Green Chemical ]
Technology SCIEPublish

Review

Driving Factors of Copper Surface
Restructuring During Electrochemical CO;
Reduction

Naeem Ahmed *

Tribology Research Institute, School of Mechanical Engineering, Southwest Jiaotong University, Chengdu 610031, China

* Corresponding author. E-mail: nacem@uestc.edu.cn (N.A.)

Received: 30 January 2026; Revised: 11 March 2026; Accepted: 22 April 2026; Available online: 22 May 2026

ABSTRACT: Copper (Cu) is a uniquely versatile catalyst whose performance in reactions, such as the
electrochemical COz reduction reaction (CO2RR) is intimately linked to the dynamic evolution of its surface
under operating conditions. Rather than remaining structurally static, Cu undergoes continuous surface
restructuring, forming new morphologies, facets, and defect structures that differ significantly from the as-
prepared material. These transformations strongly influence catalytic activity and selectivity, yet the
mechanisms governing them remain poorly understood. As a result, Cu surface restructuring has emerged
as a “black box” phenomenon in electrocatalysis, marked by contradictory interpretations and a lack of
predictive control. In this review, we examine six major factors proposed to drive Cu surface restructuring:
(1) adsorbed hydroxyl species, (i) applied potential, (ii1) adsorbed CO intermediates, (iv) surface oxidation,
(v) electrolyte composition, and (vi) current density. We discuss how each factor can modify surface
energetics, atomic mobility, and local reaction environments, while emphasizing that these influences rarely
act independently.
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1. Introduction

Global industrialization, fueled by fossil fuels, has led to escalating greenhouse gas emissions. To
counter this, researchers are exploring electrochemical CO2RR, to get valuable fuels and chemicals [1-5].
This approach offers a pathway to reduce reliance on fossil fuels, cut carbon emissions, and transition
towards a sustainable, carbon-neutral future [6]. However, the efficiency of electrochemical CO2RR is
hindered by low catalyst activity and selectivity [1,2,6]. Various catalytic materials were employed to
enhance activity and selectivity until 1989, when Hori et al. discovered that Cu was capable of producing
multi-carbon products. Since then, Cu has emerged as a promising catalyst for the conversion of CO2 into
multi-carbon products [1].

Despite these favorable outcomes, Cu undergoes surface restructuring, as observed by Zhang (Cu(100)
single crystal) [7], Eren (Cu(111) surface) [8], Auer (polycrystalline Cu electrodes) [9], Wang
(nanostructured Cu catalysts) [10], Wilde [11], and many others [3,12—15]. This restructuring behavior has
been widely observed in oxide-derived Cu catalysts, grain-boundary-rich Cu surfaces, and stepped Cu
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electrodes during CO2RR [16-18]. Also, it is important to distinguish between “surface reconstruction” and
“surface restructuring”. Surface reconstruction typically refers to well-defined atomic rearrangements on
single-crystal surfaces, resulting in ordered structures that differ from the bulk lattice. In contrast, surface
restructuring is a broader term describing dynamic morphological and compositional changes in
nanostructured or polycrystalline catalysts, including nanoparticles and oxide-derived Cu, under reaction
conditions. In this review, the term “restructuring” is used unless referring specifically to single-crystal
systems reported in the literature.

Currently, researchers are exploring the reasons behind Cu restructuring, and multiple studies have
proposed different factors [9-13]. These include the influence of hydroxide (OH) [9,12,15,19], CO
adsorption [13], the applied potential [7,11], surface oxidation [20-22], electrolyte composition [23-26],
and current density [27,28], each suggested to play a role in the observed restructuring of Cu. In fact, the
literature gives conflicting explanations of the way and reason behind the restructuring of Cu. This
knowledge gap needs to be filled in not only to provide a basic understanding of surface science but also to
enable a rational development of Cu-based catalysts with enhanced stability, selectivity, and scalability. To
gain a better idea of restructuring, it is important to unravel the individual and joint effects of the forces
that drive surface evolution or determine in what situations a certain mechanism is in control.

In this review, we assess the existing knowledge on the subject of Cu surface restructuring with special
reference to six contributors (Figure 1), which include: (i) hydroxyl species, (ii) applied potential, (iii)
adsorbed CO, (iv) surface oxidation processes, (v) electrolyte composition, and (vi) current density.
Comparison of experimental and theoretical knowledge in these fields will help us understand which facts
are confirmed and which are not, which questions remain unanswered, and which approaches can be used
to go beyond the current black box and develop a more predictive model of dynamic Cu surfaces.

Factors for Cu
restructuring

Figure 1. Key factors influencing Cu restructuring include OH radicals, current density, electrolyte composition, applied
potential, and surface oxidation.
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2. Factors for Cu Restructuring

A growing body of experimental and theoretical work suggests that restructuring does not stem from a
single origin but is influenced by multiple, often interdependent variables at the electrochemical interface.
Among these, adsorbed hydroxyl species, applied potential, CO intermediates, surface oxidation processes,
electrolyte composition, and current density have emerged as key contributors. Figure 2 illustrates the
dynamic nature of Cu surface restructuring under CO2RR conditions, emphasizing that catalyst evolution
initiates during the transition from open-circuit potential to cathodic operating potentials. During the start-
up phase, the reduction of pre-existing oxide layers leads to the dissolution of Cu species, whereas under
steady-state CO2RR conditions, restructuring is dominated by adsorbate-induced processes, particularly the
strong interaction between CO intermediates and the Cu surface [29]. This induces continuous dissolution—
redeposition cycles and enhances surface atom mobility, resulting in significant morphological changes
[29]. Furthermore, the emergence of an amorphous interfacial layer comprising mixed Cu’/Cu* oxidation
states highlight the non-equilibrium nature of the catalyst surface under reaction conditions. These findings
collectively demonstrate that Cu restructuring is governed by a complex interplay of electrochemical
driving forces and adsorbate effects, reinforcing its dynamic and condition-dependent behavior [30]. In the
following sections, we examine how each of these factors affects surface energetics, atomic mobility, and
interfacial chemistry, and we highlight where interpretations converge or diverge across the literature.
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Figure 2. Atomistic picture of the Cu intrinsic instability during CO,RR. (a), The applied voltage evolves from open-circuit
potential to operating cathodic potential over time. (b,¢), Cu undergoes dissolution and redeposition both during the start-up
phase (b) and during CO,RR operation (¢). Adopted from ref. [29]. (d), The formation of an amorphous interface containing Cu
in a mix of 0 and +1 oxidation states as a result of CO,RR. Adopted from ref. [30].
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2.1. OH Radicals

On nanostructured Cu catalysts and oxide-derived Cu systems, OH radicals are important intermediates
in the electrochemical reduction of COz, and this determines the surface restructuring and the overall
catalytic efficiency [3,15,19]. The adsorption of the OH radicals that are usually formed during the process
of the electrolysis of water and during the HER on the Cu surface results in the creation of Cu hydroxides
(CuOH) or Cu oxides (CuO) [15,19]. Such surface species may interfere with the active sites during CO2
reduction, thus lowering the catalyst’s performance and stability.

The capacity of Cu to lower CO:2 to multi-carbon products is attributed to a large extent by the fact that
Cu has the best binding energies to key intermediates of CO, CHO, and *COOH. The adsorption of OH
radicals on Cu surfaces, however, can also substantially influence the binding of these intermediates,
producing competing products like hydrogen via HER or inhibiting the production of C2" products like
ethylene and alcohols [19]. Research has revealed that the surface oxidation or hydroxylation by OH radical
could result in the restructuring of the Cu catalyst, which can impede the CO2RR by either obstructing the
active sites or changing the electronic characteristics of the catalyst [3,15,19].

The action of OH radicals on the Cu surface restructuring is time-dependent, and the effects of the
radicals are strongly dependent on the electrochemical conditions. The adsorption of OH radicals on the Cu
surface can allow the creation of surface defects, including vacancies, step edges, and dislocations, which,
under certain circumstances, may increase CO2RR activity by increasing the number of active sites to which
intermediates can bind [3,15,19,31]. Nevertheless, such flaws may also lead to the dissolution and
deposition of Cu during electrochemical cycling, thereby deteriorating the catalyst in the long run.
Moreover, when the concentration of OH radicals is high, thick oxide layers may be formed, and the
accessibility to the active Cu surface is restricted, and the selectivity towards C2" products is lowered [4,19].

Compositional tuning and surface coatings are some of the strategies that are being considered to enhance
the stability and selectivity of Cu catalysts in CO2RR. Catalysts used in the reaction can be alloyed with other
metals [32—-38] or a protective coating to prevent excessive oxidation, and the resistance to degradation can
be increased. These methods are aimed at stabilizing Cu atoms and lattices, and keep them active in their
active form during long durations of operation. By regulating the action of OH radicals on the restructuring
of Cu surfaces, researchers will be able to create more effective and long-lasting Cu-based catalysts in CO2RR
and eventually bring the technology to the level of practical, industrial-scale applications.

2.2. Applied Potential

The potential applied is an important factor in stabilizing and catalyzing the Cu electrocatalysts in reaction
to reduce CO2 [7]. When electrochemical processes are applied, the applied potential directly determines the
electron density of the catalyst surface, which subsequently controls the adsorption and desorption of CO2 and
reaction intermediates. In the case of Cu-based catalysts, the applied potential relates to both the oxidation state
of the metal, the creation of surface oxides or hydroxides, as well as the extent of surface reconstruction, which
has a significant effect on both the efficiency and selectivity of the CO2RR [7,39].

Cu oxidation at more positive potentials, leading to the formation of Cu20 or CuO phases, has been
widely reported in electrochemical environments. These oxides can cover active sites, reducing the number
of available sites for CO2 adsorption and, consequently, the reaction rate. With increased potentials, Cu
surface may oxidize and result in loss of catalytic activity and growth in HER rather than the intended
COz2RR. This results in an unstable surface of the catalyst as well, since the layers of CuO or CuOH fail to
reduce CO: as readily as the metallic Cu surface, which is known to be capable of C—C coupling reactions
to produce C2" products (ethylene, ethanol, etc.) [3,7,15,19,31,39-41].

Conversely, Cu will remain in the metallic form at even more negative potentials, which is desirable
in CO2RR. Cu, in its metallic [3,15,19,31] state, can adsorb CO2 and its intermediates (CO, CHO, and
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*COOH) better to facilitate C—C coupling and the formation of multi-carbon products. In such a situation,
the Cu surface is relatively stable, and the active sites needed to reduce CO2 can form. As the potential
becomes more negative, however, other problems, including enhanced HER, might occur as the
competition between the protons and CO2 to gain access to surface sites. Also, even with long-term
exposure to highly negative potentials, surface roughening and the formation of defects that can worsen
catalytic activity can still occur.

An important finding in recent literature is that some of the possible windows can stabilize Cu and
increase its selectivity towards C2" products. An example is that it is possible to run Cu catalysts under
certain potential conditions to minimize the development of oxides on the surface and ensure a single, active
Cu surface to reduce CO:2 [42]. Through a careful optimization of the potential applied, researchers have
been able to show that the stability of Cu can be increased, which has increased the operational period of
Cu and selectivity to desired products. Nevertheless, this balance can be determined by a more in-depth
insight into the influence of various potentials on the surface structure of Cu and the impact that these
variations have on the reaction pathways constituting CO2R.

In general, the applied potential can be considered a key factor that dictates the electrochemical stability
and activity of Cu-based catalysts in CO2RR. The selective reduction of CO:z to high-value multi-carbon
products can be optimized by tuning the potential to optimize the morphology and electronic structure of the
catalyst. Long-term stability and high selectivity, however, can only be maintained through careful regulation
of the applied potential in order to decrease the adverse effects associated with the process, e.g., oxidation
and over restructuring of surfaces. More studies should be conducted in order to determine the best possible
ranges that balance high activity with long-term stability in reducing CO: at the industrial level.

During CO2RR, the oxidation state of Cu is highly dynamic, typically fluctuating between Cu’, Cu”,
and, under certain conditions. While metallic Cu’ is generally considered the active phase for C—C coupling,
Cu’" species have been reported to stabilize key intermediates and influence selectivity. The coexistence of
multiple oxidation states under reaction conditions reflects a non-equilibrium surface, often associated with
continuous restructuring and redox cycling.

2.3. CO Adsorption

Carbon monoxide (CO) serves a central function in the electrochemical reduction of CO2 of Cu
catalysts as a central intermediate in the production of multi-carbon products [43]. CO2RR is a process in
which CO is produced by the reduction of COz2, and it is then used in other reactions that result in the
synthesis of valuable chemicals, including ethylene, ethanol, and propanol [43,44]. Adsorption of CO on
the Cu surface has a large impact on the reaction pathway, selectivity, as well as the overall efficiency of
the whole process.

The CO adsorption on Cu surfaces well-defined Cu single-crystal surfaces (e.g., Cu(111), Cu(100))
and nanostructured Cu catalysts is a key procedure in the generation of C2" products because it enables C—
C coupling reactions, which is required in the generation of multi-carbon products [43,44]. Strong
dependence on potential, pH, and composition of the electrolyte on the binding of CO to the Cu surface is
observed. At the correct applied potentials, the CO adsorbs onto the Cu surface in an optimal manner, thus
allowing the C—C coupling with high efficiency. Cu surface is adsorbed with CO, and its dimerization
results in the formation of the Cz intermediate, which can be further reduced to form C2" products. The
adsorption process depends on the surface structure of Cu, and various Cu facets have different CO
adsorption affinities and catalytic performance [43,44].

Overloading of CO may cause surface congestion in which more than the active sites are occupied by
the CO molecules, thus preventing the adsorption of the reaction intermediates, and thus inhibiting a high
catalytic efficiency. Such excessive coverage of the surface may cause a distribution shift in the product,
suppressing C2" products formation and causing an augmentation in side reactions like HER [45]. CO
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adsorption versus HER competition is one of the most significant reasons that inhibit the usefulness of Cu
electrocatalysts at high-density currents [45]. The competition between the intermediates with the
competing ones like OH can also affect the interaction between the CO and Cu, and could adsorb on the
surface, hence interfering on the CO adsorption process [3,15,19].

To sum up, CO is an important intermediate in the CO2RR process on Cu catalysts, and its adsorption
on the Cu surface is important in the formation of multi-carbon products. Although moderate CO adsorption
is required to obtain efficient CO2RR, a high level of CO adsorption may cause surface congestion, a change
in the distribution of the product, and catalyst instability. The CO adsorption of Cu electrocatalysts needs
to be explained and regulated in order to enhance the efficiency and the stability of the CO2RR.

2.4. Cu Surface Oxidation

Surface oxidation of Cu is an essential factor in the electrochemical reduction of CO2 [20] and in the
activity and stability of Cu-based electrocatalysts. The imposed potential, the pH of the local environment,
and the presence of adsorbed species, such as oxygen-carrying molecules, influence the Cu surface to a
great extent during CO2RR, promoting oxidation and influencing the catalytic activity of this type of surface.
The ability of Cu to reduce CO2 to multi-carbon products depends on the metallic nature of the material,
which is however impeded by oxidation processes that change the surface structure and electronic
characteristics of Cu [20-22].

One of the greatest challenges facing CO2RR is the instability of Cu oxide phases during the reaction
conditions. Continuous formation and dissolution of Cu oxides may occur in case of longer exposure to
high potentials or severe conditions of reaction, a process that results in surface rebuilding and catalyst
degradation [22]. During this dissolution-redeposition process, where Cu atoms are lost at the surface and
re-deposited in a less active form, this leads to the build-up of gradual degradation of the catalyst with time.
This problem is enhanced by the large current densities, which increase the rate of dissolution of Cu species,
causing the loss of material and the overall performance of the catalyst to be reduced [46].

In an attempt to reduce the negative outcomes of Cu oxidation, a number of strategies have been
suggested [20-22]. One of them is maximizing the potential applied to reduce oxidation while still
encouraging CO2RR. The ability to work under a possible range in which Cu is in the metallic state can
minimize the level of surface oxidation and maintain the activity of the catalyst. Also, Cu alloys or surface
coats can be used to ensure that oxidation is not excessive, as these stabilize the Cu surface [47]. Indicatively,
Cu-based alloying [32-36] can be used to modify the surface electronic structure and to reduce oxidability
of the surface as well as to enhance degradation resistance. The Cu surface can also be coated with surface
materials [48-50] that assist in preventing oxidation of the surface to provide better stability and
performance by the Cu during the CO2RR.

Under CO2RR conditions, Cu surfaces undergo continuous dissolution—redeposition processes driven
by electrochemical potential and adsorbate interactions. Cu atoms can dissolve into the electrolyte as ionic
species and subsequently redeposit onto the surface, leading to the formation of new morphologies such as
clusters, adparticles, and roughened surfaces. This dynamic process contributes significantly to catalyst
restructuring and can either enhance activity by generating new active sites or lead to long-term instability.
Finally, the oxidation of Cu surfaces is also a vital parameter that affects the stability and activity of Cu-
based electrocatalysts in CO2RR. Although oxidation may cause passivation of the catalysts and the loss of
the ability to form multi-carbon products, in some cases, oxidation may be helpful. A close control of the
oxidation process in terms of potential optimization, electrolyte control, or protective coating or alloying
strategy is necessary in order to stabilize and optimize the Cu-based catalysts towards CO2RR. These
methods will contribute to the better performance of Cu-based catalysts in the long term and will bring
CO:2RR to the next stage of use at an industrial level.
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2.5. Electrolyte Composition

The efficiency, selectivity, and stability of Cu catalysts during CO2RR are determined by the electrolyte
composition. The electrolyte also influences the electrochemical environment as well as the adsorption
behavior of CO2 and reaction intermediates on the Cu surface, which in turn affects the performance of the
catalyst [23—-25]. The pH, ionic strength, the availability of a particular ion, and the solubility of COz in the
electrolyte are the crucial parameters that influence the surface of Cu and electronic properties directly
during CO2RR [23].

One of the strongest factors that affect CO2RR includes the pH of the electrolyte. During acidic
electrolytes, the concentration of protons is great and thus usually results in the simultaneous HER.
Although it encourages the production of hydrogen, it may also lead to oxidation of Cu and result in the
passivation of the surface and reduced catalytic activity. In acidic medium, Cu can form Cu oxides (CuO)
or Cu hydroxides (CuOH), not as effective as the metallic Cu surface in the reduction of CO2. Conversely,
in alkaline electrolytes, the occurrence of hydroxide ions keeps Cu in its metallic form, which favors
CO2RR and discourages HER. Excessive hydroxide concentration under alkaline conditions has been
reported to promote the formation of surface oxide or hydroxide layers on Cu, which can block active sites
and influence catalytic performance [23-26].

The concentration of ions in the electrolyte, termed ionic strength, is also important in stabilizing the
catalyst and reaction kinetics. Increasing ionic strength minimizes the action of the potential applied to the
electrochemical double layer at the catalyst surface to give a more stable electrochemical environment. It,
in its turn, minimizes surface oxidation and allows for reducing CO2 more efficiently [25]. In addition, the
ionic strength is high, which facilitates the conduction of ions, amplifying the entire process of CO2RR,
favoring the transfer of charges, and decreasing the number of losses.

Cu surface restructuring and CO2RR activity can further be altered by the presence of certain ions in
the electrolyte [26]. The CO2RR electrolytes can contain bicarbonate, carbonate, and others, because these
ions can promote the reaction of CO: and stabilize the intermediates of the reaction, e.g., CO and COOH
[26]. The buffer of interest is bicarbonate, which causes the pH to stay constant in CO2RR, and helps to
reduce COz to the final product, *CO. These ions can be used to control the Cu surface electronic structure,
favoring the production of C2" products. Also, the cations potassium, sodium, and lithium may play a role
in changing the adsorption process of CO2 and reaction intermediates by modulating the electrostatic
potential of the catalyst. For example, lithium has been observed to stabilize some intermediates, thereby
increasing selectivity toward multi-carbon products. The electrolyte may also be stabilized by adding
additives like surfactants or certain ions to allow the Cu surface to stabilize and prevent the development
of undesired Cu oxides. Surfactants may alter the interface between the catalyst and electrolyte and affect
the adsorption of CO2 plus reaction intermediates, and enhance the stability and selectivity of the catalyst.
To conclude, the electrolyte make-up is one of the key factors in the functioning of Cu electrocatalysts in
CO2RR. The PH, ionic strength, existence of certain ions, COz2 level, and electrolyte additives also have a
major role in the determination of the catalyst surface structure, reactivity, and stability. These factors can
be optimized to increase selectivity of C2" products, reduce side reactions, e.g., HER, and the general
stability and effectiveness of Cu-based catalysts. The ability to adjust the electrolyte composition to achieve
a stable, active Cu surface is essential for developing CO2RR technology to the industrial level.

2.6. Current Density

The electrochemical CO2RR on Cu catalysts is a significant parameter, as current density is directly
associated with reaction rate, product distribution, and overall performance. It is the current that flows
through a catalyst per unit area of the electrode and is normally expressed in milliamps per square
centimeter (mA-cm2). The rate of conversion of COz to different products, including multi-carbon products
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(ethylene, ethanol, and propanol) tend to be higher in the presence of higher current densities. Nevertheless,
the correlation between the current density and the selectivity of the products is not so straightforward,
since the rise in current density may also cause the improvement in the HER, rival to the CO2RR [27,28].

Cu-based catalysts may be selective to a C2" product at moderate current densities due to the generation
of intermediates that are required in the process of C—C coupling, such as CO and CH3O. But, the
competition between CO2RR and HER increases with an increase in the current density [27,28]. The
enhanced HER with higher current densities can readily boost the production of hydrogen instead of multi-
carbon products. Besides impacting the selectivity of products, current density also has an impact on the
stability and morphology of Cu electrocatalysts. Dissolution-redeposition cycles can be used in high current
densities to speed up surface restructuring, resulting in the loss of Cu material and surface morphology
alterations. This rebuilding usually creates surface defects, like vacancies and dislocations, which in the
first place increase the catalytic activity, as they offer more active sites to which the intermediate can be
adsorbed. Nevertheless, with a long-term use of the high current densities, the catalyst might degrade, which
will result in the reduction of the performance and stability [51].

Attempts to optimize the current density of stable, efficient CO2RR entail balancing the reaction rate
and catalyst degradation. By working within a limited range where Cu remains largely metallic, it can be
beneficial to minimize the extent to which oxides form on the surface and to preserve the catalyst itself.
Also, it is possible to stabilize the Cu surface and reduce side reactions, e.g., HER, by altering the electrolyte
composition or through the addition of electrolyte additives. These strategies are capable of providing high
current densities at high selectivity and stability, as seen in recent studies [27,28,51-53].

To conclude, current density is a very important variable, which determines the rate and selectivity of
CO2RR on Cu electrocatalysts. Although it is good to have a high current density in order to increase the
reaction throughput of a reaction, maintaining catalyst stability and selectivity also proves to be a problem.
The optimization of the operating conditions and the current density is necessary to get efficient and long-
lasting Cu-based electrocatalysts to reduce COa.

Figure 3 establishes a direct link between catalyst restructuring and CO2RR performance by correlating
structural evolution with product selectivity and current density. Post-reaction analysis reveals pronounced
morphological transformations, including the formation of adparticles, increased surface roughness, and
grain reorganization across Cu—X catalysts (X = Ag, Fe, Zn, Pd). High-resolution TEM and FFT patterns
indicate the coexistence of metallic Cu and oxidized phases (e.g., Cu20), highlighting the dynamic redox
environment during CO2RR [52]. Notably, the extent and nature of restructuring vary with alloy
composition, suggesting that secondary metal incorporation modulates both surface stability and
reconstruction pathways [52]. These structural differences translate directly into variations in product
distribution and catalytic efficiency, demonstrating that catalyst composition plays a critical role in
governing the evolution of active sites under reaction conditions. This figure underscores the strong
coupling between structural dynamics and catalytic performance in Cu-based systems.
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Figure 3. (a—h), Top-view SEM images (left) and cross-sectional-view high-resolution TEM images (right) of Cu—X, X = Ag
(a,e), Fe (b,f), Zn (c,g) and Pd (d,h); before (a—d) an after (e-h) 1 h of CO;RR at a full cell potential of —3.6 V using 0.1 M
KHCO;. Adapted from ref. [52]. (i-k), Correlation between CO,RR performance and the reconstruction of Cu and Cu—-X
catalysts. Adapted from ref. [52].

The factors discussed above do not operate independently; rather, they are strongly interrelated under
practical CO2RR conditions. For instance, the applied potential not only determines the oxidation state of
Cu but also governs the adsorption strength of key intermediates such as CO and OH", thereby influencing
both surface stability and reaction pathways. Similarly, electrolyte composition and local pH affect the
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availability of hydroxyl species and the ionic environment, which in turn modulate surface oxidation, CO
binding, and mass transport behavior. The interplay between CO and OH adsorption can lead to competition
for active sites, altering surface coverage and restructuring dynamics. Furthermore, current density
influences local reaction conditions, including pH gradients, gas bubble formation, and reactant availability,
all of which can accelerate dissolution-redeposition processes and morphological evolution. As a result,
Cu surface restructuring should be viewed as a dynamic, multivariate process governed by the coupled
effects of electrochemical, chemical, and transport phenomena rather than isolated driving forces.

3. Challenges and Future Perspectives

Although great progress has been made in operando characterization and theoretical modeling, the issue
of Cu surface restructuring under electrochemical conditions is still a long way to being predictively
understood. The main problem here is that the restructuring process is not controlled by one variable but is a
complex and dynamic interaction due to electrochemical potential, adsorbates, electrolyte environment, and
catalyst history. One of the most important challenges to the field is disentangling these interdependent effects.

3.1. Challenges

e Among the most significant issues is that the contemporary characterization methods are not well-
temporally and spatially resolved. Surface restructuring can take place over timescales between
milliseconds and minutes and can encompass heterogeneity at the nanoscale over the catalyst surface.
Although operando X-ray, spectroscopic, and microscopy methods have proved to be invaluable, they
typically average over large regions or cannot give the time resolution required to track transient
intermediates and fast structural changes. Consequently, important steps during the restructuring
pathway can be experimentally invisible, which adds to the contradicting representations of active
surface states.

e The ambiguity that has persistently plagued the literature is whether surface structures seen are the
catalytic drivers or simply the results of reaction conditions. CO coverage, OH adsorption, and changes
in local pH are examples that are usually correlated with restructuring, and whose mechanistic
functions are hard to isolate due to their changes along with surface structure.

e The restructuring of Cu is extremely sensitive to the composition of the electrolyte, mass transport, cell
geometry, and current density, but the parameters differ greatly among studies. Various local reaction
conditions may be achieved due to differences in hydrodynamics, placement of reference electrode,
and buffering of the electrolyte, and as a result, cross-comparison of results is not easy, leading to
conflicting inferences.

e The majority of computational investigations continue to characterize catalyst surfaces in the quasi-
equilibrium or stationary state, when in reality, electrochemical interfaces can be dynamic, field-driven,
and sensitive to the structure of the solvent and ion distributions. The restructuring of it thus
necessitates theoretical techniques that extend beyond the usual surface energy calculations.

e In addition to the factors discussed above, several practical aspects further complicate the
understanding of Cu surface restructuring under CO2RR conditions. Catalyst morphology plays a
crucial role, as nanostructured, defect-rich, and roughened surfaces exhibit higher atomic mobility and
are more susceptible to restructuring compared to well-defined surfaces. Moreover, local pH variations
near the electrode—electrolyte interface can significantly alter reaction pathways, intermediate
stabilization, and Cu oxidation states, particularly under high current densities where pH gradients
become pronounced. Gas bubble formation during CO2RR also introduces additional complexity by
affecting mass transport, blocking active sites, and inducing local fluctuations in concentration and
potential. These factors collectively highlight the importance of considering realistic operating
environments when interpreting Cu restructuring behavior.
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3.2. Future Directions

e Future directions include the creation of high-time-resolution operando techniques, including time-
resolved TEM, ambient pressure XPS, and rapid X-ray scattering, in combination with same-location
microscopy and correlative microscopy, which will be essential in order to trace restructuring in real
time, instead of before-and-after images.

e  Well thought model experiments, which manipulate a single parameter at a time, e.g., controlled CO
dosing, electrolyte exchange at constant potential, or pulsed potential experiments, would aid in
decoupling confounding effects. Combination with isotope labeling and surface-specific probes can
also help in understanding whether adsorbates induce restructuring or stabilize structures induced by
electrochemical driving forces.

e Standardized benchmarking of the CO2RR and an associated reaction, such as the local pH estimates,
mass-transport conditions, and catalyst pre-treatment history, would help in enhancing the
reproducibility and would further help in identifying the trends of restructuring.

e Constant-potential DFT, ab initio molecular dynamics, and grand-canonical methods will have to be
improved further in order to model restructuring in natural electrochemical conditions. Combining
these with microkinetic and mass-transport models may assist in determining what factors are the
dominating ones in certain operating regimes.

4. Conclusions

Cu surface restructuring under electrochemical conditions represents one of the most significant
unresolved challenges in modern electrocatalysis. A growing body of evidence shows that the active surface
of Cu during operation often differs fundamentally from its initial structure, undergoing continuous
restructuring driven by electrochemical bias, adsorbates, electrolyte effects, and catalyst history. Despite
widespread recognition of this dynamic behavior, the field remains characterized by contradictory
interpretations regarding the dominant driving forces and the nature of the true active state.

In this review, we examined six key contributors to Cu surface restructuring: hydroxyl species, applied
potential, adsorbed CO, surface oxidation processes, electrolyte composition, and current density. Each of
these factors has been shown to influence surface evolution, yet their effects are strongly interdependent
and highly sensitive to experimental conditions. This complexity explains why different studies, often
performed under slightly different environments, can reach divergent conclusions about the same catalyst
system. Consequently, Cu restructuring continues to be treated as a poorly understood but unavoidable
phenomenon, a “black box” that complicates the establishment of clear structure—performance relationships.

Progress toward resolving this challenge will require a shift from static descriptions of catalyst surfaces
to a dynamic, condition-dependent framework. Future advances in time-resolved operando characterization,
standardized electrochemical protocols, and realistic theoretical modeling of electrified interfaces will be
critical for identifying causal relationships rather than correlations. Ultimately, a predictive understanding
of how and why Cu surfaces reconstruct could transform this phenomenon from an obstacle into a powerful
design principle, enabling the deliberate engineering of adaptive catalyst surfaces that evolve toward
optimal active states during operation.

Such a transition from observing restructuring to controlling it will be essential for the rational
development of next-generation Cu-based electrocatalysts and for achieving reliable performance under
technologically relevant conditions.
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