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via Dissolution and Selective Redeposition Mechanism
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Abstract: As electrochemical CO, reduction (ECR) approaches
industrialisation levels, addressing the challenge of uncontrolled
restructuring and deactivation of copper (Cu) catalysts during
operation is essential for the regulation of this phenomenon. Two
different catalysts were prepared, each showing distinct changes in
ECR products selectivity over prolonged operation. The detection of
dissolved Cu species during electrolysis confirms the intermediates
mediated Cu’(s) dissolution mechanism at ECR potential, namely -0.8
to -1.1 V vs. reversible hydrogen electrode. A dynamic equilibrium
between dissolution and subsequent redeposition leads to
morphological restructuring. Additionally, our findings suggest that the
electrodeposition of dissolved Cu species is biased towards less
active sites due to their lower coverage by reaction intermediates such
as adsorbed CO. The iterative cycles of the dissolution-redeposition
mechanism at ECR potential lead to the growth of the less-active Cu
surface at the cost of the more-active one. This gradual yet persistent
restructuring mechanism consequently shifts selectivity away from
ECR and towards hydrogen production. Both catalysts exhibited this
general behaviour, although at different rates.

Introduction

The increasing concentration of CO, in Earth's
atmospherel™ has emerged as an urgent global concern due to its
role in climate change and global warming. In response to this
environmental challenge, a growing interest is in developing
sustainable and efficient methods to capture and utilise CO,.>
ECR has gained considerable attention to not only reduce CO;
emissions but also yield valuable chemicals and fuels from it.
Utilising this reaction our reliance on fossil fuels could be
mitigated, fostering the evolution of a circular and environmentally
sustainable economy.

Cu-based catalysts have demonstrated a notable ability to
electrochemically reduce CO; to high-value and energy-dense
products, such as ethylene. The uniqueness of Cu as an ECR
catalyst has been explained by the fact that it is the only metal
with negative adsorption energy for CO, a key intermediate in
ECR, and positive adsorption energy for H*, an intermediate in
the parasitic hydrogen evolution reaction (HER). This distinctive
characteristic increases the longevity of adsorbed CO (*CO),
thereby enhancing the probability of C-C coupling and generating
desired C,. products.5-8 Although promising, the integration of
Cu as an ECR electrocatalyst encounters notable hurdles,
especially stemming from the intricate interplay within various
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parameters. Among these, catalyst morphology stands out as
particularly important since it impacts both the activity and
selectivity of ECR.B#-10 For example, cubic nanoparticles
demonstrate better selectivity for ethylene compared to their
spherical and octahedral counterparts,®1% and activity is
significantly influenced by the size of the nanoparticles, with
smaller ones tending to promote HER.!Y At the same time,
commercial applications of ECR demand a catalyst with high
faradaic efficiency (FE) and current density for a specific product
and, of equal importance, long-term operational stability.5¢!

The ECR protocol typically includes catalyst immersion in
electrolyte without applied potential (later OCP; open circuit
potential), during which the electrolyte becomes saturated with
CO.,, followed by chronoamperometric (CA) measurement at a
constant ECR potential, where the ECR commences. Numerous
studies have provided substantial evidence of Cu surface
restructuring at the initial stage of ECR protocol (OCP and the
initiation of CA).21 The dominant mechanism is dissolution-
redeposition, occurring due to the presence of Cu-oxides on the
catalyst surface.!>81 This degradation process unfolds in two
steps: firstly, the direct dissolution of Cu-oxides at OCP, followed
by the subsequent electrodeposition onto the catalyst surface
when ECR potential is applied at the start of CA. Dissolved Cu
species are in the Cu* oxidation state.!¥! Raaijman et al.l%
demonstrated that this initial restructuring can be limited if the
catalyst gets exposed to the electrolyte under the influence of
applied potential. Undissolved Cu-oxides undergo reduction to
metallic Cu at the initiation of CA,[*821 triggering transient
dissolution followed by redeposition and, thus, some unavoidable
restructuring.i*”]

Nevertheless, mechanisms at the initial stage of ECR do not
account for all Cu morphology alterations, as changes have been
documented even at the CA during prolonged operation.22-27]
Vavra et al.l'¥ using density functional theory studies showed that
soluble Cu species can exist at -1.2 V vs. reversible hydrogen
electrode (RHE). They demonstrated that [CuCO]*3nz0,
[CuzCOs]s20 @and  [CuzC204)anzo  €xhibit negative formation
energies at these conditions. Furthermore, they also suggested
that the primary Cu dissolution pathway at ECR potential initiates
through the formation of [CuCO]*sn20 complex. Other studies also
suggest that restructuring at ECR potential is facilitated by
*CO.121.2829  Alterations were observed even in a CO
atmosphere.[3%

Cu instability during the CA is of great importance, as it
affects activity and selectivity, ultimately leading to its
deactivation.? Herein, this study reveals the fundamental
mechanisms of Cu catalysts restructuring and deactivation
through a dynamic equilibrium between Cu dissolution and
selective redeposition, intending to provide the understanding and,
consequently, design principles for optimizing operational
conditions and/or stable catalysts to effectively address these
currently uncontrollable alterations.

Results and Discussion

To tackle the challenge of dynamic restructuring during the
CA, the fundamentally similar dissolution-redeposition

mechanism at the initial stage of the ECR protocol was thoroughly
studied, observing the important factors in both Cu dissolution and
electrodeposition. A catalyst demonstrating high Cu species
dissolution at OCP was used (see Section S1 in Supporting
Information). Identical location scanning electron microscopy (IL-
SEM) was utilised to track Cu migration (Figure 1a,b). Dissolution
at OCP occurred in two stages: (i) an initial rapid dissolution of
Cu-oxides, followed by (ii) a slower process of metallic Cu
oxidation with subsequent dissolution (Section S1). By applying
the potential at the initiation of CA, the electrodeposition of
dissolved Cu species led to the formation of spherical Cu
nanoparticles ranging in size from 5 to 80 nm (Figure 1b and
Section S1). This mechanism is schematically presented in Figure
1c,d. The primary products of the ECR were formate and ethylene
(Section S2). Active Cu surface species were in the Cu® oxidation
state (Section S3).

c

Redeposition at initiation
of ECR potential

Dissolution at OCP

Figure 1. Energy dispersive X-ray spectroscopy (EDS) mapping overlay in
association with IL-SEM of the catalyst a) before and b) after 25 minutes at OCP
followed by the application of -0.975 V vs. RHE for 1 hour in CO2-saturating 0.1
M KHCOs. Schematic representation of ¢) the Cu nanoparticles dissolution at
OCP and d) subsequent electrodeposition of dissolved Cu species when ECR
potential was applied at the start of CA.

IL-SEM images demonstrated that the electrodeposition of
Cu species and ECR are competing processes (Figure 2 and
Section S6). When the catalyst, which was modified with ECR
protocol as shown in Figure 1la,b andFigure 2a,b, was subjected
to a repeated ECR protocol at the potential of -0.975 V vs. RHE,
the dissolution-redeposition mechanism led to the formation of
new nanoparticles alongside pre-existing ones (Figure 2c,d). This
contradicts the common Ostwald ripening mechanism principles,
where larger particles exhibit uniform growth at the cost of smaller
ones. On the other hand, when the experiment was repeated with
argon purging instead of CO,, Cu nanoparticles, marked in green,
grew evenly at the cost of Cu nanoparticles, marked in red (Figure
2e,f). With CO, expected ECR activity and selectivity were
observed (Section S2), while with argon, no products were
detected.

The persistence of this intermediate on the surface
facilitates C-C coupling, enabling the subsequent formation of
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desired C.. products.>® This process was optimal at around -1.0
V vs. RHE in terms of both activity and selectivity (Section S2),
the potential at which the experiment in Figure 2c,d was
conducted. The contradictions with Ostwald ripening arose
because ECR commenced faster than the electrodeposition of
dissolved Cu species. This led to the accumulation of adsorbed
ECR intermediates on the Cu surface, blocking Cu
electrodeposition. Consequently, Cu nanoparticles did not grow
(some even shrunk), and only new Cu particles appeared in new
regions (Figure 2d). In the control experiment where CO, was
substituted with argon an Ostwald ripening occurred because the
surface was not blocked by ECR intermediates. However, if the

ECR was not optimal (e.g. -0.850 V vs. RHE), anisotropic Cu
nanoparticles growth was observed (Error! Reference source
not found. and Error! Reference source not found.). In these
experiments, the Cu surface was only partially blocked with ECR
intermediates.

Therefore, it can be

concluded that ECR and

electrodeposition of dissolved Cu species were competing
reactions. The more optimal the ECR was, the better obstruction
of the surface was achieved, even to the extent of complete
blockage for electrodeposition. This is schematically presented in
Figure 2g,h.

Figure 2. IL-SEM analysis of the catalyst a) before and b) after the ECR protocol at the potential of -0.895 V vs. RHE. c,d) IL-SEM analysis of the repeated ECR

protocol at -0.975 V vs. RHE, resulting in the formation of new particles (marked in red) besides pre-existing ones (marked in green). e,f) The same experiment as

in c,d), however, the gas was exchanged from CO: to argon. Green shapes depict particles that grew, while red shapes depict particles that dissolved. g,h) Graphical

representation of the proposed mechanism observed in c,d).

Another significant finding in this study was the detection of
dissolved Cu species even during CA (Error! Reference source
not found.g) wusing inductively coupled plasma mass
spectrometry (ICP-MS). Catholyte was sampled at the 59" minute
of CA at -0.975 V vs. RHE, while the ECR potential was still
applied. A low concentration of Cu species was determined (11.8
ppb). Similarly, another sample was collected during the second
ECR protocol, at 59" minute of CA measurement at -0.975 V vs.
RHE. Dissolved Cu species were determined in a lower amount
(3.7 ppb). This was consistent with the recent report in which Cu
was proposed to dissolve through the formation of [Cu*-ECR
intermediates]xy0 complexes at ECR potential.l*®) The ECR
selectivity in the first and second CA were not the same (Section
S4). Formate production lowered and C-C coupling enhanced
indicating that changes in Cu dissolution rate could be connected
to ECR selectivity.

Modifications in Cu nanoparticles’ morphology were
observed in stability experiments over several hours. ECR

protocols with varying total CA times, namely 2, 6, and 16 hours,
at a potential of -0.975 V vs. RHE, were conducted (Figure 3c-e).
Well-defined and smooth Cu nanoparticles, which formed through
electrodeposition at the start of CA did not change significantly
until 2 hours (Figure 3c). However, anisotropic restructuring of the
nanoparticle surface was observed after 6 hours (Figure 3d).
Further nanoparticle restructuring occurred until 16 hours of CA
(Figure 3e). These three experiments demonstrated the effect of
Cu dissolution and subsequent migration, resulting in Cu surface
restructuring.

Changes in selectivity for different ECR products were
monitored during 16-hour CA as well. Formate production
dropped from approximately 22% FE in the first hour to around
3% FE after 6 hours, before increasing back to around 5% FE
(Figure 3a). Ethylene formation (and other C,. products, Error!
Reference source not found.b) increased from 6% to 10% FE
and reached a plateau after 4 hours (Figure 3a). At approximately
6 hours, its production started depleting as well. Conversely, a
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decrease in FE for HER occurred from the start, reaching a
minimum before 4 hours. After that, HER FE increase was
observed from 6 hours onwards. Methane production in the first
hour barely increased and then exhibited a depleting trend (Error!
Reference source not found.a). However, CO production
remained constant throughout the 16-hour experiment (Error!
Reference source not found.a). A repetition of the 16-hour
experiment was conducted for gaseous products, yielding a

similar trend (Error! Reference source not found.a). By
exchanging the electrolyte under potential control (thus
preventing catalyst oxidation at OCP and subsequent dissolution),
the activity remained unchanged (Error! Reference source not
found.a). This was a control experiment that eliminated the
potential effects of ECR products in the electrolyte, changes in pH
throughout the 16 hours, etc.,, on ECR selectivity. Similar
behaviour was observed by Huang et al.[?3]
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Figure 3. a) Analysis of ECR product selectivity on the first catalyst over a 16-hour CA at a constant potential of -0.975 V vs. RHE for hydrogen, formate, and

ethylene FE. b) Analysis of ECR product selectivity changes for gaseous products during a 23-hour CA experiment at a constant potential of -1.0 V vs. RHE

conducted on particles formed directly on a GCp. c-e) SEM images of three replicate samples illustrating the first catalyst after varying durations of electrolysis. f)

Proposed mechanism depicting dynamic selective dissolution-redeposition of Cu restructuring during CA, leading to g) the formation of hydrogen-producing sites.

The shapes of Cu sites are only representative.
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Another Cu catalyst was prepared by introducing an
electrolyte with dissolved Cu species (Experimental Section) into
a cell where the cathode consisted solely of a glassy carbon plate
(GCp). The electrodeposition process yielded nanoparticles
similar to those observed as reported above, however, with a
narrower size distribution (Error! Reference source not
found.b,c). Formate was not the primary product of the ECR on
this catalyst (Error! Reference source not found.). A CA stability
experiment conducted on this catalyst for 23 hours at -1.000 V vs.
RHE potential, yielded a fast ECR deactivation. A decrease in FE
for ethylene and methane, accompanied by an increase in FE for
hydrogen and CO, was observed from the beginning of the
experiment. After one hour FE of CO started decreasing as well
leading to overall deactivation. On this catalyst, deactivation
occurred at a faster rate compared to Figure 3a, and after 20
hours, practically full deactivation was achieved. The possible
effect of Cu leaching from the inner parts of the first catalyst on
ECR deactivation was eliminated with this experiment, proving
that catalyst deactivation is indeed a general behaviour.

Above mentioned observations confirmed that Cu
restructures through dissolution even at ECR potential. We
suggest that at these conditions, Cu dissolution via oxidation to
Cu* occurred by electron transfer to the ECR intermediate.
Consequently, the Cu* ion became more susceptible to form the
soluble complex (Error! Reference source not found.). It was
demonstrated that Cu restructuring at ECR potential occurs only
in the presence of CO,,[?Y therefore, the dissolution of Cu is
facilitated by ECR intermediates. In their absence, the presence
of Cu* species at ECR potential is negligible.Y Every chemical

reaction is a dynamic equilibrium between reactants and products.

We propose that dissolution of Cu at ECR potential does not strive
from this behaviour, meaning that dynamic dissolution-
redeposition mechanism occurred during CA. As shown above
(Figure 2), the electrodeposition of dissolved Cu species was
facilitated by adsorbed CO; reduction intermediates. Dissolved
Cu species electrodeposited preferentially to sites with lower
coverage with ECR intermediates, presumably the less ECR-
active sites.

The dynamic equilibrium between intermediates-mediated
dissolution followed by electrodeposition on less-covered sites
occurred during CA. Consequently, changes in ECR activity and
selectivity over time, leading to deactivation and heightened HER
production, can be rationalized. Through multiple iterations of
dissolution-redeposition, the less-active ECR sites grew at the
expense of the more-active ones (Figure 3f,g). This study
intentionally focused on an unstable Cu nanopatrticles system to
observe this phenomenon, recognizing that different catalysts
may exhibit a slower deactivation process. However, by
enhancing dissolution, alterations were more pronounced,
enabling the determination of the deactivation mechanism during
CA.

Stability experiments (Figure 3a,b) and the report presented
previously!?® indicated that deactivation did not occur in one step
but rather unfolded gradually, potentially triggering the activation
of alternative processes. Established ECR mechanisms
governing various product pathways involve CO, adsorption and
reduction to either formate or *CO.P! From *CO, desired Cy+
compounds can be produced through an important C-C coupling

stage. If this process is inhibited, CO forms through *CO
desorption (Error! Reference source not found.). The observed
CO FE activation after C,+ FE deactivation in Figure 3b was a
representation of this effect.

The formation of soluble Cu-complexes was more prevalent
at formate-producing sites. A decrease in formate production
(Section S4) corresponded to a lowered concentration of aqueous
Cu species (Error! Reference source not found.g). The
deactivation of formate-producing sites was faster compared to
the deactivation of C-C coupling sites (Figure 3a). The observed
activation of Cy+ products formation in the first 4 hours of ECR on
the first catalyst (Figure 3a), could have occurred because more
CO; became available for *CO on different sites or the formate-
producing sites restructured to favour C-C coupling. We propose
that the deactivation of original C». producing sites occurred from
the start, however, this process was slower compared to one of
the above-mentioned effects, causing the observed activation.

The close interconnection between C-C coupling and HER-
producing sites is evident in Figure 3a, where an inverse
relationship was observed. When the selectivity for C-C coupling
increased, the selectivity for HER decreased, and vice versa. In
contrast, interconnection between formate and HER-producing
sites was not observed. As mentioned above, C-C coupling
requires *CO to be a relatively long-lasting species on the Cu
surface, and C,. products involve more than 8 electron transfers.
This results in a high population of C,: intermediates on the Cu
surface, consequently blocking HER. Similarly, it can be
concluded that these sites are more blocked for Cu
electrodeposition than formate-producing sites.

The dissolution and formation of presumably [CUHCOO]xn20
complex, like [CuCOs]sH20 and [Cu2C204]an20,1*" emerged as the
predominant step in formate-producing sites deactivation, with
redeposition playing a minor role. In contrast, at C-C coupling
sites where *CO and other C,. intermediates persisted for longer
time periods, dissolution appeared to be less influential, while
redeposition was significantly impacted by a high surface
coverage. Deactivation mechanism at those two distinct sites is
schematically presented in Figure 4.

Further investigations are needed to distinguish the
important steps in deactivation for other C; and especially
individual C,:+ products, which are particularly important
considering their high value. Employing this approach and striving
to understand the deactivation mechanisms for different Cy.
products could benefit future studies in mitigating the deactivation
by, for instance, adjusting operational conditions and designing
catalysts that would be selective beyond C-C coupling.
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dominant dissolution
step in deactivation

C-C coupling sites:
dominant redeposition
step in deactivation
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Figure 4. Dominant steps in the dynamic equilibrium of Cu dissolution-
redeposition at ECR potential for two distinctive ECR products: a) formate and
b) ethylene.

Conclusion

This study showed the dynamic restructuring exhibited by
Cu-based catalysts at ECR conditions, a significant challenge in
the development of stable, industrially feasible electrocatalysts.
The findings demonstrated that the dissolution-redeposition
mechanism at the initial stage of ECR played a pivotal role in
modifying the morphology of the catalyst. Upon the application of
the ECR potential, the electrodeposition of dissolved Cu species
was significantly influenced by the ECR. As a result, in these
conditions, Cu growth deviated from the common Ostwald
ripening mechanism due to Cu surface blockage.

Alterations in Cu surface morphology and ECR selectivity
persisted even during CA, at applied ECR potential. The detection
of dissolved Cu species indicated the formation of [Cu*-ECR
intermediates]x120 complexes under these conditions. The
dynamic equilibrium of dissolution-redeposition at ECR potential,
facilitated Cu migration to the less active sites, due to their lower
occupancy by ECR intermediates. Iterative cycles of this process
led to the complete deactivation of the Cu catalyst, shifting ECR
selectivity towards the HER.

We anticipate that our findings and methodologies will
inform future endeavours aimed at designing stable catalysts
capable of effectively closing humanity’s CO; cycle. The observed
restructuring phenomena for other metals indicate broader
implications of this knowledge beyond Cu.233In conclusion, we
echo the sentiment encapsulated in the following quote
summarising this work: “Copper’s most powerful tool for fighting
global warming is also its greatest weakness.”
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Copper dissolution-redeposition significantly transforms catalysts at the initiation of electrochemical CO; reduction, with restructuring
persisting even at reaction conditions where CO. reduction intermediates mediate a dynamic equilibrium between dissolved and
deposited copper, gradually resulting in catalyst deactivation during long-term operation.

@Electrocatalyst

https://doi.org/10.26434/chemrxiv-2024-wfs77 ORCID: https://orcid.org/0000-0002-7113-9769 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-wfs77
https://orcid.org/0000-0002-7113-9769
https://creativecommons.org/licenses/by-nc-nd/4.0/

