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SUMMARY
Copper-based nanoparticles are key electrocatalysts for CO2 electrochemical reduction (CO2 ER) to liquid
fuels and other value-added products. However, the copper catalyst can undergo rapid electrochemical
corrosion, leading to a loss of catalyst material, fluctuations in the reaction conditions and increasing oper-
ational costs. We establish a mechanistic understanding of this detrimental process using in situ electro-
chemical electron microscopy and density functional theory (DFT). We find that copper corrosion can occur
in the presence of CO2 in electroless conditions and before the onset potentials required for CO2 ER. The ef-
fects are isolated from pH changes resulting from dissolved CO2. Particles of corroded copper have oxidized
surfaces, in contrast to copper surfaces exposed to CO2-free electrolytes. DFT calculations identify multiple
routes by which CO2 can behave as a dissolution agent for copper and copper-oxide surfaces and suggest
that formate-intermediates are a key driver of corrosion. This study highlights microenvironment-based fac-
tors that affect copper performance and degradation, facilitating strategies to inhibit and reverse copper
degradation during CO2 ER.
INTRODUCTION

Renewable energy is increasingly abundant and future invest-

ment will allow it to meet the growing energy demand in the

world.1–4 A critical component for replacing fossil fuels with

renewable energy is converting electrical power obtained from

renewable sources into synthetic fuels that can be used in trans-

portation or stored to be used on demand.5,6 Reducing CO2 into

value-added products would produce synthetic fuels or com-

modity synthetic hydrocarbon molecules, while simultaneously

contributing to reduce atmospheric CO2 through carbon capture

and utilization.7–9

ElectrochemicalCO2 reduction (CO2ER) isanefficientandclean

process toconvertCO2 into liquid fuels andother reducedcarbon-

based compounds.9–13 In contrast with conventional commercial

methods, such asCO2 hydrogenation or the Fischer–Tropsch pro-

cesses, CO2 ER can be conducted under ambient temperatures

and pressures usingmodular, scalable, and decentralized units.14

Copper-based catalysts are themost selectivematerials known to

unlock CO2 ER toward C2+ compounds, such as ethanol and

ethylene10,15–17 and other multi-carbon hydrocarbons. And

compared to other metal catalysts, copper exhibits a relatively

lower selectivity towardhydrogenevolution, leading tounmatched

Faradaic efficiencies for CO2 ER.
18
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In the last two decades, numerous studies19–21 attempted to

optimize the catalytic activity, the energy efficiency, and the

selectivity of copper. However, the stability of copper electroca-

talysts is very poor—at most in the range of hundreds of hours—

which is orders of magnitude lower than the timescales of indus-

trial significance for comparative catalyst technologies, which

exceed 30,000 h.20 Studies have recently highlighted that this

critical issue remains unresolved.20

The rapid degradation of copper-based cathodic catalysts un-

der CO2 ER affects their activity, selectivity, and overall perfor-

mance.22 The selectivity toward CO2-reduced products lowers

over time and hydrogen evolution becomes the prevalent reac-

tion 10–30 min into the reaction.23–25 The fundamental drivers

of those changes are not well understood. DeWulf and co-

workers produced methane and ethylene with 65% selectivity

using copper foil but reported a selectivity drop to 0% after 2

h, which was correlated to the accumulation of carbon and

graphitic species at the catalyst surface.26 Similar results were

also obtained for rotating-disk copper electrodes.27–30 Copper

deactivation during CO2 ER was initially attributed to accu-

mulation of metal impurities. Later, surface sensitive chemical

techniques such as X-ray photoelectron spectroscopy (XPS),

showed that the deposition of metal impurities on the elec-

trode surface was not the main deactivation phenomenon.
arch 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. Cyclic voltammetry (first scan) of electroplated copper
obtained for �0.8 V < EWE vs. SHE’ < 0.2 V after introducing different

CO2 ER electrolytes into the cell
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Voltammetry on deactivated Cu electrodes showed unac-

counted-for peaks at approximately �0.1 or �0.56 V versus

Standard Hyrdogen Electrode (SHE). The extent of deactivation

correlated with the electric charge of the anodic peak, which was

interpreted as a correlation with the concentration of deactiva-

tion species.22 In highly cathodic conditions, the corrosion of

copper nanocubes was induced by alkali cations.31 Huang and

co-workers observed detachment of small clusters and pitting

corrosion in copper nanocubes subjected to CO2 ER using trans-

mission electron microscopy (TEM) techniques.32 The degrada-

tion of a Cu-based catalyst into 2–4 nm densely packed nano-

particles was also observed on an ethylene-selective copper

catalyst.30 The results suggested that morphological changes

and corrosion were linked to the strong cathodic potential and

formation of complexes with oxidized metastable carbon spe-

cies. The authors identified in situ electron microscopy as a

key tool to gain new insights and address unresolved questions

of copper degradation during CO2 ER.20,33 Collectively, these

studies underscore the fact that significant advances are needed

to accurately identify and understand the mechanisms and

agents by which copper degradation is promoted under electro-

chemical conditions. Uncovering the basis of degradation re-

quires tightly coupled experiment-theory integration to obtain

mechanistic understanding of the factors contributing to varia-

tions in the material performance.

In this work, we show that CO2 plays a primary role in the

degradation of copper during the CO2 ER. We conduct system-

atic investigations of the various microenvironment factors

contributing to copper degradation toward decoupling the elec-

trolyte composition, the solution pH, the applied electrochemical

potential, and the presence/absence of CO2. Based on in situ

experimental observations and first-principles calculations, we

propose that the oxidized and unoxidized surface copper atoms

can form complexes with CO2 depending on the electrode po-

tential. This causes corrosion, preferentially along lower-coordi-

nated surface sites. These results provide insights needed to

inhibit copper corrosion and develop highly stable copper-based
2 iScience 28, 111851, March 21, 2025
catalysts that can withstand longer operational times for CO2 ER

or other electrochemical reactions.

RESULTS

Copper catalysts
The copper particles plated onto the indium tin oxide (ITO) elec-

trode in this study were heterogeneous and representative of a

real-world catalyst (Figure S4). A significant number of particles

were faceted. The most prevalent particle facet families were the

<100> and <111> (Figure S5). The heterogeneousmorphology of

the electroplated copper particles is linked to their electrodepo-

sition within confined volumes, influenced by minor hydrody-

namic fluctuations and substrate imperfections (Figure S6).

This is a difference from several previous works that evaluated

the stability of copper nanoparticles with well-defined size and

morphology.34–37

Electrochemical copper activity for CO2 ER
Electroplated copper shows CO2 ER activity in 0.01 M KHCO3

saturated with CO2 at EWE < �0.3 V vs. SHE’ (Figure 1). The

ITO electrode is inert at this range of electrochemical potentials,

which means that the copper particles are responsible for this

activity (Figure S1). On the contrary, copper only exhibited

measurable electrochemical activity at EWE < �0.6 V in 0.01 M

K2SO4 saturated with N2. K2SO4 saturated with N2 is CO2-free,

which suggests that the detected activity is ascribed to the

hydrogen evolution reaction (HER). The electrochemical activity

of copper in 0.01MKHCO3 saturatedwith N2 is equivalent to that

observed in 0.01 M K2SO4 saturated with N2. That indicates that

the HER is also the predominant reaction when N2 is bubbled

into a 0.01 M KHCO3 electrolyte.

Copper degradation during CO2 ER
The susceptibility of electroplated copper to degradation during

CO2 ER was analyzed through in situ morphological analysis af-

ter 15 min (Figure 2). Copper subjected to EWE = �0.8 V showed

degradation pits (red arrows) in 0.01 M KHCO3 saturated with

CO2, which is below (in aliis verbis,more reducing than) the onset

potential for CO2 ER and HER. These results show that copper is

prone to degradation at �0.8 V, even though at standard condi-

tions, this electrochemical potential would strongly favor copper

plating. This is shown clearly by the pits and crevices that are

visible in copper particles that were originally plated onto the

electrode surface (Figure 2B). Within these confined spaces,

the hydrodynamic and chemical conditions may diverge from

those in the bulk, potentially leading to chemical reactions occur-

ring outside the anticipated electrochemical potential range for a

given redox pair.37 On the contrary, copper did not exhibit signs

of degradation at the same potential if 0.01 M K2SO4 or 0.01 M

KHCO3 were saturated with N2 instead of CO2 (Figures 2D

and 2F).

Morphological analyses of copper particles subjected to CO2

ER conditions in 0.01 M KHCO3 saturated with CO2 show sur-

face roughening, pitting, and crevice degradation akin to corro-

sion observed in typical copper applications such as

plumbing.15,22,38–43 Preferential degradation was observed

along grain boundaries, which formed crevices on the particles



Figure 2. Copper corrosion at EWE = �0.8 V vs. SHE’ for 15 min

(A and B) In 0.01MKHCO3 saturatedwith CO2, (C and D) in 0.01MK2SO4 saturated with N2, (E and F) in 0.01MKHCO3 saturated with N2. Inset of (B) shows a high

magnification image of a corroded Cu particle.
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(Figure 3). This result is corroborated by the fact that larger par-

ticles, which contain more surface defects/grain boundaries,

seem to be more susceptible to corrosion. The fine white lines

meandering through the particle shown in Figure 3B indicate

localized corrosion, likely following grain boundaries and other

defects that locally destabilize Cu. The confinement created by

these defects appears to accelerate the corrosion of Cu,

possibly leading to crevice corrosion. That copper particle ex-

hibits structural defects that already were present, at least in a

small extent, in the as-plated particle (Figure 3C). This observa-

tion corroborates the relation between enhanced degradation

and the presence of structural defects that facilitate crevice

corrosion. At EWE =�0.8 V, the degradation of the large particles

was accompanied by the formation of the smaller re-plated cop-

per nanoparticles. The re-plating of smaller nanoparticles was

observed for potentials more reducing than EWE = 0 V vs. SHE’.

The bulk of both the degraded and the re-plated particles is

composed of metallic copper as revealed by electron energy

loss spectroscopy (EELS), which is identical to the EELS signa-

ture for the as-plated copper particles before they were sub-

jected to CO2 ER conditions (Figure S7). The results are different

when analyzing the surface of the particles. Copper particles that

degraded when subjected to CO2 ER exhibit an EELS signature

for oxidized copper at the surface (Figure 3).44,45 This contrasts

with as-plated and re-precipitated copper particles, which

exhibit an EELS signature formetallic copper, even at the surface

(Figure S7). These results suggest that CO2may be playing either
a direct or indirect role in copper degradation process. There-

fore, an important question to resolve is whether degradation

was induced by CO2 itself, CO2 ER products or a combination

of both.

CO2 induced copper corrosion
To gain insights into how CO2 contributes to the degradation of

copper under CO2 ER conditions, we tested the susceptibility to

degradation at potentials more anodic than the onset for CO2

ER. This effectively removes CO2 reduction products as possible

causes for Cu degradation. Copper degradation did occur in

KHCO3 saturated with CO2 at EWE = 0 V vs. SHE’ (Figures 4

and S8). This electrochemical potential is insufficient to drive

CO2 ER, which indicates that copper degradation is enabled

even in the absence of CO2 ER and its products. Interestingly,

once again, at EWE = 0 V copper degradation was only observed

if CO2 was present in the electrolyte, with the phenomena visibly

being similar to that observed at EWE =�0.8 V. An identical result

was also observed for bulk copper, prepared through e-beam

deposition. Even though this sample contained a bulk copper

electrode, corrosion was still visibly evident after 15 min when

KHCO3 was saturated with CO2 (Figures 4G and 4H).

We further investigated if the cause of copper corrosion in

CO2-saturated electrolyte solution was pH induced. The pH of

the KHCO3 electrolyte was recorded to be 5 when CO2-satu-

rated and 7 when saturated with N2. We used 0.01 M H2SO4

to adjust the pH of KHCO3 electrolyte saturated with N2 to a
iScience 28, 111851, March 21, 2025 3



Figure 3. Chemical and structural analysis of copper subjected to EWE = 0 V vs. SHE’ in KHCO3 (CO2)

(A) Electron energy loss spectroscopy of a degraded and a re-plated copper particle.

(B) High-magnification analysis of a degraded and re-plated small copper particles showing that degraded particles exhibit preferential corrosion along structural

defects.

(C) Low-magnification of the area with the as-plated copper particle analyzed in (B). Inset shows amagnified image of the same particle with a visible defect in the

middle of the particle.
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pH = 5. Similar to what was observed when the pH was not

adjusted, no copper degradation was observed when the pH

of an N2 saturated 0.01 M KHCO3 electrolyte was adjusted to

5. This eliminated pH as a likely cause for copper degradation

when CO2 instead of N2 is bubbled into the electrolyte.

In summary, the results show that CO2 itself, rather than a

product of its electrochemical reduction or its influence on pH

through carbonate buffer reactions, plays a key role in the degra-

dation of copper during CO2 ER. Copper degradation is

observed as long as CO2 is present, even if the applied electro-

chemical potential is insufficient to drive CO2 electroreduction. In

contrast, if CO2 is not present, copper does not corrode, even at

applied potentials that are sufficient to drive CO2 ER.
Copper corrosion in electro-less conditions
To further understand the variables that control copper corrosion

during the CO2 ER and decouple the role of the applied potential

in promoting and controlling copper degradation, we evaluated

the stability of copper subjected to electro-less conditions

(Figure 5).

Similar to the results observed for EWE = �0.8 V or EWE = 0 V,

copper degradation occurred in electro-less conditions when

KHCO3 saturated with CO2 was used, even for different electro-

lyte concentrations (Figures 5A–5D). Once again, no degradation

was observed when KHCO3 saturated with N2 instead of CO2

was used (Figures 5E and 5F). The degradation of copper in elec-

tro-less conditions observed here is corroborated by the fact

that detached copper islets in the bulk copper sample also

corroded, even though they were not connected to the electro-

active copper electrode (Figures 4G and 4H).

Overall, these results indicate that CO2 itself plays a crucial

role in copper degradation, and that no electrochemical current

or products of CO2 ER are necessary for copper degradation to

occur. Furthermore, increasing KHCO3 electrolyte concentration

by a factor of 10, from 0.01 M to 0.1 M, did not affect the Cu

corrosion behavior under electroless conditions (Figure 5). This

observation is consistent with a degradation mechanism that
4 iScience 28, 111851, March 21, 2025
does not depend on K+ or HCO3-. Degradation was fast at less

reducing electrochemical potentials, when the driving force for

copper plating is smaller, which is consistent with the rapid

degradation observed on the separate islets (that should exhibit

no plating forces at open-circuit conditions) in the bulk copper

sample compared to the part of the sample that was under

EWE = 0 V. At more negative electrochemical potentials, only

larger particles show corrosion, but at less negative potentials

both large and small particles exhibit corrosion.
Ab initio calculations
To rationalize how the corrosion of copper observed in this study

was linked to its interaction with CO2 in the electrolyte, we per-

formed ab initio calculations that analyzed the ability of surface

copper to interact and form complexes with chemical species

present in the electrolyte.

Cu degradation susceptibility was estimated by calculating

the thermodynamic driving force for electrodissolution under

varying electrochemical conditions. The potential-dependent

copper vacancy formation energies and the corresponding cop-

per dissolution potentials are summarized in Figure 6 for the

most favorable of the studied set of solvated copper complexes,

which include various combinations of OH, CO3, HCO3, CO2,

OCHO, and H2O ligands as detailed in the supplemental

information.

The vacancy formation energies correlate with the site coordi-

nation number, with VCu predicted to form more easily on lower

coordinated binding sites such as step edges on the (211) sur-

faces over higher-coordinated sites like on (100) and (111) ter-

races. The solvated copper complexes with one or more hydrox-

ide ligands are generally found to be the most favorable,

exhibiting the largest thermodynamic driving force toward form-

ing surface vacancies and facilitating degradation on the copper

surface. As seen in Figure 6A, Cu(OH)2 formation has calculated

dissolution potentials that are�1.02 V vs. SHE (�0.61 V vs. RHE)

for Cu(211) step edges and �0.3–0.5 V higher on terraces, indi-

cating that Cu dissolution is thermodynamically favorable under



Figure 4. Copper corrosion below the onset for CO2 ER (EWE = 0 V vs. SHE’) for 15 min

(A and B) In 0.01 M KHCO3 saturated with CO2, (C and D) in 0.01 M KHCO3 saturated with N2, (E and F) in 0.01 M KHCO3 saturated with N2 and pH adjusted to 5,

(G and H) in 0.01 M KHCO3 saturated with CO2 using a bulk copper electrode.
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modestly reducing potentials consistent with CO2 ER. We note

that these dissolution potentials also depend on pH, the ionic

strength, and the concentration of Cu in solution ([Cu]), which

can further alter the specific potential values at which Cu disso-

lution is expected to become thermodynamically preferable. In

Figure 7 we include the pH dependence of the most favorable

complexes for each Cu facet, all assuming the same [Cu] as in

Figure 6.

While the formation of dissolved Cu(OH)2 complexes appears

feasible under the studied applied potentials, this dissolution

route does not require the presence of CO2, which suggests

other pathways for Cu dissolution must be contributing under

CO2 ER conditions based on the experimental observations.

For applied potentials below the onset of CO2 reduction, CO2

binding can result in OCHO* intermediates on Cu,46 while CO2

binding on oxidized copper surfaces can lead to the presence

of CO3 and HCO3-like bound intermediates.47,48 The dissolution

of Cu via these types of complexes are included in Figures 6B–

6D, in Figure 7 and in the supplemental information, where we

find that at studied pH and applied potential ranges, complexes

with OCHO and OH exhibit the most reducing dissolution poten-

tials. For example, we calculate dissolution potentials of�0.54 V

vs. SHE (�0.13 vs. RHE) on Cu (211) step edges with the forma-

tion of Cu-OCHO-OH complexes (Figure 6D). We also find that

Cu-2CO3, Cu-HCO3-OH, and Cu-HCO3-CO3 complexes can

also facilitate surface degradation at less reducing potentials

(see Figure 7), but these generally require higher pHs than ac-

cessed in our in situmeasurements. Nonetheless, our calculated

values indicate that a number of these complexes can thermody-

namically initiate surface degradation in the range of electro-
chemical potential values tested experimentally in this study.

The detrimental role of OCHO* in dissolution is consistent with

experiments performed at near-neutral pH values, the presence

of CO2 in solution, and low reducing potentials before CO2 ER is

initiated. We also expect that the thermodynamic dissolution po-

tentials to be lower for nanoparticles with higher surface rough-

ness that contain undercoordinated copper atoms at defect,

kink, or edge sites.

DISCUSSION

Our results suggest that at low pH the well-known copper degra-

dation observed during CO2 ER is a corrosion process that de-

pends on the presence of CO2 in solution, even if the CO2 ER re-

action is not being driven. This contrasts with previous studies

that report copper fragmentation during CO2 ER induced by

applied electrochemical potentials.15,20,49–51 Likewise, if Cu

corrosion was induced by alkali metal cations, such as K+, as

some recent studies have suggested, one would expect copper

to corrode even when KHCO3 or K2SO4 were saturated with N2,

which is contradicted by our results, even at very cathodic po-

tentials.31 Similar to other metals of the ninth column and the

top row of the transition metals, copper too can form a variety

of CO2-containing charged complexes which can be mobilized

into aqueous media (solubilization).52 Indeed, this is a risk asso-

ciated with CO2 injection into underground aquifers for carbon

sequestration purposes, where Cu and other metals can form

carbonates and become mobilized in solution.53 The degrada-

tion of copper when CO2 is present in solution, whether CO2

ER is happening or not, is also consistent with copper corrosion
iScience 28, 111851, March 21, 2025 5



Figure 5. Copper corrosion in electro-less conditions (i = 0 nA) for 15 min

(A and B) In 0.1 M KHCO3 saturated with CO2, (C and D) in 0.01 M KHCO3 saturated with CO2, (E and F) in 0.01 M KHCO3 saturated with N2.
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caused by acid rain, where CO2 acts as a corrosion agent.52,54,55

The role of CO2 in the corrosion of copper is supported by the

lack of observed degradation when KHCO3 is saturated with

N2 instead of CO2. CO2 can interact directly with Cu surfaces,

via O and OH to form CO3 and HCO3 species that may facilitate

the Cu dissolution process.48 This is supported by the oxidized

copper signature shown in the EELS results for Cu particles

that undergo degradation. Both our experimental results and

our DFT calculations suggest that surface complexed copper

is prone to be pulled into solution in the presence of CO2, thus

supporting a corrosion driven degradation. This supports our

conjecture that HCO3
� or metal cations by themselves do not

have an active role in the Cu corrosion process, but that a CO2

saturated KHCO3 electrolyte is an intrinsically corrosive environ-

ment for Cu.

If copper degradation required CO2 ER, one would expect the

degradation kinetics to correlate with the electrochemical poten-

tial applied, which is contrary to what is observed.15,20,50,51 The

enhanced degradation observed for larger copper particles is

consistent with an increase in the local pH due to a parasitic

hydrogen evolution reaction. Larger particles have more cata-

lytic sites consuming hydrogen ions, which exacerbates the in-

crease in local pH.18,56,57 Higher pH values favor the formation

of a larger number of soluble Cu complexes, which contributes

for accelerated corrosion in those microenvironment conditions

(Figure 7). The formation of crevices in large, corroded Cu parti-

cles supports that the preferential corrosion of larger particles is
6 iScience 28, 111851, March 21, 2025
linked to their higher defect density, which accelerates corrosion

by facilitating a crevice corrosion mechanism. This contrasts, for

example, with surface driven corrosion observed in Cu nano-

cubes with a surface oxide layer.31 The number of macro- and

micro-defects—initiation corrosion sites—correlates with parti-

cle size.58 Electrochemical plating is eclipsed by corrosion

through formation of soluble copper-CO2-related complexes

when a higher number of reactive sites is present. The enhanced

corrosion of larger Cu particles and greater stability of small, re-

plated particles observed in this study is contrary to thermody-

namic stability theory predicting that larger particles are more

stable and are expected to grow at the expense of small ones

(Figure 2B).59,60

Copper corrosion appears slower at more negative potentials

(Figures 2B vs. 5B), where (1) the cathodic fieldmakes the forma-

tion of Cu and CO2 related complexes less favorable, (2) surface

Cu oxide species that facilitate the formation of Cu-CO3 and Cu-

HCO3-type species are less stable, and (3) the direct interaction

of negatively charged anions with the surface becomes un-

likely.42 Indeed, as observed in previous studies, the strong elec-

trochemical driving force toward plating induces the formation of

small re-plated copper particles observed at EWE < 0 V

(Figures 2B, 4B, and S8).35,61–63

These results are important as they lay out themechanism and

potential ways to mitigate copper degradation during CO2 ER.

Mitigation of this issue can likely benefit from strategies such

as alloying or addition of inhibiting compounds, such as



Figure 6. Calculated vacancy formation en-

ergies EF[VCu] on different Cu facets

(A) Cu-(OH)2, (B) Cu-CO3-OH, (C) Cu-2CO3, and

(D) Cu-OCHO-OH. The results are calculated for a

pH of 7 and electrolyte ionic strength of 0.1M

similar to that measured in the experiments. EF

[VCu] shown as a function of applied potential vs.

SHE. The dashed lines represent the thermody-

namic oxidation/dissolution potential (Vdis) when

EF[VCu] = 0 with the Cu chemical potential mCu

determined from the copper species complex as

denoted in the text, and are also included in the

inset legends.We include the diagrams for the four

most stable aqueousCu complexes observed that

are likely associated with CO2 reduction in HCO3-

containing electrolytes. Additional details are

included in the supplemental information.
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surfactants, phosphates, or natural organic matter.42,58,64 This

study strongly suggests that small Cu catalysts (<25 nm), pre-

pared in situ through electrodeposition, exhibit much greater sta-

bility during CO2 ER than larger ones. In the near future, it would

be very interesting to see a new study analyzing the stability of

small, electroplated Cu particles, while simultaneously consid-

ering the effects on their catalytic activity. While CO2-induced

degradation can bemitigated, it is widely accepted that it cannot

be fully stopped.64,65
Figure 7. Calculated dissolution potential for VCu formation via different Cu complexes as a fu

(A) (100), (B) (111), and (C) (211) Cu facets. Potentials more reducing than the values shown for each comple

namically unfavorable, as seen in Figure 6. We include the diagrams for the four most stable aqueous Cu comp

reduction in HCO3-containing electrolytes: (a) Cu-(OH)2, (b) Cu-CO3-OH, (c) Cu-2CO3 and (d) Cu-OCHO-OH

strength of 0.1M and [Cu] as in Figure 6.
Conclusions
In the presence of CO2, copper degra-

dation can proceed even if the applied

electrochemical potential is not suffi-

cient to drive CO2 ER. When CO2 is

present in solution, copper and CO2-

containing species form soluble com-

plexes. Copper degradation does not

happen if KHCO3 is present in solution

without CO2. Ab initio calculations

show that surface copper species are

prone to dissolution under modest

reducing potentials in the presence of
CO2, most likely due to OCHO-containing complexes. Both

our calculations and experimental measurements identify

that Cu dissolution is exacerbated for oxidized surfaces that

can lead to the formation of a larger number of soluble Cu

complexes in the presence of CO2. Copper degradation is dis-

favored at more negative electrochemical potentials, where a

strong electrochemical driving force opposes the dissolution

process. The enhanced propensity of larger copper particles

to degrade is rationalized with exacerbated pH changes that
nction of pH for different facets

x indicate when the reaction becomes thermody-

lexes observed that are likely associated with CO2

. The results are calculated for an electrolyte ionic

iScience 28, 111851, March 21, 2025 7
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facilitate the formation of additional soluble copper complexes

according to the DFT calculations.

Limitations of the study
Although significant efforts were made to mitigate the limitations

of this study, somemight still influence the results and their inter-

pretation, such as: (1) beam induced effects on copper during

CO2 ER; (2) analysis of particles that might not be representative

of the entire sample; (3) differences between the simulated par-

ticles and those studied in the experiments; (4) confinement ef-

fects due to the very reduced dimensions of the TEM electro-

chemical liquid cell.
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M.V., Feijóo, J., Chen, P.-C., Wang, H., et al. (2023). Operando studies

reveal active Cu nanograins for CO2 electroreduction. Nature 614,

262–269.

62. Vavra, J., Ramona, G.P.L., Dattila, F., Kormányos, A., Priamushko, T., Al-
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

VASP University of Anytown VASP.6.3.1

Gatan Digital Micrograph Gatan Ametek Digital Micrograph Version 3.60.4441.0

Other

Electrochemical sample holder Hummingbird Scientific Gen II Liquid Cell TEM Holder
METHOD DETAILS

Electrochemical TEM setup
This study was performed using TEM cells assembled with parts supplied by Hummingbird Scientific (USA). The assembled cell con-

sists of two silicon-based chips and two O-rings that are sandwiched together to enclose the electrolyte flow path, as described in

detail before.66,67 One chip (electroactive chip) contains patterned electrodes, while the other (spacer) contains patterned posts that

dictate the spacing between the electroactive chip and the spacer. Both chips have an electron beam transparent SixNy window

aligned with each other. The chip side with patterned electrodes is laid facing the spacing posts on the spacer chip, thus creating

an enclosed liquid-cell. In the present study the electroactive chip was patterned with four separate electrodes that could be wired

in the desired configuration. Three of the electrodes were made of platinum and one was made of amorphous indium tin oxide (ITO).

The ITO electrodewas used as theworking electrode in all experiments. This electrodewas patterned partially over the SixNywindow,

which is key for performing TEM analysis on the copper particles. The sample holder was assembled with the electroactive chip on

the side closest to the electron gun inside the TEM, which allows obtaining optimal resolution in STEM mode. In this orientation, the

STEM electron probe reaches the sample at its smallest diameter before crossing and scattering through the thick column of elec-

trolyte liquid.67

The cell is mounted on a liquid sample holder (Hummingbird Scientific, USA). The sample holder has four leads that establish elec-

trical connection with up to four electrodes of the top, electroactive chip. The chip electrodes can be wired in any desired configu-

ration. Amorphous ITO was used as the working electrode (WE), while the counter (CE) and pseudo-reference electrodes (RE) were

made of platinum to ensure good conductivity. A three-electrode configuration was used in all experiments. Amorphous ITO film is

inert for CO2 ER and HER, which ensures that all the detected activity was from the copper catalyst deposited in situ for the exper-

iments reported here (Figure S1).68 The only exception to this configurationwas for bulk copper corrosion analysis, where theWEwas

a copper electrode prepared by the supplier through e-beam deposition during chip manufacture.

Electrolyte preparation
Copper plating was performed using 0.01 mol/L CuSO4. The CuSO4 electrolyte was prepared freshly from CuSO4.5H2O powder

(Sigma Aldrich, USA). Liquid electrolyte solutions of 0.01 or 0.1 mol/L KHCO3 or K2SO4 were used for the CO2 ER experiments.

The electrolytes were prepared from dry powders immediately before each experiment (Sigma Aldrich, USA). The electrolyte was

saturated with CO2 or N2, prior their use for CO2 ER experiments, through continuous vigorous bubbling at ambient conditions for

>1 h.35–37 Electrolyte was drawn directly into a syringe from the N2- or CO2-saturated solution and immediately pumped into the elec-

trochemical cell at 10 mL/min, which pushed out the 0.01 M CuSO4 used during copper electroplating thus filling the electrochemical

cell with the CO2 ER electrolyte.

Copper plating
Copper catalyst was electrodeposited from a 0.01MCuSO4 at EWE = 0 V vs SHE’ for 10s followed by EWE = 0.15 V vs. SHE’ for 1 min.

Once the copper catalyst was plated onto the electrode, the electric current of the WE was held constant at 0 nA using the potentio-

stat to prevent any additional electrochemical changes to the catalyst. Morphological analysis of the catalyst in the original condition

was performed at this point. Subsequently, the electrolyte was exchanged to KHCO3 or K2SO4 for the CO2 ER copper degradation

analysis. The required volume of electrolyte for a complete exchange was determined through preliminary tests, which established

the amount of electrolyte needed to reach the specimen chamber through the leading electrolyte lines. Complete electrolyte ex-

change was further ensured in situ for each experiment. The electrolyte exchange was performed at zero current. To maintain

zero current, the potentiostat counterbalanced the open-circuit potential. Hence, the corresponding change of EWE during the elec-

trolyte exchange allowed ensuring that the process was complete before CO2 ER tests were initiated. Figure S2 shows a typical EWE

vs t curve observed during the electrolyte exchange process.
iScience 28, 111851, March 21, 2025 e1
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CO2 electroreduction tests
All CO2 ER experiments were performed with a research-grade BioLogic SP-150 potentiostat (BioLogic, USA) with ultra-low-current

capability (76 fA current resolution). The electrolyte concentration was 0.01 mol/L, unless otherwise stated. The electrochemical cell

was prepared using the set-up developed before for Transmission Electron Microscopy (TEM) electrochemical experiments.67 In

summary both chips were first plasma treated with Argon and the cell was primed with 0.01 mol/L CuSO4 electrolyte at a flow

rate of 20 mL/min before inserting into the TEM. Confirmation that the cell had effectively filled with CuSO4 electrolyte was done

by observing the cell area under an optical microscope. Once the electrolyte filled the cell entirely, the sample holder was introduced

into the TEM. For this step, the electrolyte flow was lowered to 2 mL/min and all electrical connections remained disconnected to

ensure that no electrochemical reactions could occur induced by electric fields in the TEM. The electrical connections of the sample

holder were then established, while the potentiostat was used to impose 0 nA at the WE and the CE was electrically shorted to the

goniometer to prevent adventitious electric currents between the electrodes and the cell cage. The experimental electrochemical

potentials were calibrated by comparing the measured CuSO4/Cu electrochemical potential with the standard hydrogen potential

for that redox pair (Figure S3). The calibrated experimental potentials were identified as SHE’.

The KHCO3 or K2SO4 solutions that had been pre-saturated with CO2 or N2 were introduced into the electrochemical cell at a flow

rate of 10 mL/min to minimize the time it took to exchange CuSO4 to KHCO3 or K2SO4 in the electrochemical cell. Once the pre-satu-

rated KHCO3 or K2SO4 electrolyte reached the cell, the CO2 ER protocol was initiated by fixing EWE at the desired value. EWE was

maintained constant during the entire experiment. All experiments in this study were performed at pH values ranging from 5 to 7

to exclude Cu corrosion by too low or too high pH values. Nevertheless, local pH changes, for example under locally confined con-

ditions like those found in crevice corrosion, could still happen.

Morphological and chemical analysis
Morphological analysis of the deposited copper electrocatalyst was performed through Scanning/Transmission ElectronMicroscopy

using a JEOL F200 microscope operating at an acceleration voltage of 200 kV. The measured STEM resolution for the instrument is

0.136 nm. Imaging was performed in BF-STEMmode due to better resolution in liquids.67,69–73 Imaging was performed using a probe

size of 7, coupled with a 40 mm condenser aperture, which resulted in an approximate probe current of 60 pA. The catalyst was

analyzed at select experimental times to avoid beam induced damage imparted from continuous beam irradiation effects in liquid

conditions.67,74 The raw images were processed with Gatan Digital Micrograph software.

To perform chemical and oxidation state analysis, at the end of the CO2 ER experiments the cell was flushed with nitrogen and

transferred to the instrument with EELS capabilities. The dry chip with patterned electrode and copper catalyst was then analyzed

through Electron Energy Loss Spectroscopy (EELS) using a Gatan Ultrascan detector on a JEOL NEOARMmicroscope operating at

200 kV. The spectra were collected with a Gatan imaging filter (GIF) aperture of 2.5 mm and a collection semi-angle of b of 41.7 mrad

using a 6C probe size with 0.025 eV of energy dispersion at a 20 mm camera length. Zero-loss and core-loss spectra were obtained

using an exposure of 2 3 10�5 s and 5 s, respectively. Processing of EELS signal was performed using Origin Pro.

Ab initio calculations
All calculations were carried out using the Vienna Ab initio Simulation Package (VASP) code and the projector-augmented wave

(PAW) technique using the RPBE exchange-correlation functional.75 Constant voltage calculations were performed using the

VASPsol implicit solvation method, assuming an SHE reference of –4.45 eV relative to the vacuum level.15,76,77 This approach imple-

ments an embedded polarizable dielectric continuum model that treats the ionic countercharge using a linearized Poisson-

Boltzmann distribution. All calculations were performed using a dielectric constant of 80, a Debye length of 3 Å, and neglecting

the cavitation energy contribution. All copper slab calculations were done using low-index copper surfaces of Cu (100), Cu (111)

and Cu (211) with a vacuum region of 20 Å and a cutoff energy of 500 eV for planewaves. Slab sizes were 4x4x4 for Cu(100),

4x4x3 for Cu(111), and 6x3x4 for Cu(211). The free energies were determined using calculated electronic energies for all species,

assuming adsorbate and gas phase entropic adjustments. Further details can be found in the supplemental information.

To assess the degradationmechanisms, we evaluated the oxidation/dissolution potential (Udis) of copper by computing the copper

vacancy (VCu) formation energies (Ef[VCu]) as a function of applied potential, with the Udis attributed to the potential at which the re-

action becomes endergonic for a given surface facet. Specifically, we calculate the formation energy (or analogously the Cu disso-

lution energy) via the expression:

Ef [VCu, ](me) = U[Cu(hkl):VCu](me) + mCu(me) � U[Cu(hkl)](me),

whereU represents the electronic grand potential for the pristine slab (U[Cu(hkl)]) and the slabwith a vacancy (U[Cu(hkl):VCu]), and mCu

represents the chemical potential of the oxidized Cu atom dissolved in solution. In this expression, all quantities are a function of the

electron chemical potential, me, which is related to the applied potential via the expression U(me) = V(me) – VSHE, where V(me) = –me/e0
and VSHE is the SHE reference potential. The dissolution potential Udis is computed by setting Ef [VCu, ](me) = 0, which is associated

with the electron chemical potential at which the pristine surface is in thermodynamic equilibrium with the dissolved Cu species and

defective surface:

U[Cu(hkl)](Udis) = U[Cu(hkl):VCu](Udis) + mCu(Udis)
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Within this framework, the dissolution potential is dependent upon two key factors: 1) the orientation of the Cu surface and 2) the

nature of the dissolved Cu complex. The latter leads to variations in mCu, which is highly dependent upon both the chemistry and the

net charge of the complex. In this work, we have considered a diverse set of possible Cu complex ion chemistries by systematically

replacing one or more water ligands in known aqua ion complex geometries with CO2, CO3, HCO3, OH, and OCHO ligands. We refer

the reader to the supplemental information for details of the structures for the studied Cu complexes. The mCu for the different Cu

complexes were calculated by subtracting off all energy contributions of the isolated constituents apart from Cu. For instance,

the chemical potential of the copper-carbonate complex with a solvation shell of 2 H2O molecules was calculated as follows:

mCu = G[Cu-CO3-2 H2O (aq)] – G[CO3 (aq)] – 2 G[H2O (aq)]

where G[X (aq)] represents the potential-dependent grand potential energy including vibrational corrections as described in the sup-

plemental information. All energies were calculated using implicit solvation with potential control using the VASPsol code, with addi-

tional details included in the supplemental information.We note that the absolute values of chemical potential of the complex mCu and

Ef[VCu] are modulated by details of the DFT calculations (e.g., the exchange correlation functional) and the degree of solvation in the

models (for instance, secondary solvation shell inclusion, etc.), and therefore the computational results primarily serve to provide

quantitative insight and qualitative trends. The present study focuses on thermodynamic trends in comparison with experimental

observations, but does not account for possible kinetic effects.

QUANTIFICATION AND STATISTICAL ANALYSIS

There are no quantification or statistical analyses to include in this study.
iScience 28, 111851, March 21, 2025 e3
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