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Copper electrodes are especially effective in catalysis of C2 and
further multi-carbon products in the CO2 reduction reaction
(CO2RR) and therefore of major technological interest. The
reasons for the unparalleled Cu performance in CO2RR are
insufficiently understood. Here, the electrode–electrolyte inter-
face was highlighted as a dynamic physical-chemical system
and determinant of catalytic events. Exploiting the intrinsic
surface-enhanced Raman effect of previously characterized Cu
foam electrodes, operando Raman experiments were used to
interrogate structures and molecular interactions at the elec-
trode–electrolyte interface at subcatalytic and catalytic poten-
tials. Formation of a copper carbonate hydroxide (CuCarHyd)
was detected, which resembles the mineral malachite. Its

carbonate ions could be directly converted to CO at low
overpotential. These and further experiments suggested a basic
mode of CO2/carbonate reduction at Cu electrodes interfaces
that contrasted previous mechanistic models: the starting point
in carbon reduction was not CO2 but carbonate ions bound to
the metallic Cu electrode in form of CuCarHyd structures. It was
hypothesized that Cu oxides residues could enhance CO2RR
indirectly by supporting formation of CuCarHyd motifs. The
presence of CuCarHyd patches at catalytic potentials might
result from alkalization in conjunction with local electrical
potential gradients, enabling the formation of metastable
CuCarHyd motifs over a large range of potentials.

Introduction

The environmental and energy crisis drives researchers in
pursuing novel clean energy strategies.[1] The electrochemical
conversion of atmospheric CO2 to valuable fuels is a promising
approach that can help to mitigate anthropogenic carbon
emission by storing renewable energy resources in chemical
form.[2] Metallic Cu is the only pure metal that enables the
production of multi-carbon products.[3] However, there is a
variety of product of the CO2 reduction reaction (CO2RR) and
the product distribution is usually quite diverse and rarely
controllable.[3c,4] In order to boost C2+ product selectivity,
various strategies have been explored, for instance, increasing
the electrode surface roughness by making nanostructures,[5]

preparing bimetallic catalyst,[6] or simple anodic preconditioning
protocols.[7] The understanding of the mechanism of CO2RR
with special focus on the factors guiding selectivity is crucial for
the development of a practical, large-scale catalyst.[8]

Oxide derived copper (OD� Cu) exhibits better selectivity for
C2+ products.[7a,9] The mechanism behind the increased effi-
ciency is still a question under debate.[10] It is believed that
moderate CO surface adsorption facilitates C� C coupling in C2+

production.[8a,11] Verdaguer-Casadevall et al. proposed that
strong binding sites for CO lie in the grain boundaries of
OD� Cu, leading to further reduction of CO to C2+ products,[12]

whereas Klingan et al. explained quantitative correlations
between CO formation, surface-bound *CO and C2H4 formation
by local alkalization.[13] Other reports claim “subsurface oxygen”
can survive even under high catalytic (negative) potentials,
which could help stabilize reaction intermediates.[14] It is not
clear whether this effect is due to morphological reasons or
specific oxo groups involved in the catalytic mechanism.[5b,9c] In
any event, in recent reports Cu+ is often considered as an
active-site copper species,[7b,10a,15] and the synergistic effect of
Cu+ and Cu0 may promote both CO2 activation and the *CO
dimerization.[10a,16]

Operando techniques can be used for mechanistic inves-
tigations since they give the opportunity to study the catalyst
during operation.[17] In case of OD� Cu-driven CO2RR, the need
of operando measurements is intensified because of the
instability of the Cu surface under non-operating conditions.
Operando Raman spectroscopy is particularly suitable to study
reactions on copper since roughened Cu enables the surface
enhancement effect.[18] Indeed, this amplifies the signal of the
molecules adsorbed on the surface of Cu such that even a
single molecular layer can be detected.[18b,19] With the help of
operando Raman spectroscopy researchers could trace reaction
intermediates and catalyst oxidation states to gain insight on
CO2RR mechanism;[17g,20] for a discussion of adequate normal-
ization of surface-enhanced Raman spectra and numerous
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operando spectra addressing CO2RR at copper surfaces, see the
report by Jiang et al.[21]

Chernyshova et al., using operando Raman spectroscopy,
proposed that the first step of CO2 reduction is a single-electron
transfer to molecular CO2 forming *CO2

� , which adsorbs onto
the Cu surface with the C and O atoms.[22] In a following work,
the interaction of the co-adsorbed sodium cation to the
proposed *CO2

� intermediate on Cu(111) surface in the
presence of an electric field was also investigated by density
functional theory (DFT) modelling, based on which a specific
activation pathway of *CO2

� towards CO or formate has been
postulated.[23] Although the formation of *CO2

� through molec-
ular CO2 has been considered energetically disfavored, the
stabilization of *CO2

� may promote this reaction kinetically.[3a]

On the other hand, it is still unclear whether CO2 gas or
bicarbonate is the first reactant in CO2RR. Dunwell et al.
investigated the role of bicarbonate in CO2 reduction on gold
by isotope labelling of reactants.[24] It was found that the
isotope content of the produced CO is largely unaffected (for
the initial 20 min) when only CO2 gas is marked, which suggests
that CO2 gas is not the C source of the reaction. However, they
report that without purging CO2 gas in the electrolyte medium,
the pure bicarbonate buffer did not support any CO formation.
Therefore, it was concluded that CO2 (aq) in equilibrium with
bicarbonate is the C source in CO2RR. A similar result was
reported for CO2RR on Cu.[25]

Kortlever et al. proposed the direct reduction of bicarbonate
on the Cu surface;[26] after using 1 m KHCO3 without CO2 gas
purging, they detected formate as a product of CO2RR. This
evidence changed the assignment of the voltametric reduction
at around � 0.7 VRHE (RHE: reversible hydrogen electrode) to
bicarbonate reduction that had previously been assigned to
*CO adsorption.[27] In the same study, different facets of metallic
copper showed different activities; in particular the highly
undercoordinated Cu(110) facet exhibited the highest reduction
currents.[26]

Recently, malachite [copper carbonate hydroxide,
Cu2(OH)2CO3] nanorods have been proposed as the actual active
species in Cu driven CO2RR.

[28] The malachite nanorods,
spontaneously formed on copper foil, showed a greater activity
than bare copper towards formation of C2 compounds,
suggesting that the copper carbonate hydroxide material could
be the actual catalyst of the reaction.[29] In another study, Cu
carbonate was observed on Cu2+ surfaces and assumed to
block the CO2 reduction reaction sites due to the poor charge
transport.[15a] Notably, affinity of Cu oxides to organic material
has also been investigated with regard to biomass waste
treatment catalyzed by Cu anodes.[30] In such an environment,
Cu carbonate was proposed as a passivating layer. In summary,
to date there is no consensus on whether bicarbonate directly
participates in CO2RR or simply works as a buffering electrolyte
with the carbonate ions in equilibrium to CO2.

[25,31]

Herein, we use operando Raman spectroscopy to study the
electrode/electrolyte interface prior and during CO2RR catalysis
with the aim to characterize the catalytically active material. We
show formation of amorphous copper carbonate hydroxide
layers locally resembling the mineral malachite, where the

carbonate ions of the malachite-like material likely can be
reduced directly to carbon monoxide. This observation and
comprehensive sets of complementary experiments suggest a
central role of bicarbonate in the CO2 reduction reaction and
help explaining the higher activity of oxide-derived Cu for CO2

reduction.

Results and Discussion

Overview of copper-foam redox chemistry

Copper electrodes were prepared as described in the Exper-
imental Section and left under atmospheric condition over-
night, during which time a layer of copper oxide is naturally
formed on the surface. Due to their porous structure described
elsewhere,[13] they are denoted as Cu foams. As shown in
Figure 1, a cyclic voltammogram (CV) of such Cu foam
electrode, in a CO2-saturated bicarbonate buffer solution, shows
unstructured, reversible as well as irreversible reduction and
oxidation peaks. Clearly, this behavior reflects the complex
nature of the CO2RR, oxide reduction, and other reactions
occurring at the oxide-derived Cu surface, as detailed further
below. When a constant potential is applied for about 20 s, the
current level stabilizes (see Figure S2) suggesting that the
system is sufficiently close to a steady state. This allows for
collection of reproducible surface-enhanced Raman scattering
(SERS) spectra, which facilitates systematic examination of the
surface composition of the catalytic electrode and its interface
with the electrolyte.

Figure 1. Cyclic voltammetry of Cu foam measured in CO2 saturated 0.1 m

(red) and 0.5 m (black) KHCO3, 10 mVs� 1. Thicker lines highlight the first
sweep from open-circuit potential to first vertex. Arrows indicate the
potential where operando SERS shown in Figure 2 was performed, from right
to left: 0, � 0.1, � 0.2, and � 0.3 VRHE.
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Operando Raman spectra in CO2-saturated carbonate
electrolyte

SERS measurements were performed on a Cu-foam electrode
recording for 2 min at the respective electric potential, starting
20 s after a potential change. In the following, unless otherwise
specified, we will refer to this measurement protocol simply as
“operando” (product composition analysis via gas-chromatog-
raphy of the same system published elsewhere, see ref. [13]).
Typical operando SERS spectra, from 0 to � 0.3 VRHE (see arrows
in Figure 1), of Cu foam electrode for CO2 reduction are shown
in Figure 2, where 0.1 m KHCO3 saturated with CO2 was used as
electrolyte; spectra collected over a larger range of potentials, 0
to � 0.6 VRHE, are reported in Figure S1 in the Supporting
Information. Prior to application of any potential (open-circuit
potential, OCP), the only peaks present are at 405, 520, and
620 cm� 1 (see Figure S1), which have been assigned to a
mixture of Cu2O, CuO, and Cu(OH)2, as they are formed on the
surface of metallic Cu after being exposed to air.[13,32] After
sequential application of increasing negative potentials from 0
to � 0.3 VRHE, peaks at 354–305 (A), 705 (B), 1070 (C), and 1533–
1512 cm� 1 (D) appeared, and a shoulder peak at 1045 cm� 1 (C1)
and two less prominent peaks at 1340 and 1677 cm� 1 (D1 and
D2 respectively) are visible. Peak A may comprise two over-
lapping peaks, which evolve differently with applied potential:
the 354 cm� 1 peak dominates at � 0.1 VRHE, with a shoulder at
305 cm� 1, which grows at larger potentials and becomes the
dominant peak at � 0.4 VRHE. The peak at 1070 cm� 1 is usually
assigned to carbonate symmetric stretching.[33] The assignment
of the other peaks is unclear, yet their simultaneous appearance
suggests that they could belong to the same species. Moreover,
these peaks are observed at the oxide reducing potentials and
the increase of peak (B) and (D) seems to occur concurrently to
the oxide peak weakening, suggesting a relation between the
two phenomena. Interestingly, at the same time a peak at
2040–2080 cm� 1, usually assigned to adsorbed CO,[20a,c,d,21] arises,
which is not expected at these low overpotentials (E°CO2=CO =

� 0.10 VRHE).
[4] The assignment of this peak is confirmed by a

similar experiment performed substituting H2O electrolyte with
D2O, where the 2040–2080 cm� 1 peak was still observed,
excluding the attribution to H adsorption (see Figures S1, S34,
S36). There is also evidence for CO2 reduction products aside
from CO, namely the presence of C� H bands (Figure S1), mainly
corelated to the formation of formic acid and other C1 and C2

products.[21]

Operando Raman or IR spectroscopy have been used by
several researchers investigating CO2 reduction on Cu
catalysts.[20c,21,22,34] The peaks at 705 and 1530 cm� 1 have been
assigned to in-plane bending and asymmetric stretching of a
*CO2

� intermediate (bound to Cu surface with C and O)
produced by a singly reduced CO2 molecule.[22] In the following,
we will analyze the relation of the peaks A–D to the CO2RR.

Influence of carbonate concentration in CO2-depleted
electrolyte

The operando experiment of Figure 2 was performed again but
without CO2 saturation of the electrolyte. Therefore, a nitrogen
gas stream was used for purging the electrolyte, and SERS
spectra were collected in 0.1 and 1 m bicarbonate electrolyte
(Figure 3). We note that removal of CO2 alters the bicarbonate
buffer equilibrium such that the pH of the solution changes
from 6.8 with CO2 saturation to about 9 with N2 saturation (for
0.1 m KHCO3). This pH change easily could alter the affinity of
the Cu surface regarding reactions intermediates or any
adsorbed chemical species, as discussed further below in more
detail. Yet the main objective of the experiment is to examine
the influence of the bicarbonate concentration in the absence
of gaseous CO2. The presence of residual dissolved CO2 deriving
from the equilibrium with (bi)carbonate is excluded due to the
continuous N2 purging. The results, reported in Figure 3 (solid
line spectra; see Figure S5 for 0.5 m KHCO3), show that in N2-
saturated 1 m KHCO3 (pH 8.7), the peaks A–D are visible and
present an increased intensity in the 0 and -0.1 VRHE spectra. We
conclude that bicarbonate itself, in the absence of dissolved

Figure 2. Operando SERS spectra of Cu foam in CO2-saturated 0.1 m KHCO3

(pH 6.8) at various potentials (from 0 to � 0.3 VRHE). Due to peak position shift
with increasingly negative potentials, we label peak ranges of interest with A
for the peak(s) at 354–305 cm� 1, B for the peak at 705 cm� 1, C for the peak at
1070 cm� 1, and D for the peak at 1512–1533 cm� 1.

Figure 3. Comparison between operando SERS spectra of Cu foam measured
in N2-saturated 0.1 m KHCO3 (pH 9.16) (solid line) and 1 m KHCO3 (pH 8.7)
(short dash line) at various potentials (from 0 to � 0.3 VRHE). Complete data is
also shown in Figures S3 and S4.
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CO2, can produce the species responsible for peaks A–D. The
presence of the CO stretching band indicates that CO2 gas
purging is not required for CO formation. Worth noting, without
CO2, in highly concentrated bicarbonate buffer, hydrogen
evolution is facilitated, as conspicuous bubble formation was
observed at potentials lower than � 0.4 VRHE. Nevertheless,
spectroscopic evidence of hydrogen adsorption was never
found.

13C isotope labelling of the bicarbonate/CO2 electrolyte

Selective 13C isotope labelling was performed on the bicarbon-
ate/CO2 mixture of the electrolyte. This experiment was
conducted in the shortest time possible (typically 10 min CO2

solution saturation prior measurement, plus 8 min measure-
ment time) to avoid isotope mixing due to the equilibration of
the bicarbonate/CO2 system (see Figure S6 for more details).
The labelling of KHCO3 (but not of the CO2 gas) produces a
frequency shift of peak D from 1533–1505 to 1497–1474 cm� 1

(Figure 4, see Figure S7 for details; further dataset in Figures S8
and S9). It can be noted that the weaker peaks, D1 and D2, shift
to a similar extent as the main peak D. Labelling instead solely
CO2 does not cause any shift of peak D (see Figure S10), which
again supports that the primary source of this band are
bicarbonate ions. The isotopic shift is consistent with C� O
vibration from either *CO2

� [22] or a carbonate anion.[24–25] Further
below, we will propose assignment to a copper carbonate
hydroxide species. The band at 705 cm� 1 shows no clear shift as
displayed in Figure S7. The CO band is significantly modified by
12C/13C exchange, but a quantifiable band shift cannot be
resolved because of the complexity of the CO bandthat
comprises several sub-bands of varying amplitudes. Notably, a
clear shift of the CO peak can be observed by applying the
potential further to � 0.7 VRHE but only within about 10 min of
operation, until the 13C-atoms of carbonate are mostly ex-
changed with the C-atoms from 12CO2 (Figures S11–15).

We also cannot resolve a clear shift of peak A at 350 cm� 1 in
13C-labelled electrolyte (Figure 4, Figure S7 for details; further
dataset in Figures S8 and S9). Due to the absence of clear
frequency shift upon electrolyte labelling with 13C, we propose
to assign peak A to a Cu� O vibration. Moreover, as described in
the following, a similar peak was observed in operando SERS
recorded with carbon-free phosphate buffer, which strongly
supports the assignment to Cu� O vibrations.

Comparison with phosphate electrolyte

In phosphate electrolyte, the peak at 310 cm� 1 is visible
together with bands of adsorbed phosphate ions at 800–
1100 cm� 1 (Figure 5). Gediminas et al. have investigated
phosphate adsorption on Cu, Ag, and Au with operando
Raman.[35] They observed a peak at around 320 cm� 1 on Cu
surface as well as a phosphate band, similar to the spectra in
Figure 5, and suggested that phosphate adsorbs through a
bridging oxygen.[34] To be noted, it is common also for other
oxyanion to adsorb on Cu and noble metal surfaces through
the oxygen atom.[36] The M� O vibration, in these cases, typically
appears in the 250–400 cm� 1 region.

The operando SERS recorded in phosphate buffer show a
correlation between applied potential and the relative ampli-
tudes of the phosphate bands. The more negative the potential
the stronger is the signal from deprotonated phosphate species
(see 987 cm� 1 HPO4

2� vs. 1103 cm� 1 H2PO4
� in Figure 5),

suggesting pronounced alkalization at the electrolyte–electrode
interface. Noteworthy, a CO signal appears in the � 0.3 VRHE

spectrum, which was not expected due to the absence of a
carbon source in the electrolyte. The appearance in only one
operando spectrum is an indication that it originates from a
small amount of material (see also Figure S17). Thus, this peak
was attributed to traces of carbonate deriving from unavoidable
sample exposure to air.

The results presented so far support that the CO2RR
intermediate visible in the operando SERS are related to

Figure 4. Comparison between operando SERS spectra of Cu foam measured
in CO2 saturated electrolyte with 0.1 m KH12CO3 (solid lines) and 0.1 m

KH13CO3 (pH 6.8) (dashed lines) at various potentials (from 0 to � 0.3 VRHE). A
peak comparison is also shown in more detail in Figure S7.

Figure 5. Operando SERS spectra of Cu foam measured in N2-saturated 0.1 m

potassium phosphate buffer (pH 6.8) at various potentials (from 0 to
� 0.4 VRHE). Complete data see Figure S16. Repetition see Figure S17.
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carbonate species rather than being created by reduction of
dissolved CO2. For clarity purposes, the discussion that follows
starts with a comparison of our already presented results with
some literature reports, trying to address inconsistencies, in
particular regarding the assignment of spectroscopic signatures
to either adsorbed CO2 or carbonate or products of their
reduction. Afterwards, the discussion continues with an analysis
of what are thermodynamically and kinetically conceivable
events in our experiments, proposing a new way to interpret
the operando SERS data, which further below will be supported
by additional experiments. We believe that the interpretation
proposed herein can support an adequate discussion of Raman
CO2RR data, potentially changing the future course of interpre-
tation in terms of reaction mechanisms.

Peak D is not assignable to adsorbed (bi)carbonate

In the following it is shown that peak D at 1530 cm� 1 does not
originate from vibration of adsorbed (bi)carbonate. We have
listed and compared the peak positions from our experiment
with other literature-reported carbonate bands in these regions
in Table 1. We note that peak 1045 cm� 1 was reported as � OH
band in azurite and malachite.[37]

Dissolved solution species of (bi)carbonate have no bands
at around 1530 cm� 1.[33] However when carbonate adsorbs on
Au surface, it is reported to have bands at around 1429–
1499 cm� 1,which might be a possible explanation for peak D.[38]

Peak D has been observed before in operando vibrational
spectra of CO2RR in bicarbonate buffer,[20c,d,22,24,34c,39] mostly
assigned to carbonate anion adsorption.[20c,d,24,34c,39a] Exceptions
are some reports that considered the potential correlation to
CO2RR intermediates.[22,39b,c] Absence of the peak at 1530 cm� 1

(D) in the clear presence of an adsorbed carbonate band at
1068 cm� 1 (C) disfavors assignment of peak D to adsorbed
carbonate.[22] We observed the same behavior in our experiment
performed in N2-saturated 0.05 m K2CO3, where peak D was not
observed while the band at 1070 cm� 1 band was clearly present
(Figure S18). In all the experiments described herein, the
correlation between the presence of peak C and D is not
biunivocal: The band of adsorbed carbonate is always present
when also peak D is, but peak D may be absent in the presence
of a carbonate peak. We believe that peak C does not simply

originate from carbonate adsorption to a metallic copper
surface. There could be two carbonate species contributing to
the comparably broad asymmetric vibrational band of peak C,
with one species giving rise also to peak D. We note that the
correlation between the oxide and the appearance of peak D is
crucial to unravel its origin. As shown further below, the
occurrence of peak D correlates with the disappearance of
oxide bands.

Equilibrium phases and formation of a metastable material

Mostly operando Raman spectroscopy results on CO2RR are
evaluated on the basis that the rough Cu surface can enhance
the signal of adsorbed molecule. However, the measured
Raman signals do not necessarily imply that the detected peaks
are indeed stemming from individual molecular species
adsorbed directly on the metallic copper surface. The surface
Raman enhancement effect can extend over several nm.[40]

Several layers of material on the copper surface could be either
detectable due to the enhancement effect of the Cu surface or
because of their intrinsic Raman properties. Indeed, an
estimation of the charge exchanged in the reduction of a
monolayer of adsorbed species results in a 1/30 of the redox
charge that we typically obtain by integration of CV waves (see
Figure S19 for more details). These figures imply that a quantity
of material clearly exceeding a single monolayer needs to be
adsorbed on the Cu surface to explain the observed current
densities. In the following we discuss that metastable materials
may be produced at the Cu surface under CO2RR operation
conditions.

Analysis of the thermodynamics of the system hints at
possible chemical species that can be formed around the Cu
electrode. Pourbaix diagrams show the thermodynamically
stable species as a function of Em, the applied electric potential
or solution redox potential, and pH. Since the studied system is
a copper electrode immersed in a bicarbonate solution, the
Pourbaix diagram of Cu/Cu2O/azurite/malachite in Figure 6A is
of relevance. In Figure 6A, the blue square marks the electro-
chemical potential of the CO2 saturated 0.1 m bicarbonate
solution used herein in most experiments (�1.1 VRHE, exper-
imentally determined under CO2 purging,[41] see Supporting
Information for detail), while the red circle indicates the Cu
foam electrode system position at OCP (�0.5 VRHE). The yellow
star depicts the electrode potential at 0 VRHE (at pH 6.8).

The as-deposited Cu electrodes are covered by a layer of
CuxOHy, which forms readily in air, as previously confirmed by
X-ray absorption spectroscopy[13] and Raman spectroscopy (at
OCP, see Figure S1). Thus, upon exposure to the bicarbonate
buffer but prior to applying an electrode potential, the system
can be considered as a phase of Cu (hydr)oxide interfaced with
a bicarbonate electrolyte. This system is out of equilibrium (see
Figure 6A, the difference between the red circle at OCP and the
blue square), with a spontaneous tendency to convert the
CuxOHy into azurite/malachite. Related out-of-equilibrium con-
siderations may be of relevance also when discussing the
behavior upon application of an electrode potential (region

Table 1. Summary of Raman shifts (wavenumber in IR if labelled) for
various carbonate species from literature and present study.

Species Raman shift/wavenumber [cm� 1] Ref.

present study 705 1045 1068 1500–1530 this work
CO3

2� (aq) 684 – 1064 1430–1380 [33]
HCO3

� (aq) 632,
672

1017 – 1360, 1630 [33]

azurite 765,
739

1035 1090 1578 [37]

malachite 765,
719

1045 1101,
1058

1492 [37]

carbonate on Au
(SNIFTIR)

– – – 1425–1499 [38]

Sn-carbonate (IR) – – – 1500 [39c]
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between yellow star and blue square in Figure 6A). During the
application of a potential at the electrode, a gradient of the
electrochemical potential forms due to the potential difference
between negative electrode and the more positive electrolyte
bulk (� +1.1 VRHE). We propose a potential gradient as
schematically shown in Figure 6B. A large part of the potential
gradient is observed in the first layer of adsorbed material
(Helmholtz layer). Even at potentials large enough to enable
CO2RR operation [i. e., � 0.2 VRHE (1.3 V difference from the bulk)],
the electric potential that results after the first drop can be
positive enough to allow, in conjunction with local alkalization,
the formation/presence of oxidized species like a Cu carbonate
hydroxide or CuxOHy.

Malachite formation for copper foams in carbonate
electrolyte

Clearly the system consisting of Cu oxide covered foam
electrode immersed in carbonate buffer (and not exposed to
any electrical potential, OCP conditions), can and will evolve
naturally into a copper carbonate hydroxide phase. Indeed, for
oxide-covered Cu electrode left for 6 days in 0.1 m KHCO3, a
green layer of substance evolves inside the cavities of the Cu
foam electrode. The Raman spectrum of such a sample is

compared to reference spectra of azurite and malachite in
Figure 7A. For comparison, the 0 VRHE spectrum taken from
Figure 2, and a 13C labelled sample (prepared in 0.1 m KH13CO3

for 6 days), are shown in Figure 7A as well.
The Raman spectrum of the green material (GM) formed

after 6 days exhibits clear similarity with the malachite
spectrum: all malachite peaks are detectable in GM, where
additionally also Cu (hydr)oxide peaks are present at wave-
numbers below 700 cm� 1, suggesting formation of malachite
coexisting with (hydr)oxide phases. The coexisting malachite
and the Cu (hydr)oxide likely may be spatially separated, as
suggested by the microscope image of Figure S39. Also, the
spectrum measured at 0 VRHE exhibits remarkable similarities
with the malachite spectrum. The material formed on the Cu
electrode at 0 VRHE may not closely resemble the crystalline
malachite that is taken as a reference. However, considering the
amorphicity of the copper carbonate hydroxide product
resulting from conversion of the rough Cu (hydr)oxide layer, we
can expect some shift in the vibrational frequencies and band
amplitudes.

The extended X-ray absorption fine-structure (EXAFS) spec-
trum of a malachite-enriched sample resembles the malachite
reference spectrum closely (Figure S21), which confirms that by
long-term exposure to a carbonate-containing electrolyte the
Cu material was completely transformed into malachite. Mala-

Figure 6. (A) Pourbaix diagram of the Cu–HCO3
� solution system. The solid red lines represent a HCO3

� concentration of 10� 1 m, the dashed line a
concentration of 10� 3 m. The concentration of dissolved Cu2+ is also assumed to be 10� 6 m, to account for equilibration of the Cu/Cu(OH)2 with the electrolyte.
The violet line represents the equilibrium potential of the CO2/CO reaction. The green dashed line represents the minimal HCO3

� concentration (HCO3
� 10� 4.3)

needed to produce an azurite phase at any pH/potential. The blue square corresponds to the potential of a solution of CO2 saturated solution of 0.1 m KHCO3

(determined experimentally vs. a reference electrode by a Pt wire immersed in such solution).[41] The red circle indicates the open-circuit potential we typically
observe for the as-prepared Cu foam. The yellow star indicates the zero level of the electric potential when using an RHE scale (0 VRHE at pH 6.8). The blue
solid lines represent the equilibrium potentials for reduction/oxidation of water. Diagram based on ref. [42]. (B) Graphical representation of the electrical
potential vs. distance from the electrode surface under cell operation; Cu electrode in red, CuCarHyd in green, adsorbed species in the Helmholtz layer are
shown as circles. A hypothetical potential profile is schematically shown for application of � 0.2 VRHE.
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chite formation on Cu foam surfaces were not detected on the
time scale of the in-situ EXAFS experiment, presumably because
the transformation towards malachite involved only a minor
material amount so that metallic Cu dominated the EXAFS
spectra. This emphasizes the need to use surface-sensitive
techniques. Nevertheless, conversion of oxide-enriched Cu
sample to malachite under OCP conditions were observed by
in-situ EXAFS (Figure S22), suggesting a material-transforming
interaction of the Cu oxide with carbonate ions.

We conclude that rather than crystalline malachite, the
material formed at 0 VRHE may be a copper carbonate hydroxide
with malachite-derived structural motifs.

Malachite-derived structural motifs in the catalytic potential
regime

To illustrate and support the concept of a malachite-derived
structural motif, we compare the Raman spectra of azurite,
Cu3(OH)2(CO3)2, and malachite, Cu2(OH)2CO3 (black and blue
lines in Figure 7A upper panel, crystalline structures are also
shown in Figure 7B). Even though the materials are quite similar
in structure, some peak frequencies shift by 100–200 cm� 1. In
the same fashion, the amorphous copper carbonate hydroxide
that forms in our experiment could exhibit comparable shifts
with respect to the crystalline reference materials. Moreover, we
note that a shift of 40 cm� 1 can be seen in the 1500 cm� 1 peak
of the 13C samples compared to the 12C samples in Figure 7A,
which is comparable with the isotope shift of the Cu electrode
reported in Figure 4. The isotope labelled sample further
emphasizes the peak assignment at 1500 cm� 1 to anti-symmet-
ric stretching vibration of carbonate in this kind of structure. No
clear shift of the peak at 350 cm� 1 is observed, which further

supports its assignment to Cu� O. Further experiment with a
D2O-labelled malachite sample showed only a peak shift at 430
to 420 cm� 1, which suggests a component of Cu� OH vibrations
(Figure S20).

Due to spectral similarities and to comparable isotope peak
shift we propose that the material detected in our measure-
ments that is associated with the 1500 cm� 1 band is an
amorphous malachite-like copper carbonate hydroxide (CuCar-
Hyd). Consequently, following previous assignments,[37] we
assign peaks A–D as follows: A to X� Cu� O bending; B to in-
plane bending of carbonate, ν4; C to C� O symmetric stretching
of carbonate, ν1; D to anti-symmetric stretching of carbonate,
ν3. It should be noted that the shift reported in the 13C-labelling
experiments of Figures 4 and 7A is in line with this assignment.

To support the relation of the spectra to a malachite-like
material, we consider the measurements under nitrogen
atmosphere (without CO2 saturation) performed with different
concentration of HCO3

� . The electrolyte pH was not 6.8 but
around 9, due to the absence of a CO2 supply. Looking at the
Pourbaix diagram, the driving force for the copper carbonate
hydroxide formation increases slightly with higher pH. Further-
more, at higher concentration of HCO3

� the stability region of
Cu2O is reduced (see dashed vs. solid lines) such that the
CuCarHyd becomes the main stable compound in the range 0–
0.4 VRHE (i. e., the oxide can be converted into CuCarHyd). This
explains why in Figure 3 the copper carbonate hydroxide is
seen only in the high-bicarbonate experiment (1 m instead of
0.1 m KHCO3).

Figure 7. (A) Upper panel: reference spectra of azurite and malachite (from RRUFF database: ID R050497 and ID R050508, respectively); lower panel: SERS
spectra of the green material, which we identify as malachite, formed from Cu-oxide covered electrodes upon exposure for 6 days in 0.1 m KH12CO3 (grey line)
and KH13CO3 (red line) electrolyte, under OCP conditions, in comparison to spectrum of Cu foam equilibrated in CO2 saturated 0.1 m KH12CO3 at 0 VRHE.
(B) Molecular structure of malachite, Cu2(OH)2CO3(upper panel), and azurite, Cu3(OH)2(CO3)2(lower panel), remade based on ref. [43].
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Local alkalization during catalytic operation

The correlation of high pH with the stability of CuCarHyd opens
an alternative path for its in-situ formation. During the oxide
reduction process protons are consumed, causing a substantial
variation of the local pH in proximity of the electrode. Such
local alkalization could initiate the formation of metastable
malachite-like material during operation. The extent of such
local pH rise was probed through a series of operando Raman
spectra using the 473 nm laser (see Figure S23), for which the
SERS effect is negligible, thereby eliminating the signal from the
surface-adsorbed species. In Figure S23, a clear local alkalization
under oxide reduction potentials can be observed by the
conversion of the HCO3

� bands to the CO3
2� bands. The CO2/

HCO3
� , HCO3

� /CO3
2� , and H2CO3/HCO3

� equilibria are sensitive
to pH, and the HCO3

� (1015 and 1356 cm� 1) and CO3
2�

(1068 cm� 1) band ratio changes accordingly. With this method
the local pH under oxide reduction potentials is estimated to be
around 9.5 (Figure S24), which is even larger than the one
obtained with the 1 m bicarbonate solution that showed
presence of CuCarHyd in Figure 3.

CuCarHyd formation traced by CV currents

We propose that even a bare Cu electrode, in presence of
CuxOHy, can form a copper carbonate hydroxide layer detect-
able with SERS. In the following experiments, we address two
questions: (i) is the CuCarHyd material formed before or during
operation at catalytic potentials; and (ii) is the CuCarHyd
promoting CO2 reduction.

Three kinds of samples were prepared to investigate the
source of the carbon necessary to form the CuCarHyd:
I. standard type of Cu foam electrode as used also further

above (in contact with air);
II. Cu foam electrode left for 6 days in carbonate solution

(malachite enriched);
III. Cu foam electrode left with a water layer on the surface for

4 days in a CO2-free environment (hydroxide enriched).
Operando Raman spectra registered during CV were used to

correlate the formation/consumption of the CuCarHyd layer
with the formation of adsorbed CO. The above three types of
Cu foam electrodes were each operated in:
(i) N2-saturated bicarbonate solution;
(ii) Alkaline electrolyte (0.1 m KOH) without any carbonate/CO2,

to assess whether the formation of the CuCarHyd layer
happens during or prior to operation.
Here, we specifically aim at investigation of the carbon

source of the produced CO. Therefore, in the here-described CV
experiments, the operating conditions of a real CO2RR reactor
(i. e., CO2 saturated bicarbonate solution) were purposely not
chosen. CV was recorded at a low scan rate (1 mVs� 1) starting
from the OCP of the respective Cu foam electrode and spanning
the range from � 0.4 to 1.1 VRHE (� 0.6 to 1.5 VRHE in KOH
electrolyte). The low scan rate facilitated recording of operando
Raman spectra (10 s acquisition time) around the various key
points of the CV (every 50–100 mV). In Figure 8 (standard Cu

foam in N2-saturated bicarbonate buffer) and Figure 9 (mala-
chite Cu foam in N2-saturated KOH buffer), the first and second
CV cycle are remarkably different in the cathodic regime (see
Figures S25 and S26 for further details). In Figure 9, the waves
look shifted due to the large charge exchanged, the onset
potentials remain similar. In the first cycle the large reduction
peak, with an onset around � 0.1 VRHE, is completely irreversible
in Figure 9 but only partially in Figure 8. This means the

Figure 8. First (grey solid line) and second cycle (red solid line) of CV
(1 mVs� 1) of Cu foam electrode measured in N2-saturated 0.5 m KHCO3

(pH 8.7) (left y-axis). The scan directions are indicated by arrows; the
magnitude of peak D at 1530 cm� 1 (square symbol solid line curve) and CO
peak (empty circle line curve) in the operando Raman spectra are indicated
(right y-axis). These peak intensities were determined from Raman spectra
collected for 10 s while scanning the electric potential at a scan rate of
1 mVs� 1 (so that each spectrum corresponds to a potential range of 10 mV
only). Redox wave assignment: 1, reduction of CuCarHyd; 2, reduction of Cu
hydroxide; 3, Cu oxidation; 4, pitting corrosion.

Figure 9. First (grey solid line) and second cycle (red solid line) of CV
(1 mVs� 1) of Cu formed malachite electrode measured in N2-saturated 0.1 m

KOH (pH 13) (left y-axis), the scan directions are indicated by arrows; the
magnitude of peak D at 1493 cm� 1 (square symbol solid line curve) and CO
peak (empty circle line curve) in the operando Raman spectra of the 1st
cycle are indicated (right y-axis). These peak intensities were determined
from Raman spectra collected for 10 s while scanning the electric potential
at a scan rate of 1 mVs� 1 (so that each spectrum corresponds to a potential
range of 10 mV only) The second cycle show no CO and CuCarHyd bands,
therefore omitted for clarity. Redox wave assignment: 1. reduction of
CuCarHyd (the dashed line indicates the underlying reduction wave under
2); 2. reduction of Cu hydroxide; 3. Cu oxidation.
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reaction consumes the material already present on the
electrode, which is not re-formed in the subsequent oxidation/
reduction waves, as discussed further below. In Figure 9 the
irreversibility of the cathodic wave 1 is even more accentuated,
suggesting the assignment to CuCarHyd reduction. Further-
more, in Figure S27 the first cycle of the cyclic voltammograms
of the three different foam preparations (I, II, and III) measured
in CO2-free 0.1 m KOH are compared. The two reduction peaks
in the first cycle of the CVs of malachite are again attributed to
the reduction of Cu carbonate hydroxide and Cu hydroxide,
while in the hydroxide-enriched sample and Cu foam sample,
there is only one reduction peak that is attributed to the
reduction of Cu hydroxide. Therefore, we propose the assign-
ment of the CV redox waves as indicated in the Figures (labels
1–4 in Figure 8 and 1–3 in Figure 9). Briefly, cathodic wave 1
and wave 2 are attributed to the reduction of CuCarHyd and
hydroxide, the anodic waves 3 from 0.5 to 0.9 VRHE to the
oxidation of Cu, and the uncommon anodic wave 4, in the
backwards sweep, at 0.7 VRHE, is attributed to pitting corrosion,
in line with previous assignments.[44]

CuCarHyd formation traced by CV Raman spectroscopy

Verification on the above CV-wave assignments and hints
regarding relevance for CO2RR are provided by analysis of the
Raman spectra collected during the CV. The original Raman
spectra are shown in Figures S28 and S29. In Figure 8 and
Figure 9, the trends are summarized by reporting the ampli-
tudes of the peaks of interest: the 1530 cm� 1 peak, assigned to
copper carbonate hydroxide, and the CO peak at near
2000 cm� 1. In Figure 8 (standard Cu foam cycled in CO2-free
bicarbonate solution), the assumed copper carbonate hydroxide
bands (peak D at 1530 cm� 1) appear always at about 0.4 VRHE

and starts decaying below � 0.1 VRHE in the first CV cycle and
below 0.1 VRHE in the second cycle. In the same range of
potentials, while the CuCarHyd peak decays, the magnitude of
the CO peak rises, indicating a correlation between the two
phenomena.

In Figure 9 (malachite-enriched Cu foam in CO2-free KOH),
the CuCarHyd peak is present from the beginning of the
voltammogram, as expected, and it stays quite constant until
the onset potential of reduction of the copper carbonate
hydroxide at approximately � 0.1 VRHE, where the peak magni-
tude starts decaying to reach about zero at around � 0.45 VRHE;
concurrently the CO peak rises from zero to its maximum
amplitude at around � 0.1 VRHE. Again, the rising of the CO peak
is associated with the disappearance of the CuCarHyd signal.

The experiments of Figure 8 suggest that CuCarHyd materi-
al, able to produce CO, can be formed in situ starting from
oxidized Cu foam electrode in a solution of bicarbonate in
absence of CO2. This is evident by the fact that the CuCarHyd
signal appears starting from zero amplitude, it disappears fully
at negative potentials and reappears after the oxidation cycle. A
further confirmation that the material we are proposing is a
CuCarHyd is that in both system the CuCarHyd peaks disappear

and CO forms at about the same potential (at � 0.1 to
� 0.2 VRHE).

CO formation by reduction of carbonate ions from CuCarHyd

We observe formation of CO in a situation where the only
carbon source is malachite (see Figure 9). This finding implies
CO formation by reduction of the carbonate ions of the Cu
carbonate hydroxides. The CO formation occurs at similar and
surprisingly low overpotentials when starting from the mala-
chite-enriched Cu foam in KOH and the standard Cu foam in
carbonate electrolyte. On these grounds we propose that a
common route of CO formation though Cu carbonate hydrox-
ides, which are initially present in the malachite enriched Cu
foam but transiently formed at the standard Cu surface in the
presence of a carbonate electrolyte.

As discussed further above, we assume that the formation
of the copper carbonate hydroxide by the conversion of copper
(hydro)oxides is supported by a high local pH at the electrode
surface during the (hydro)oxide reduction (cathodic wave 2 in
Figure 8). Moreover, we propose that CuCarHyd under oper-
ation conditions is formed by a non-equilibrium process
involving the electrochemical-potential gradient between neg-
ative electrode and solution potential (see Figure 6B). CuCarHyd
can withstand more negative potentials compared to the oxide
(see 1st vs. 2nd cycle cathodic currents in Figure 9). The
observation that the CuCarHyd is the last species that is
detected going towards catalytic potentials and immediately
prior CO production, suggests that the CuCarHyd could be an
essential reaction intermediate of the CO2RR.

Similar CV/Raman experiments were performed for
hydroxide-enriched sample (Figure S30) together with mala-
chite enriched one (Figure S31) and the usual Cu foam, with the
aim to vary the amount of CuCarHyd formed and correlate it
with the produced CO that is adsorbed at the catalyst electrode.
The CO peak area trend vs. potential of the first cycle of CV/
Raman is plotted for all three samples in Figure 10. The
malachite sample produces the most Cu-bound CO at about

Figure 10. CO peak area trend versus potential of Raman data during first
cycle of CV 1 mVs� 1 in N2-saturated 0.5 m KHCO3 (pH 8.7) for Cu foam,
hydroxide-enriched, and malachite-enriched sample.
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� 0.3 VRHE, whereas the hydroxide enriched sample produced an
intermediate CO quantity when compared to the standard Cu
foam. On the other hand, removing the oxide layer by reducing
the catalyst prior operation can shifts appearance of the CO
peak to more negative potentials and reduces its magnitude
(see Supporting Information section 13, Figures S32–S37). These
correlations support the role of CuCarHyd species as a precursor
of electrocatalytic CO formation.

Motivated by the experimental findings of our investigation,
we propose that the starting state of CO2 reduction in oxide-
derived copper materials is the carbonate ion bound via oxygen
atoms to Cu ions, which are not part of well-ordered metal
surface. Figure 11 contrast the “conventional” binding mode of
CO2 in CO2RR, that is, binding (adsorption) of the CO2 molecule
via its carbon atom to a well-ordered metallic surface (Fig-
ure 11A), with potential binding modes of the carbonate ion via
two or three of its oxygen atoms (Figure 11B,C). At the level of
working hypotheses, we see two options for the carbonate
binding sites. First, they may be specific irregular residuals of
the transformation of copper oxides into predominately metal-
lic copper, in line with the special performance characteristic of
oxide-derived Cu electrodes,[7,9–10,15a] among others assigned to
grain boundary effects,[12] as well as performance difference
when comparing various facets of metallic copper.[3a]

The second option involves dynamic formation of non-
metallic phases also in the catalytic potential regime, as
schematically summarized in Figure 11D. We hypothesize that
the CuOx/malachite system could function as a dynamic

catalytic system for CO production, even at (negative) potential
where the malachite material is not long-term stable. This is
under the assumption that the reduction of the carbonate
moieties in the CuCarHyd structure are kinetically more
susceptible to reduction than the Cu2+ ions stabilized by a
malachite-like ligand environment. This enables a catalytic cycle
as depicted in Figure 11D, where the CuOx formed after the
reduction of the carbonate to CO slowly acquires a new
carbonate ion and form a new CuCarHyd moiety, thus repeating
the cycle. The metastable CuOx/malachite catalyst eventually
may become reduced to metallic Cu but, in the meantime, it
might have undergone multiple turnovers of the catalytic cycle.
This hypothesis is supported by, first, the known chemical
inertia of malachite materials (indeed proposed as passivating
layer in Cu electrodes), and second, the oxidative environment
of the bulk solution, which can favor the CuCarHyd metastabil-
ity, possibly involving a dynamic process of Cu ion dissolution
and malachite re-formation close the metallic electrode. The
outlined metastability may be supported significantly by local
alkalinization, which could hinder CuOx reduction (which needs
a proton donor to occur) in favor of the acquisition of a new
(bi)carbonate by CuOx.

We are aware that the above scenarios are highly hypo-
thetical in character; many questions remain open. Never-
theless, the perspective of a new mechanistic pathway in CO2RR
offered by this study may motivate future research aimed at
understanding the full nature of the phenomena described
here.

Conclusion

The results of our study motivate new perspectives regarding
the catalytically active material and the basic mode of catalysis
in CO2 reduction reaction (CO2RR) at Cu electrodes, as
summarized in the following.

Experimental Section

Formation of Cu carbonate hydroxides

We show that copper carbonate hydroxide (CuCarHyd) does not
need to be synthesized explicitly, but it is spontaneously produced
once the electrode (coated with CuxOHy) is immersed in bicarbon-
ate solution (Figures 2–4, Figure 8). The presence of the copper
carbonate hydroxide at catalytic potentials can be rationalized by
local alkalization in combination with electrochemical potential
gradients (Figure 6B), which could enable the formation of
metastable materials over a large range of potentials (Figure 6A).
The presence of oxidized species at highly reducing potentials (up
to � 1.0 VRHE) indeed has been reported before for Cu-based CO2RR
systems, where Cu oxide residues were found to persist.[7a,9b,14a,b,45]

We propose that also CuCarHyd are present at low overpotentials
and may present at catalytic potentials, as a metastable material,
partially consumed and re-synthesized in a cyclic fashion.

Figure 11. Carbon binding at the initial stage of CO2 reduction. (A) binding
(adsorption) of CO2 molecules to a metallic copper surface via carbon atoms.
(B, C) Proposed binding of carbonate ions in oxide-derived copper materials,
with CO3

2� bound via two or three oxygen atoms. (D) Proposed role of
CuCarHyd in the catalytic reduction of carbonate ions. The brown and green
cartoon structures indicate amorphous layers that are loosely bound to
metallic Cu. The indicated stoichiometries are precise only for x =1. Yet CuOx

may also represent an amorphous copper (hydr)oxide with different (non-
integer) stoichiometries in the shown reaction cycle. In (B–D) the conversion
of gaseous CO2 to carbonate ions is omitted for clarity.
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CO formation from CuCarHyd

The hypothesis of a CuCarHyd being the actual catalytic material of
the CO2RR has been considered before.[28–29,46] We show that in
carbonate-free KOH and CO2-depleted KHCO3 solutions, the
carbonate ions present in a CuCarHyd layer can be reduced to CO
at the Cu-electrolyte interface (Figure 8, 9) and that increasing
CuCarHyd amount increases the Raman signal of the produced CO
(Figure 10). These experiments do not only support a crucial role of
CuCarHyd. They also suggest that CO2 reduction at the Cu foam
electrodes does not necessarily start from CO2, as mostly assumed,
but can originate from carbonate ions as well, in line with the
Raman spectra detected for 13C isotope labelling of either CO2 or
carbonate (Figures 4, S8, S10).

Possible role of Cu oxides

The CuCarHyd likely is produced by the reaction of Cu oxide/
hydroxide with dissolved bicarbonate/carbonate ions. This hypoth-
esis on the genesis of the CuCarHyd that promote CO formation
resonates with previous studies where Cu oxide has been proposed
to favor CO2 reduction.[7,9,10,15a,45b,47] For example, in a recent report
high catalytic activity was observed for Cu electrodes that were
positively polarized for a brief period of time, thereby reactivating
maximal CO2RR;

[48] the positive polarization could restore the layer
of oxide needed to react with bicarbonate to produce the
CuCarHyd. In summary, the promoting role of Cu oxide in CO2RR
could relate to Cu oxide being a precursor to CuCarHyd.

Passivating role of CuCarHyd

It has been reported that CuCarHyd material could hinder the
CO2RR

[15a] whereas our finding suggests a promoting role. Passiva-
tion behavior may arise from especially extended malachite
formation on Cu electrode, as we observed for Cu foams with high
abundance of CuCarHyd operating in carbonate buffer (see
Figures S38, S39).

Alternative twist of CO2RR mechanism

The above results on copper carbonate hydroxide layers suggest a
basic mode of CO2/carbonate reduction at Cu electrodes that
contrast previous mechanistic models, as detailed in form of two
hypothetical scenarios discussed in the context of Figure 11. We
emphasize that the ultimate source of carbon remains CO2that
feeds the electrolyzer system via the CO2/bicarbonate equilibrium,
but the starting compound for CO2 reduction would be the
carbonate ion. High kinetic competence of the suggested
carbonate-reduction step is indicated by CO formation already at
surprisingly low overpotentials, as low as � 0.1 VRHE, though CO
desorption likely requires higher overpotentials.[13] We note that the
here suggested CO2RR routes may also relate the high catalytic
activity of Cu-based materials towards C1+ n>C1 products,[7b,9b,45b,49]

since copper carbonate hydroxide structures could promote the C1–
C1 intermediate interaction by high density of carbonate moieties
in the structure.

Sample preparation

A Cu foam electrode was electrodeposited as described
previously.[13] Briefly, the Cu foam electrode was deposited via
electroreduction from a 0.2 m CuSO4 solution at the cathode at a
constant current density of 0.5 Acm� 2 applied for 20 s. After
deposition, the electrode was rinsed with Milli-Q water and dried in
air.

Operando Raman experiments

Raman spectra were acquired by a Renishaw in Via confocal Raman
spectrometer. A 633 nm laser was used as scattering source with a
power of 1.3 mW; the laser was focused (by a cylindrical lens) to a
line on the Cu surface resulting in an illuminated spot of about
100 μm length and 10 μm width. A water immersion objective was
used with 40× magnification ratio and numerical aperture (NA) of
0.8 and focal length of 3 mm.

Operando Raman experiments were performed in a home-built
Raman cell (Figure S40), in which the horizontal working electrode
faces the immersed objective. A Pt ring surrounding the working
electrode was used as counter electrode, and a miniature Ag/AgCl
electrode as the reference electrode. Potential measured vs. Ag/
AgCl were converted to the RHE scale according to Equation (1):

VRHE ¼ Vref þ 0:2 Vþ 0:059 V� pH (1)

After mounting the catalyst in the cell, 10 mL electrolyte was
purged with CO2 or N2 for 10 or 20 min, respectively, and
subsequently poured into the cell, which then was left purging
throughout the experiment. Spectra under OCP were always
acquired first; the OCP for all the measurement was always around
0.5 VRHE. Usually, two ranges of spectra were acquired separately,
106–1967 and 1926–3384 cm� 1, and after data analysis (described
further below) presented as a single spectrum. Five accumulations
were averaged per spectrum; the data collection time was 5 s for
each accumulation. Raman spectra while scanning a CV with
1 mVs� 1 were acquired with two accumulations per spectrum only
so that the each shown spectrum corresponds to a potential range
of 10 mV (or �5 mV). The data analysis approach has been
described in our previous work;[21] in summary, the surface-plasmon
background amplitude was subtracted and its average amplitude
was used for normalization. The Figures finally shown in the text
were plotted with an offset for clarity.

Materials

KHCO3, K2CO3, and KH13CO3 (98% 13C) were purchased from Sigma
Aldrich, and KOH was purchased from Carl Roth. All chemicals were
used without further treatment. Phosphate buffer was prepared by
mixing 0.1 m KH2PO4 and K2HPO4 (Carl Roth) solution until the pH
reached 6.8. All buffers were prepared with Milli-Q water
(>18 MΩ · cm). N2 gas (purity 99.8%), CO2 gas (purity 99.995%), and
13CO2 gas (99.0% 13C) were purchased from Linde Gas. D2O (99.8%
D) was purchased from Carl Roth.
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