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A B S T R A C T

Copper is well known in fundamental electrocatalysis research due to its ability to selectively reduce CO2 to C2
products. Recent, more applied studies have revealed that electrolyzers based on Cu electrocatalysts can reach
current densities of up to hundreds of mA cm−2. This opens up the opportunity for industrial application of Cu-
based electrocatalysts. However, the stability of copper must first be assessed. In this communication we in-
vestigate the electrochemical corrosion behavior of copper in a broad pH window relevant to CO2 reduction
applications. Using an electrochemical on-line inductively coupled plasma mass spectrometer (ICP-MS), we
quantify Cu dissolution during anodic oxidation and during the reduction of electrochemically formed oxide
species. We show that electrochemical oxidation of Cu leads to high dissolution in neutral and highly alkaline
environments, while an intermediate pH of around 9–10 leads to minimal dissolution. The obtained results are
discussed in relation to the CO2 reduction reaction to set a benchmark for stable Cu-based electrocatalysts.

1. Introduction

Copper is the noblest of the 3d transition metals. Depending on
potential, it can form two stable passivating oxides at neutral pHs [1].
Combined with other attributes, e.g. high electrical conductivity, these
properties make Cu a valuable material for many industrial applica-
tions. In electrocatalysis, Cu has received growing attention due to its
ability to selectively reduce carbon dioxide to C2 species like ethylene
in the electrochemical CO2 reduction reaction (CO2RR) [2–6]. With the
recent development of coupled electrochemical techniques, it has be-
come possible to unravel the complex assortment of products generated
during the CO2RR [3,5,6]. Interestingly, these techniques have also
revealed that the previous history and pretreatment of the electrode can
have a significant impact on CO2RR product composition [5–9]. The
most prominent explanations include the formation of favorable crystal
facets [4,10–13], grain boundary effects [7], and the existence of sub-
surface oxygen [14,15]. The latter has been hypothesized to influence
the electronic parameters of the top Cu monolayer and, hence, the
energy of adsorption of the CO2RR intermediates [15]. To fully un-
derstand the changes on the Cu surface during electrode pretreatment
and their effect on CO2RR selectivity, possible Cu dissolution must also
be considered. Interestingly, while it is now well known that noble
metals are prone to dissolve during the surface oxidation/reduction, Cu

dissolution has not yet been addressed in detail. Reports on Cu dis-
solution in strong alkaline and acidic electrolyte from the perspective of
fundamental research can be found, but these rarely reflect on oper-
ating conditions for CO2 electrocatalysis [16–20].

Data on Cu dissolution are deemed necessary to design accelerated
stress tests (AST) for unified stability testing in the academic commu-
nity [21]. According to thermodynamic considerations by M. Pourbaix,
Cu corrodes in acidic and highly alkaline environments [1]. While
fundamental CO2RR investigations are generally conducted in neutral
carbonate buffers, some considerations of local pH changes at the
electrode in operando conditions are necessary. Previous studies have
revealed that due to the hydrogen evolution reaction (HER) and the
consumption of protons during CO2RR, Cu can experience local pHs of
up to 13 [22,23]. Thus, high current densities will lead to the rapid
depletion of protons at the surface and a significant increase in pH [23].
From this consideration it follows that a combination of high pH and
anodic potential, e.g. during cell off periods, may lead to Cu dissolution.

In the following we investigate the corrosion of copper in the neu-
tral to alkaline pH range. We quantify Cu dissolution using an elec-
trochemical scanning flow cell (SFC) connected on-line to an in-
ductively coupled plasma mass spectrometer (ICP–MS) and show that
dissolution is lowest at pH 9–10. Tracking the onset of Cu dissolution,
we demonstrate that dissolution is caused by transitions in the Cu
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oxidation state. The results are discussed with specific regard to the
application of Cu in CO2RR applications.

2. Experimental

All electrochemical corrosion investigations were carried out on a
polycrystalline Cu foil (Alfa Aesar, 99.9999% metal basis) which was
ground (SiC paper 500, 2000 and 4000 grid) and polished (MD mol,
3 μm) thoroughly using a polishing machine (Struers, LaboForce-100).
Using a laser profilometer (Keyence, VK-X250), the roughness factor
was estimated to be 1.01. An inductively coupled plasma mass spec-
trometer (ICP–MS, Perkin Elmer, NexION 350×) was used for in-situ
detection of dissolved Cu species by coupling it to the electrolyte outlet
of a custom polycarbonate scanning flow cell (SFC). On the inlet (an-
gled at 60° to the outlet) the SFC was connected to a graphite counter
electrode (Sigma Aldrich, 99.995% trace metal basis). A third capillary
channel connected a reference electrode (Metrohm, Ag/AgCl) closely to
the working electrode surface. Contact of the cell with the working
electrode was made with a xyz-translation stage (Physik Instrumente),
while the potential was controlled with 90% iR correction using a po-
tentiostat (Gamry, Reference 600). The flow rate of the Ar purged
electrolytes was set at 220 μL min−1 using the peristaltic pump of the
ICP–MS (Elemental Scientific, MP2 Pump). In the following, both the
raw dissolution data (grey circles) and the smoothed traces (solid
colors) are presented. For further information on the experimental
setup, please refer to Fig. S1 and our previous reports [24]. Five elec-
trolytes with different pH values were prepared. An unbuffered KOH
(Sigma-Aldrich, 99.99%) electrolyte was prepared by dissolving KOH in
water (Merck, MilliQ®, 18.2 MΩ) to 0.05 M. Phosphate-buffered elec-
trolytes with pH values of 12, 10, 8, 6.8 were prepared from a 0.05 M
(KH2PO4/K2HPO4, Meck, Suprapur®) buffer solution. KOH was added
until the desired pH was reached. The pH of all electrolytes was mea-
sured (Mettler Toledo, SevenExcellence™) just before the experiments.
All error bars are taken from at least two independent measurements.

3. Results and discussion

Potential-dependent dissolution of copper was studied by tracking
the concentration of dissolved Cu in the electrolyte using on-line ICP-
MS. First, cyclic voltammograms (CV) on a pretreated copper electrode
(Supplementary Information, Section 2) were recorded in a positive
potential window vs. the reversible hydrogen electrode (RHE) (Fig. 1A).
Fig. 1B shows a typical Cu oxidation/reduction CV profile, which
consists of at least two anodic, aI and aII, and two cathodic, cI and cII,
peaks. The copper dissolution profile shown in Fig. 1C correlates well
with the redox processes observed in the CV. Upon oxidation to CuI (aI)
at 0.5 VRHE, a transient Cu dissolution peak occurs followed by a second
more intense dissolution peak at 0.78 VRHE during the transition to CuII

(aII). However, during the reduction back to CuI (cII) only a minor
dissolution peak occurs at 0.66 VRHE. The dissolution rate during fur-
ther reduction to Cu0 (cI) is only observed as a minor tail of the previous
dissolution event. A lack of further dissolution at such low potentials
could be due to redeposition of dissolved species as metallic Cu. Once
full reduction is achieved, the dissolution quickly moves back to the
baseline, indicating that Cu is not broken down at these potentials.
Furthermore, an experiment at negative potentials has shown that Cu is
immune towards dissolution down to −1 VRHE but further oxidation at
open circuit potential results in dissolution (Supplementary
Information, Fig. S3).

The clear correlation between oxidation/reduction and dissolution
processes in Fig. 1 was investigated further, with the results summarized
in Table 1. The experimental onset potentials of dissolution (Eon) were
determined as the potentials at which the ICP-MS signal surpasses three
times the standard deviation of the baseline signal. Standard thermo-
dynamic potentials (Eth) for Cu oxidation and reduction processes [1],
highlighted in Fig. 1A, are also included in Table 1. The difference (ΔE)

between Eon and Eth was used as a metric for correlation between the
redox and dissolution processes. Positive and negative ΔE values for
anodic and cathodic processes, respectively, have implications for dis-
solution overpotentials. As the ΔE values are relatively low, we can
conclude that Cu dissolution is a transient process initiated by surface
restructuring during oxidation/reduction. Similar correlations were ob-
served for other noble metals in acidic and alkaline electrolytes [25,26].
The dissolution peaks are also shifted slightly with respect to the corre-
sponding redox peaks, which is related to dissolution peak spreading
[27].

The amount of dissolved Cu in each process was obtained by in-
tegration of the corresponding dissolution peaks. Moreover, in order to
estimate the dissolution selectivity, the individual integrals of the CV
peaks were obtained as the charges passed (Qpass). Since ICP-MS does
not provide information on the oxidation state of dissolved Cu ions, an
arbitrary oxidation state identical to the corresponding oxide was
chosen. While during both anodic transitions around 4–7% of the cur-
rent is due to Cu dissolution, there is a distinct difference between the
two cathodic transitions. During the reduction from CuII to CuI more
than 15% of the reduction charge is caused by Cu dissolution. The
transition from CuI to Cu0 occurs with only minor dissolution of ca. 1%,
possibly due to redeposition at low potentials. The overall amount of Cu
dissolved within one CV is ca. 523 ± 1 ng cm−2, which corresponds to
3.25 monolayers of metallic Cu.

Next we compare the anodic and cathodic currents. From Table 1,
there is a minor discrepancy between anodic and cathodic charges
during a CV, leaving a surplus of 0.8 ± 0.2 mC cm−2 of anodic charge.
Such a surplus could be interpreted as residual subsurface Cu oxides. If
we consider the corresponding anodically dissolved amount of Cu

Fig. 1. On-line ICP-MS data of copper during a CV between 0.05 and 1.05 VRHE
at 5 mV s−1 in 0.05 KOH. The panels show (A) the potential together with the
thermodynamic potentials of Cu to Cu2O and CuO transitions during oxidation
(aI,IIth ) and reduction (cI,IIth ) as well as (B) the experimental current density and (C)
the Cu dissolution rate on the same time axis.
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(375 ± 6 ng cm−2) and calculate the charge that it took to oxidize to
the dissolved species (0.6 ± 0.01 mC cm−2), we get a difference of
only 0.2 ± 0.2 mC cm−2 between anodic and cathodic charges. (For
further details see Supplementary Information, section 2.) This is within
the error of integration and we therefore propose that during the CuI/
Cu0 reduction most subsurface oxide can be reduced, accompanied by
minor cathodic dissolution. Therefore our findings do not coincide well
with the assumption of subsurface oxygen [15], similar to recent lit-
erature where DFT shows the poor stability of subsurface oxygen [28],
and O18 labeling experiments demonstrated the disappearance of
oxygen upon reduction (< 1%) [29]. On the other hand, the significant
anodic and cathodic dissolution of 3.25 monolayers within just one
cycle supports the hypothesis of crystal facet modification during the
anodic/cathodic treatment. While there is no data on dissolution of Cu
single crystals, dissolution of an f.c.c. lattice should increase with de-
crease in atomic coordination number (1 1 1) > (1 0 0) ≫ (1 1 0). The
latter was recently shown for Pt [30,31]. Assuming that there is indeed
preferential leaching of less coordinated Cu atoms, selective formation
of C2 products on anodically treated Cu could be caused by (1 1 1)
texturing of the surface. This is in line with recent findings on CO2RR on
Cu single crystals [10]. For further insight on this effect, dissolution
studies similar to those on Pt single crystals by Sandbeck et al. [30]
would be necessary on single crystalline Cu.

To expand the Cu stability investigations to a pH regime relevant for
CO2RR, we conducted additional CV experiments in various phosphate-
buffered electrolytes. Note, the use of commonly investigated carbonate
buffers that require CO2 purging proved unviable in the SFC due to
bubble formation in the small diameter tubing. However, we believe
that pH is the governing factor in Cu dissolution stability, since both
anions (carbonate and phosphate) should complex Cu ions similarly.
Fig. 2A shows the dissolution rate of Cu at pH 12, 10, 8 and 6.8, while
Fig. 2B depicts the dissolved amount of Cu. A simplified scheme of the
Cu Pourbaix diagram relevant to the following discussion is shown in
Fig. 2C. In Fig. 2A, it becomes unambiguously clear that the rate of Cu
dissolution increases during oxidation, when the pH becomes that of
the thermodynamically favored aqueous species of Cu (Cu2+ acidic,
HCuO2− alkaline). At pH = 6.8, the pH of the commonly used carbo-
nate buffer in CO2RR half-cell testing, the anodic polarization forces Cu
significantly inside the dissolution regime. Furthermore, for pH 6.8 and
12, high potentials (> 1.4 VRHE) lead to the oxygen evolution reaction
(OER) on Cu. Thus an additional OER dissolution peak, on top of the
transient dissolution plateau, is observed here [32,33]. Such high po-
tentials are of special interest in the electrochemical preconditioning of
Cu [5,15].

To explain the effect of pH on the extent of dissolved copper, we
need to consider the pH dependence of the thermodynamic transitions.
The stability window of the solid oxide species, Cu2O and CuO, is de-
pendent on the concentration of dissolved Cu species. Therefore, the
further the pH deviates from the center of this stability window (ther-
modynamically at pH 8.91 [1]), the higher the concentration of dis-
solved species can become before passivation occurs. In short, the
passivating effect of the oxide layer only inhibits transient dissolution at
pH values close to 9.

These considerations are vital to CO2RR research in many ways. On
the one hand, mechanistic studies should consider dissolved Cu species

in the electrolyte if an anodic treatment is applied, and the effect of
crystal facet stability trends and pH dependence of dissolution should
give important insights into activity and selectivity improvements. On
the other hand, moving towards application of Cu as a possible elec-
trocatalyst in real devices, start/stop conditions have to be considered
and AST protocols need to be defined [21]. In general, operation at low
potentials and high local pH will not lead to dissolution, although other
degradation processes must not be overlooked. A shutdown, however,
may cause a slow decrease in the local pH from the working conditions
(12–14) to the bulk pH of roughly 7 and a high anodic open circuit
potential, oxidizing and dissolving the catalyst. By contrast, the startup
of the oxidized catalyst will lead to full reduction, accompanied by
additional dissolution as well as catalyst surface reconstruction. Lastly,
the dissolved copper in the electrolyte could cause system-wide pro-
blems, since it can deposit in membranes and other components, similar
to iridium in water electrolysis systems and platinum in hydrogen fuel
cells [34]. Considerations like these are imperative for future work on
Cu electrocatalysts for the CO2RR, especially under high current
working conditions. Dissolution needs to be addressed in real devices
and the effects of the anions present, like carbonates, need to be re-

Table 1
Cu dissolution in 0.05 KOH with key indicators.

Eth [VRHE] Eon [VRHE] ΔE [mV] Qpass [mC cm−2] Dissolved Cu [ng cm−2] %a

aI 0.471 0.497 ± 4 mV 26 ± 4 0.86 ± 0.04 22.4 ± 1 4 ± 0.02
aII 0.747 0.783 ± 3 mV 36 ± 3 7.51 ± 0.84 352.5 ± 5 7.2 ± 0.7
cII 0.747 0.660 ± 1 mV −87 ± 1 0.98 ± 0.05 100.2 ± 4 15.5 ± 1.4
cI 0.471 n.r.b n.r. 6.58 ± 0.98 47.6 ± 1 1.1 ± 0.2

a see SI; b not resolved.

Fig. 2. (A) Dissolution rate of Cu during a single CV from 0 to 1.6 VRHE at
5 mV s−1 in phosphate-buffered electrolytes ranging from pH 12 to 6.8. (B)
Integrals of Cu dissolution during CVs from (A). (C) A simplified pH region of
the Cu Pourbaix diagram (solid), equilibrium reactions of water (dashed).
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evaluated to consider possible complexing behavior and its effect on
dissolution.

4. Conclusion

This on-line ICP-MS study revealed that Cu dissolves transiently
during its surface oxidation and reduction. The extent of dissolution
depends on pH, with the highest stability being observed at pH 9–10.
Further, by accounting for dissolution, the total Cu oxidation and re-
duction charges were balanced. This finding implies that it is unlikely
that subsurface oxygen remains after the full reduction of electro-
chemically formed CuOx. Besides the amounts, the onsets of Cu dis-
solution were also estimated, thus defining the experimental stability
window of Cu. This set of new data establishes a baseline for the stable
operation of CO2RR electrolyzers. Our results imply that in order to
minimize Cu dissolution, the potential should not exceed the Cu0/CuI

couple. In cases where this is difficult to avoid, the local pH should be
close to 10. Hence, management of both potential and pH is essential
for long-term stability of Cu-based CO2RR electrocatalysts. These data,
together with detailed information on potential and pH changes in real
devices, will assist in the development of accelerated stress tests for Cu-
based CO2RR electrocatalysts.
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