 
correspond to the average of three individual measurements. 

A bimolecular reaction of CO species present in the foam cavities 
implies that for continuous catalytic operation, the effective 
residence time of chemisorbed *CO and gaseous CO is a crucial 
determinant of the rate of C2H4 formation. Aside from catalytic CO 
formation and conversion, the concentrations of chemisorbed 
*CO and gaseous CO molecules within the Cu foams are 
determined by the *CO/CO equilibrium within the cavities as well 
as diffusion of gaseous CO molecules from the inner-foam 
cavities to the bulk electrolyte. The resulting *CO/CO 
concentrations may also be discussed in terms of an effective 
*CO/CO residence time. This residence time is predicted to 
increase strongly with an increase in the foam-internal surface 
area in comparison to the outer, macroscopic surface. Enhanced 
C2H4 formation efficiency for small average distances between Cu 
nanoparticles has been explained by a similar line of 
arguments.[16]  

Conclusions 

Role of copper oxides 

The electrodeposited Cu foams initially consist of both, Cu oxide 
(predominantly Cu+, but also Cu2+) and crystalline metallic 
domains. Application of catalytic potentials, which are sufficiently 
negative for CO2 reduction, results in massive reduction of the Cu 
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oxides such that a metallic copper phase prevails at catalytic 
potentials. However, this metallic copper differs from 
polycrystalline copper metal by increased atomic disorder of the 
bulk material. We cannot exclude that this disordered metallic 
copper contains dispersed (sub-surface) oxygen atoms, but likely 
without formation of any distinct Cu2O or CuO domains, and not 
predominantly in form of a surface oxide. We note that all the 
investigated copper foams contain an initially high oxide content. 
Therefore, it is unlikely that the major reactivity trends observed 
within the series of copper foams are determined by the initially 
present oxide fraction, which is transformed into a disordered 
metallic phase at catalytic potentials. 

Rather than morphological details, Ain/Aout determines 
product yields 

A hydrogen-bubble template method for Cu electrodeposition 
produced foams of 40-360 µm thickness. A variety of pore 
dimensions and morphologies were obtained, depending on 
deposition current, deposition time and choice of the metal 
employed as a substrate electrode during Cu electrodeposition 
(Pt versus Cu). For all these foams, only about 2% of their total 
volume is filled by metallic copper resulting in a total pore volume 
close to 98%. In spite of drastic morphology variations, the foam 
density remains approximately constant. In contrast, the ECSA, 
which measures the ratio between foam-internal surfaces (Ain) 
and the outer macroscopic surface (Aout), depends on the film 
morphology and is strongly enhanced for electrodeposition on a 
Cu substrate, explainable by a pronouncedly dendritic structure of 
the internal foam surfaces. The variability of the foam morphology 
promotes identification of properties that are determinants of 
catalyst specificity and achievable partial current densities. 
Eventually we find that it is neither the total internal pore volume 
nor specific morphological details, but it is the area of inner 
surfaces that is decisive regarding specificity and partial current 
densities at low overpotentials.  

Factors controlling specific partial current densities 

Formation of CO, and C2H4 at low overpotentials is strongly 
favored by large foam-internal surface areas, as opposed to H2 

and CH4 formation. We propose that the detected correlations 
between partial current densities and Ain/Aout are explainable 
within the following scenarios: 

I. Macroscopic diffusion limits the proton supply and 
results in pronounced alkalization at CuCat surface, as 
shown herein by operando Raman spectroscopy. 
Because of low proton activity, H2 and CH4 formation 
are strongly suppressed, whereas CO and C2H4 
formation still proceed via a largely pH-independent 
mechanism.[2b, 9a, 19, 35a].  

II. Formation of chemisorbed *CO molecules could block 
active surface sites and thereby might suppress 
formation of H2. [6c, 10d, 16-17, 37] We find that the fraction of 
surface sites covered by *CO could be significant. 
However, this fraction is not found to be significantly 
greater in high-area foams than in low-area foams. 
Consequently, we consider it unlikely that *CO 
poisoning of H2-formation is a decisive determinant of 
the reactivity trends reported in our study.  

III. Whereas jCO increases roughly in parallel to the ECSA 
of the CuCat foams, a clearly stronger increase is 
observed for jC2H4. Taking into account also our finding 

that jCO may be directly proportional to the surface-
adsorbed *CO molecules, we propose that C2H4 is 
formed within the foam from two CO precursor species, 
namely adsorbed *CO and dissolved CO present within 
the foam cavities.  

Experimental Section 

Synthesis: Electrodeposition of Cu/Cu2O-based catalysts (CuCats) 
follows a modified protocol described by Shin et al.[21a]. Three electrodes 
in a single compartment open electrolysis cell were used without stirring or 
heating. As reference electrode a Ag/AgCl electrode (Methrom), as 
counter electrode Pt foil were used, and the working electrode was cleaned 
and etched Cu or Pt foil (0.1 mm thickness, 99.99+% purity, Goodfellow) 
controlled by a Biologic SP300 potentiostat. Negative currents of 0.5 A or 
1.0 A were applied for either 10 s or 20 s. The distance between the 
counter and working electrode was kept constant at ~3 mm. The 
electrolyte consisted of 0.2 M CuSO4 and 1.5 M H2SO4. Before use the Cu 
or Pt foil was polished with diamond paste (0.7 µm), cleaned with ~10% 
HNO3, and then cleaned stepwise in an ultrasonic bath using-milliQ H2O 
and ethanol. Immediately before electrodeposition the foils were etched 
with ~10% HNO3 (in case of Cu) or with ~10% HCl (in case of Pt). The 
backside of the substrates was covered with silicon glue. Dark red films 
are obtained, which are washed with milliQ water, followed by dry blowing 
with N2 gas. Unless otherwise stated prior to any further ex-situ analysis, 
the surface oxides have been reduced with a set of CVs (100 mV s-1, from 
0 to -1.05 VRHE) and LSV (5 mV s-1, from -0.3 to -1.1 VRHE). 

The Cu foil (0.1 mm thickness, 99.9999% purity, AlfaAeser) used as a 
reference was polished with micro-polish alumina suspension (0.05 
micron) on micro cloth, then cleaned stepwise in an ultrasonic bath using-
milliQ H2O, ethanol, and milliQ H2O each for 10 min, followed by etching 
in 10% HNO3 for 30 s. 

Electrochemical and chromatographic analysis of gaseous products: 
The electrochemical CO2 reduction was carried out in a custom made gas 
tight two compartment electrochemical cell (Figure S9) separated by a 
Nafion 211 membrane using a Gamry Reference 600 potentiostat. All the 
potentials measured were compensated for iR drop and represented with 
respect to reversible hydrogen electrode (RHE). Aqueous 0.1 M KHCO3 
solution was used as the electrolyte after saturating with CO2 gas (99.995 
vol.%, Air Liquide) for 10 min. During electrolysis, the electrolyte in the 
working electrode (WE) compartment was purged with CO2 from the 
bottom of the cell at a flow rate of 20 ml min-1 using a calibrated mass flow 
controller. Along with this the electrolyte at the WE compartment was 
stirred continuously to achieve maximum mass transport of CO2 to the 
electrode surface. A leak free Ag/AgCl reference electrode was placed in 
front of the working electrode of 1 cm² area. A Pt coil (Biologic) was used 
as the counter electrode and CO2 was purged to the counter electrode 
compartment. The gaseous products of CO2 reduction reaction were 
identified and quantified using an online gas chromatograph (GC) 
(Shimadzu GC-2014) coupled with the two-compartment electrochemical 
cell. The product gases were analyzed after 20 min and 1 h of electrolysis 
at a specified potential. No yield differences were observed between 20 
min or 1 h. During sampling, CO2 flow along with the product gases in the 
loop were injected into GC by switching a 10-port valve. The GC is 
equipped with a thermal conductivity detector (TCD) for the detection of H2 
and other permanent gases. A methanizer in series with a flame ionization 
detector (FID) is used for detecting CO and hydrocarbons. Ar of grade 5 is 
used as the carrier gas.  

Analysis of liquid products: Quantitative analysis of the liquid products 
is performed in two separate chromatographers (A and B). A) The offline 
gas chromatographer of type Shimadzu GC-2010-Plus with AOC 150i 
(autosampling) was used for detection and quantification of the volatile 
liquid products such as acetaldehyde, propionaldehyde, ethanol, propanol, 
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allyl alcohol and acetone. Microliter amounts of liquid sample are injected 
and converted to gas phase at elevated temperature in a quartz liner, 
following which a part of the expanded gas is injected into the He carrier 
gas and to the column of type SH-Stabilwax for separation. Aldehydes and 
alcohols were detected via a flame ionization detector (FID). Calibration 
was performed regularly for six above named products. B) HPLC of brand 
Agilent Technologies 1200 Series was used for separation, detection and 
quantification of the carboxylic acids such as formate and acetate. 
Separation is done in a Organi-Acid Resin column flushed with 0.005 M 
H2SO4 at 1 mL/min flow. Detection is achieved via refraction index detector 
(RID). Calibration was performed for formate and acetate.  

Electrochemically active surface area: Electrochemical capacitance of 
the samples was determined using cyclic voltammetry[10a, 36] at 8 different 
scan rates (10, 20, 30, 40, 50, 60, 80, 100 mV/s). Non-Faradaic responses 
were found in potential ranges of 0.15 V around the open circuit potential 
(OCP). All currents in this region can be assigned to double-layer charging. 
[36c] Prior to each CV, the starting potential of the sample was held for 10 
s. The charging current, i, (as average of absolute values of anodic and 
cathodic sweep) of the double layer is equal to the product of the scan rate, 
v, and the electrochemical double-layer capacitance, CDL: 

𝑖 ൌ 𝑣 ∙ 𝐶          (4) 

When plotting the averaged current, i, against the 8 different scan rates, v, 
the slope of the linear fit of the data equals the double layer capacitance, 
CDL, of each sample. Calculation of the electrochemically active surface 
areas (ECSA) was done using eq 5. For Cs we used an experimental 
double layer capacitance value of 38 ±3 µF for Cu foil.  

𝐸𝐶𝑆𝐴 ൌ 𝐶
𝐶௦
ൗ         (5) 

X-ray spectroscopy: Cu K-edge XAS was performed at beamline KMC-3 
at Helmholtz-Zentrum-Berlin (BESSY II) at 20 K. Energy calibration was 
done by collecting spectra of Cu metal foil (0.0075 mm, 99.99+ %, 
Goodfellow) and shifting the energy values according to the first inflection 
point of the first derivative of the Cu foil spectrum. Reference material 
spectra of CuO, CuCl, CuSO4, [Cu(OH2)6]2+ were collected in absorption 
mode with ionization chambers in front of and behind the sample. Spectra 
of Cu-based catalysts, Cu metal foil, and Cu2O were all collected in 
fluorescence mode with a 13 element windowless Germanium detector 
(Canberra) with detuned X-ray beam to avoid oversaturation and distortion 
due to the high metal content. The catalysts deposited on platinum were 
frozen in liquid N2 after electrodeposition and performing three CVs and a 
LSV (0 to -1 VRHE). In case of the copper substrate the thin catalyst films 
could not have been distinguished from the underlying substrate. 
Therefore, the catalyst layers have been carefully scratched off the surface 
using plastic razors. To guarantee that this method does not affect the 
atomic structure of the sample, we have compared the Cu K-edge spectra 
of a thin film on Pt and one scratched off the substrate surface. Figure S19 
shows that no artefacts are introduced by this method and the atomic 
structure remains identical no matter if the sample is a thin film or a powder. 
Linear combinations of Cu and Cu2O were selected by least-square fits 
(with the weighting factors as fit parameters) which lead to identical results 
on XANES and EXAFS spectra.  

Operando Cu K-edge measurements were performed at 293 K, largely as 
described previously.[37] The CuCat was deposited on carbon paper 
(FuelCellStore) for 0.5 A and 20 s. The deposited catalyst was placed in 
the window of a home-made electrochemical cell (Teflon) by connecting 
parts of pure carbon paper with Cu tape for electrode connection. The 
backside of the working electrode consisting of only carbon paper (facing 
the X-ray beam) was covered with Kapton tape. Close to the catalyst film 
(~ 0.2 mm), a small Ag/AgCl working electrode was mounted. A platinum 
coil was used as a counter electrode. The excited X-ray fluorescence 
passed through the Kapton window and then through a 10 μm Ni metal foil 
shielding against scattered light. The fluorescence was monitored 
perpendicular to the incident beam by a scintillation detector (19.6 cm2 

active area, 51BMI/2E1-YAP-Neg, Scionix; shielded by additional 2 μm Al 
foils against visible light). The detector consisted of a scintillating crystal 
(YAP) converting X-ray photons into visible light detected by a fast 
photomultiplier operated at 500 V connected to a Keithley multimeter for 
analog-to-digital data conversion. Absorption spectra of Cu metal foil were 
measured for precise energy calibration. In the beginning of each 
experiment, spectra of the dry film (as deposited) were collected. Then, 
0.1 M KHCO3, saturated with CO2, pH 6.8 was filled into the cell, and 
during operation a constant CO2 stream of 1 ml/min was kept in front of 
the film surface.  

Details about the quasi in-situ XPS measurements and the corresponding 
data evaluation have been described elsewhere.[14b] 

Operando Raman Spectroscopy: Raman spectra were collected with a 
Renishaw inVia Raman spectrometer coupled with a Leica microscope. 
Calibration was done using a silicon wafer standard (521 cm−1). A water 
immersion objective (Leica, 40×, numerical aperture = 0.8) was used to 
focus and collect the incident and scattered laser light during 
electrochemical measurements. A 0.013 mm thin optically transparent 
Teflon film (DuPont) was used to protect the objective from alkaline 
solution. The spectra were obtained in the range of 248 − 1869 cm−1 using 
a grating with 2400 lines/mm and a slit size of 20 um. A 473 nm laser (YAG 
laser, 100 % power) focusing on a line (around 30 x 5 µm) served as an 
excitation source. The acquisition time for a spectrum with 5 accumulations 
was 35 s. A home-built spectro-electrochemical cell made of PTFE was 
interfaced with the Raman microscope for spectroscopic measurements. 
The cell was equipped with a Ag/AgCl reference electrode and a Platinum 
ring counter electrode, and controlled by a SP-200 Biologic potentiostat. 
To acquire spectra at different distances from the catalyst surface, we 
performed depth scans at each potential, employing the line-focus option 
of the inVia Raman spectrometer. The focusing point on void structure of 
our catalyst surface was set as 0 position. Before measurement, we 
performed three CVs and a LSV to reduce the surface oxides. The depth 
scans were performed in 0.1 M KHCO3 electrolyte saturated with CO2, and 
the electrolyte was continuously purged with CO2 throughout the 
experiment. The desired potential was applied for 2 min before collecting 
the spectra to ensure steady-state conditions. All spectra were smoothed 
and baseline corrected by Renishaw software. Peak area analysis was 
carried out by in-house software “gloFit”. 

Further experimental details can be found in the Supporting Information. 
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