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A B S T R A C T

Electrocatalysis is driven by the chemical nature of electrodes and their surfaces. Furthermore, 
the electrocatalytic activity and selectivity critically depend on the atomic surface arrangement of 
electrodes, characterized by facets and their crystallographic orientation, surface steps, and de
fects, i.e., the electrode surface structure. Over the past decades, single-crystal studies have 
provided fundamental insights into so-called structure–activity relationships, while nanoparticle 
systems have extended this knowledge toward industrial electrocatalysts. Yet, translating these 
insights into practical electrodes remains limited by the use of binders, supports, and surfactants, 
which mask active sites, compromise stability, and hinder reproducibility. This review provides a 
framework for the electrochemical restructuring of metal electrodes, emphasizing how electro
chemical processes can generate nanostructured, binder-free, free-standing electrodes with 
tailored surface architectures. We critically evaluate restructuring strategies, including electro
deposition, potential cycling, anodic polarization, electrochemical dealloying, and particularly 
cathodic corrosion, reframing the latter not only as a degradation pathway but also as a versatile 
tool for fine-tuning metal surfaces and fabricating flexible electrodes. Fundamental insights into 
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cathodic corrosion are discussed in detail, linking atomic-scale restructuring mechanisms with the 
emergence of features relevant for catalysis and electrocatalysis. We further address stability 
challenges, parameters influencing restructuring, and applications in electrocatalysis, including 
HER and OER, CO2 reduction, nitrate reduction, and electro-oxidation of small organic molecules 
as candidates for fuels in energy storage and conversion. This review bridges electrochemical 
surface science with engineering of electrode materials to provide a roadmap for advancing 
surface design in energy technology, electrochemical science, and sustainable catalysis.

1. Introduction

Electrocatalysis occupies a central position at the intersection of materials science, electrochemistry, and sustainable chemical 
engineering. It provides the fundamental basis for a broad spectrum of energy-conversion and chemical-manufacturing technologies, 
including fuel cells, water electrolyzers, electrochemical carbon dioxide and nitrogen conversion, oxygen electrochemistry, and 
organic electrosynthesis [1–8]. In these systems, simple and earth-abundant molecular feedstocks, such as H2O, CO2, N2, O2, and 
organic molecules, are converted into fuels, energy carriers, and value-added chemicals through electrocatalytic reactions occurring at 
electrified metal–electrolyte interfaces. Electrocatalysts are critical in these conversion reactions to lower the reaction energy barrier 
and the electrochemical overpotential, thus expediting the reaction rate, efficiency, and power [9]. An electrocatalytic reaction is 
typically a heterogeneous process that takes place at the “electrified interface” of a solid electrocatalyst and an electrolyte. At a simple 
electrochemical interface, complex chemical phenomena proceed during the electrochemical reaction, such as adsorption and 
desorption processes, electron- and charge-transfer reactions, solvation and desolvation, and electrostatic interactions, among others 
[10,11]. Taken together, these interfacial processes establish a direct link between the atomic-scale structure of the electrode surface 
and macroscopic electrocatalytic performance. While the chemical composition of the electrode defines the accessible reaction space, 
it is the surface structure and its dynamic evolution under applied electrochemical potentials that ultimately governs activity, 
selectivity, and stability [12]. Consequently, a central objective of electrocatalysis research is the rational design of electrode materials 
whose surface architectures are purposely tailored to achieve high intrinsic activity, controlled product selectivity, and sustained 
performance under technologically relevant operating conditions [13,14]. Foundational concepts in catalysis provide a guiding 
framework for this endeavor. According to Paul Sabatier (1854–1941), the optimized catalytic surface for a given reaction should have 
an optimized adsorption strength for the relevant reaction intermediates that is neither too strong nor too weak, an observation which, 
among others, earned him the 1912 Nobel Prize in Chemistry for his seminal work on hydrogenation catalysis [15–18]. Linus Pauling 
(1901–1994) added that the catalyst (in his case, an enzyme) must bind the transition state more tightly than the substrate [19]. These 
two concepts lie at the heart of catalysis at the active center. Thus, electrocatalytic reactions and electrode kinetics are affected by the 
adsorption of intermediates, which is typically very sensitive to the local atomic structure.

Moreover, the surface structure (roughness, grain boundaries, crystallographic orientation, facets, defects, heteroatom doping, 
surface morphology, etc.) of metal electrodes can remarkably influence the energetic pathways from reactants to products and, 
consequently, the reaction rate, activity, and selectivity [11,12,20]. Accordingly, establishing quantitative correlations between 
surface structure and electrocatalytic performance is essential for a fundamental understanding of electrochemical reactions and for 
the rational design of improved catalysts.

Driven by these insights, substantial effort has been devoted to the fabrication of nano- and microstructured metal surfaces with 
well-defined crystallographic orientation, enhanced electrochemically active surface area (EASA), and possessing numerous under
coordinated sites to enhance electrocatalytic activity while allowing correlation of electrochemical behavior and catalytic performance 
with surface structure [21–23]. Typically, the metal nano/micro-particles with a controlled surface structure are synthesized by solid- 
state or solution-based techniques in the presence of capping agents. However, capping agents can significantly alter or even block the 
intrinsic surface chemistry of the nano/micro-particle assemblies, thereby obscuring structure–activity relationships and limiting 
catalytic performance [24–26]. Furthermore, practical electrodes are often fabricated by depositing these materials onto conductive 
supports using polymeric binders such as Nafion or polytetrafluoroethylene. Under electrochemical operating conditions, such 
composite electrodes may suffer from mechanical degradation, diminished electrical conductivity, partial site blocking, and uncon
trolled structural evolution, ultimately compromising performance and reproducibility [27].

In contrast, electrochemical approaches provide an alternative and fundamentally distinct route for tailoring metal electrode 
surfaces with enhanced properties [28–34]. Rather than relying on ex-situ synthesis and assembly, electrochemical methods exploit 
potential-controlled interfacial processes to directly restructure metal surfaces under well-defined conditions. Based on a fundamental 
understanding of electrochemical surface transformations, a range of strategies has emerged to fabricate nano- and microstructured, 
binder-free, and free-standing metal electrodes with exceptional electrochemical and electrocatalytic properties.

Despite the increasing interest in electrochemical surface restructuring, existing reviews have largely focused on specific aspects of 
the field, such as dynamic catalyst evolution under operating conditions [35–38] or the development of operando techniques for 
probing interfacial processes [39,40]. As a result, a unified materials-oriented framework that connects restructuring pathways to the 
resulting surface architectures and their electrocatalytic performance remains underdeveloped.

In this review, we critically examine the role of metal surface structure in electrocatalysis, with particular emphasis on insights 
gained from single-crystal studies and well-defined nanostructured electrodes. We highlight that electrocatalysts are not static entities: 
under reaction conditions, their surface structure may evolve dynamically in response to the applied potential, electrolyte 
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composition, pH, and the nature of the electrochemical reaction. Consequently, electrochemical processes such as potential-induced 
surface reconstruction, anodic oxidation, repetitive oxidation–reduction cycling, and cathodic corrosion are discussed in detail. 
Building on this mechanistic understanding, we comprehensively review electrochemical strategies for fabricating nanostructured 
metal electrodes, including (i) electrodeposition, (ii) anodic polarization, (iii) oxidation–reduction cycles, (iv) square-wave potential 
programming, (v) electrochemical dealloying, and (vi) negative polarization under certain conditions by the so-called cathodic 
corrosion. These approaches are discussed both in terms of their fundamental mechanisms and their ability to generate controlled 
surface architectures (Fig. 1).

Importantly, this review adopts a structure-oriented perspective in which electrochemical restructuring is treated not only as a 
dynamic phenomenon to be observed, but as a controllable toolbox for engineering metal surfaces. Rather than asking which method is 
superior, the central question addressed here is which electrochemical pathway is most suitable for generating a desired surface ar
chitecture and catalytic function. This perspective provides a unifying framework that links electrochemical processes to structur
e–property relationships and practical electrode design.

Within this framework, particular emphasis is placed on cathodic corrosion, which has a dual role in electrocatalysis. On one hand, 
it can act as a degradation pathway during electrochemical conversion reactions, influencing catalyst stability and long-term per
formance [41]. On the other hand, cathodic corrosion can be applied as a powerful top-down strategy to fine-tune surface structure, 
generate high densities of catalytically active sites, and fabricate flexible, binder-free electrodes [31,32,42,43]. Moreover, cathodic 
corrosion has emerged as a versatile synthetic route applicable to a broad range of metals and alloys, enabling the preparation of clean 
metal, metal oxide, or alloy nanoparticles, as well as single-atom catalysts, without the use of surfactants or chemical reducing agents 
[44–48]. Therefore, an in-depth understanding of cathodic corrosion and the subsequent structural changes of metal surfaces/elec
trodes is of central importance for research, development, and technological applications. While a recent review has addressed 
cathodic corrosion primarily in the context of electro-organic synthesis in organic electrolytes [41], the present review extends beyond 
this scope by integrating fundamental mechanistic insights with applications in electrocatalyst fabrication and performance optimi
zation. The principles outlined herein provide guidelines for the rational electrochemical design of metal electrodes with tailored 
surface structures, with implications for electroanalytical chemistry, bioelectrochemistry, energy conversion and storage, spec
troelectrochemistry, and materials science.

2. Structure–activity relationships in electrocatalysis

The electrocatalytic performance strongly depends on the surface structure, underscoring the importance of rigorously establishing 
structure–activity relationships across different electrode materials. A key challenge lies not in recognizing the importance of surface 
structure, but in disentangling the contributions of distinct atomic-scale motifs such as terraces, steps, defects, grain boundaries, and 
compositional heterogeneities from the ensemble-averaged response of extended metal electrodes. In this regard, the use of well- 
defined model surfaces of single-crystal electrodes is essential to understand the influence of surface structure on electrocatalytic 
reaction kinetics and to elucidate their reaction mechanisms and product selectivity, all of which can vary markedly with surface 
orientation and coordination environment [23,49–55]. Furthermore, the simplicity of single-crystal surfaces permits the direct 
comparison of the experiments with theoretical calculations [56]. However, translating such insights to nanostructured and poly
crystalline electrocatalysts remains nontrivial, as practical electrodes introduce additional complexities, including size effects, 
interparticle interactions, grain boundaries, and dynamic surface evolution under reaction conditions.

Fig. 1. Key electrochemical approaches for restructuring metal surfaces.
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Fig. 2. Electrocatalytic structure-sensitive reactions on single crystal surfaces. Current–potential curves of (a) FAOR on Au(100) and Au(111) 
electrodes, (b) HER on Au(100), Au(111) and Au(110) and (c) ethanol oxidation on Au(111), Au(100), Au(110) and Au(polyoriented) electrodes. (d) 
HER/HOR polarization curves of Pt single crystals in H2-saturated electrolytes. (e) Positive-going scan and (f) negative scan of the 1st cycle of 
electrooxidation of glycerol at different surfaces of Pt electrodes. Faradaic efficiencies of CO2 electroreduction products formed on (g) Cu(100), (h) 
Cu(111), and (i) Cu(110) surfaces. The dashed lines mark the onset potentials for CO and C2H4 formation on the three surfaces.
Reproduced with permission from [50,51,69–71].
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Recent advances in experimental methodologies have begun to bridge the gap between single-crystal studies and realistic elec
trocatalysts by enabling spatially resolved correlations between local surface structure and electrochemical activity at the nanoscale 
[12,57,58]. These approaches build directly upon the fundamental knowledge derived from single-crystal electrodes, translating facet- 
, step-, and defect-specific reactivity into nanoscale structure–function relationships applicable to nanostructured and polycrystalline 
materials. Within this conceptual framework, complex electrode surfaces are viewed as assemblies of simpler structural motifs, each 
characterized by a distinct intrinsic reactivity inherited from well-defined single-crystal models. Consequently, structure–activity 
relationships emerge not as single, static descriptors, but as evolving distributions that depend on electrode morphology, composition, 
and electrochemical history. In the following subsections, we discuss how these ideas have been developed and refined. Section 2.1
examines insights obtained from single-crystal electrodes as archetypal systems for probing intrinsic structure sensitivity. Section 2.2
addresses strategies for bridging single-crystal concepts with nanoparticle and polycrystalline electrocatalysts, emphasizing the role of 
heterogeneity and scale. We highlight representative electrocatalytic reactions on various metal surfaces, highlighting structure- 
sensitive processes and illustrating how surface structure governs reaction pathways, kinetics, and selectivity.

2.1. Insights from single-crystal electrodes

Well-defined single-crystal electrodes with long-range atomic order have long served as benchmark systems for elucidating 
intrinsic structure–activity relationships in electrocatalysis [23,49–55]. By exposing a single crystallographic orientation under 
thoroughly controlled conditions, these model surfaces enable the isolation of specific surface sites, including terraces, steps, and 
kinks, and their direct correlation with electrocatalytic reactivity. In particular, low Miller index planes of face-centered cubic (FCC) 
metals, namely (111), (100), and (110), provide atomically periodic surfaces with well-defined coordination environments, making 
them ideal platforms for fundamental mechanistic investigations.

Of note, the validity of structure–activity relationships derived from single-crystal studies critically depends on rigorous surface 
preparation and characterization to obtain clean and well-ordered model surfaces, respectively [52,59]. Atomic-scale structural order 
is commonly verified using surface-sensitive techniques such as low-energy electron diffraction (LEED), scanning tunneling micro
scopy (STM), and surface X-ray scattering [54,60–64]. In electrochemical environments, cyclic voltammetry provides characteristic 
“fingerprints” of surface orientation through features associated with hydrogen adsorption/desorption, anion adsorption, or surface 
reconstruction [52,65–67]. Complementary electrochemical probes, including electrocatalytic reaction, underpotential deposition 
(UPD) of metal adlayers, and CO stripping voltammetry, are routinely used to quantify surface site distributions and electrochemically 
active surface areas [32,68]. Together, these techniques ensure that observed electrocatalytic trends can be confidently attributed to 
well-defined surface structures rather than uncontrolled heterogeneity.

Most noble metals adopt an FCC lattice and can be systematically represented within a stereographic triangle, where the basal 
planes occupy the vertices and stepped surfaces appear along the edges [21]. The three low-index facets differ markedly in surface 
atom coordination numbers, with 9 for (111), 8 for (100), and 7 for (110), resulting in distinct electronic structures and adsorption 
energetics. These differences manifest directly in electrocatalytic behavior, as demonstrated across a wide range of reactions. Although 
single-crystal electrodes are not practically deployable in industrial electrocatalysis, the knowledge they provide is indispensable for 
rationalizing the behavior of structurally complex catalysts such as nanoparticles and polycrystalline electrodes.

In this context, macroscopic electrochemical measurements on single-crystal surfaces have revealed pronounced structure sensi
tivity for many reactions. Fig. 2a-i displays various electrocatalytic reactions, which have been studied on single-crystal surfaces 
[50,51,69–71]. Interestingly, the surface structure affects the reactivity of Au electrodes towards the hydrogen evolution reaction 
(HER), formic acid oxidation reaction (FAOR), and methanol electro-oxidation; however, different trends are observed as a function of 
the electrocatalytic reaction (Fig. 2a-c). As can be seen in Fig. 2a, the electrocatalytic activity of the Au(111) electrode at high po
tentials is significantly higher than that of Au(100) for FAOR in acidic media. Furthermore, a marked step-up toward higher current 
values (kink) in the voltammogram for FAOR on Au(111) appears around 0.5 V vs. MSE for both sweep directions, which is a specific 
feature of large and well-ordered Au(111) single crystal surfaces (Fig. 2a) [72]. In comparison, the electrocatalytic activity increases in 
the order of Au(110) > Au(111) > Au(100), measured under clean conditions and for thermally reconstructed surfaces toward HER in 
acidic media (Fig. 2b) [69]. For the electrooxidation of ethanol in alkaline media, even though the onset of oxidation is similar for the 
three basal planes, the catalytic activity of the Au(111) electrode at high potentials is considerably higher than on Au(100), while the 
Au(110) displays the lowest activity (Fig. 2c) [71].

Furthermore, Pt single-crystal electrodes have been extensively employed to investigate numerous electrocatalytic reactions, 
including but not limited to the HER, hydrogen oxidation reaction (HOR), and glycerol electrooxidation [51,70]. The HER/HOR 
polarization curves in 0.1 M HClO4 (pH = 1) and 0.1 M KOH (pH = 13) electrolytes at 20 mV s− 1 for different Pt single crystal surfaces 
are shown in Fig. 2d [70]. The HER and HOR kinetics of all Pt surfaces decrease with increasing pH. The comparison highlights that the 
activity for the HER on Pt(hkl) is comparable in acidic media, but it increases in the sequence (111) < (100) < (110) in alkaline media. 
To explain, the overall reaction kinetics are influenced by an interplay of factors involving the electrode, electrolyte, and the electrode/ 
electrolyte interface. In this regard, it is well-known that the HER/HOR kinetics in acid correlate with the hydrogen binding energy of 
the electrode. Furthermore, understanding surface and solvent effects related to the electrode/electrolyte interface is thus required for 
interpreting such deviations between the activity as a function of electrolyte pH. Research conducted by the Yan [73,74] as well as 
Koper and Janik [75,76] groups has demonstrated a major difference in the surface environment during the HER/HOR at low and high 
pH. The increased presence of surface co-adsorbates at high pH has been identified as a key factor. While the specific identity and 
coverage of these co-adsorbed species, whether H2Oad or OHad, with or without near-surface alkali cations, remain subjects of ongoing 
debate, it is widely acknowledged that their existence contributes to the non-Nernstian pH dependence. Consequently, a 
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comprehensive understanding of the HER/HOR mechanism necessitates the consideration of co-adsorbates, in addition to other 
thermodynamic descriptors and changes to intrinsic kinetic parameters.

The electrocatalytic behavior for glycerol electrooxidation was investigated by comparing current–potential curves in both forward 
and backward scans for Pt single crystal electrodes and polycrystalline Pt electrodes in 0.1 M NaOH + 0.1 M glycerol at a scan rate of 
10 mV s− 1, as depicted in Fig. 2e and 2f [51]. Each of the three Pt single-crystal model electrodes exhibits different electrocatalytic 
activity towards glycerol electrooxidation. The observed onset potential for the Pt single crystal electrodes follows the sequence: Pt 
(110) < Pt(100) < Pt(111). This suggests that the onset potential for each surface orientation depends on the nature of the adsorbed 
species (O-containing species) and their bonding to the surface sites, influenced by the atomic arrangement. As the electrode potential 
becomes positive, the faradaic current related to glycerol electrooxidation rises, with all electrodes showing at least one oxidation 
peak, except Pt(110). Among the Pt basal planes, the Pt(111) electrode exhibits the highest activity, followed by the Pt(110) and Pt 
(100). However, this feature is valid only for the first voltammetric cycle. The electrode deactivation under successive potential scans is 
a characteristic feature of the Pt electrocatalysis towards the oxidation of small organic molecules, particularly in alkaline media [77]. 
Another distinct feature is the trend in current densities during the negative-going scan. At the beginning of the negative-going scan, 
surface sites are significantly occupied due to oxide growth formed at high positive potentials. Surface reactivation occurs during the 
negative scan as the oxide gradually reduces, cleaning the surface. However, current densities are lower than those in the positive- 
going scan. The hysteresis observed between positive and negative-going scans during glycerol electrooxidation indicates mecha
nistic aspects of the reaction. This is mainly related to the formation of strongly adsorbed intermediates, suggesting that during 
glycerol oxidation, the formation of these adsorbed residues plays a significant role in the process. Once formed during the positive- 
going scan, some species remain adsorbed within the potential window during the reverse sweep due to strong coordination to the 
surface sites and/or slow oxidation kinetics.

Significantly, the surface structure of metal electrodes not only influences their electrocatalytic activity but also plays a crucial role 
in determining selectivity towards specific products, as observed in reactions such as CO2 electroreduction. The Faradaic efficiencies of 
products formed during CO2 electroreduction on Cu single crystal electrodes at various electrochemical potentials have been previ
ously investigated, as shown in Fig. 2g-i [50]. The primary products detected include CO, formate, CH4, C2H4, ethanol, and H2, each 
exhibiting distinct faradic efficiencies and onset potentials, which both depend on the surface orientation of Cu electrodes. A minor 
amount of acetate (FE < 2%) is also observed on Cu single crystals. The onset potentials for C2H4 and CO production are closely related, 
with Cu(100) exhibiting the lowest onset potential for CO (− 0.3 V) and C2H4 (− 0.7 V vs. RHE) formation, while Cu(111) demonstrates 
the much higher onset potentials for CO (− 0.6 V) and C2H4 (− 0.9 V) production. Notably, across all Cu single crystals, the onset of 

Fig. 3. Stereographic triangle projection of FCC single-crystal surfaces, along with the corresponding model of the surface atomic arrangements and 
polyhedral nanocrystals bounded by the related crystal planes. Low-index facets and their associated polyhedra are highlighted in blue, while high- 
index facets and their corresponding polyhedra are distinguished in red.
Reproduced with permission from [21]
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C2H4 formation consistently occurs at 300–400 mV more negatively than the onset of CO formation. Collectively, such studies help to 
identify and quantify the structural sensitivity, which varies according to the reaction of interest, the working electrode, and the 
electrolyte composition [23,49,53,69].

2.2. Bridging single-crystal and nanoparticle electrocatalysis

While single-crystal electrodes provide supreme mechanistic insight, practical electrocatalysts are typically nanostructured and 
structurally heterogeneous. Bridging the gap between these two regimes has therefore become a central objective in electrocatalysis 
research. A key strategy toward this goal is the synthesis of shape-controlled metal nanoparticles whose exposed facets mimic the 
crystallographic orientations of single-crystal surfaces [12,22,24,78–81].

In analogy with the stereographic triangle for single-crystal surfaces, nanocrystals are also illustrated in order to associate the 
crystal surface index and the nanoparticle (NP) shape (Fig. 3). At the vertex of the triangle, NPs with low-index facets bonded by basal 
facets are exhibited, i.e., octahedral with (111) facets, nanocubes with (100) facets, and rhombic dodecahedra with (110) facets, while 
at the edges, one can see NPs with high-index surface facets.

Numerous studies demonstrate that nanoparticles enriched in specific facets reproduce trends observed on single-crystal elec
trodes. Fig. 4a shows a comparison of the transient current density of FAOR at 0.25 V vs. SCE on the tetrahexahedral (THH) Pt 

Fig. 4. Comparison of electrocatalytic activity between differently shaped Pt nanoparticles. (a) Transient current density curves of FAOR at 0.25 V. 
(b) Potential-dependent steady-state current density (left, recorded at 60 s) of FAOR on THH Pt, Pt nanospheres, and Pt/C catalyst, and the ratios R 
(right) between that of THH with the latter two, respectively. Ethanol electrooxidation (1st cycle) on (c) Pt(poly), (d) Pt(100), (e) Pt(100)–(111) and 
(f) Pt (111) nanoparticles as well as on (g) Pt(100), (h) Pt(110) and (i) Pt(111) single crystals in 0.5 M H2SO4 + 0.2 M CH3CH2OH (black line) and 
0.1 M HClO4 + 0.2 M CH3CH2OH (red line) at 50 mV s− 1.
Reproduced with permission from [22,81].

M.M. Elnagar et al.                                                                                                                                                                                                    Progress in Materials Science 163 (2027) 101762 

7 



nanocrystals (mean diameter = 81 nm), the electrodeposited polycrystalline Pt nanospheres (mean diameter = 115 nm), and the 
commercial 3.2 nm Pt/C electrocatalyst at room temperature in acidic electrolyte [81]. The oxidation current is normalized to the 
EASA of Pt so that the current density can be directly used to compare the electrocatalytic activity of different electrocatalysts. The 
oxidation current density on THH Pt nanocrystals is nearly double that on Pt nanospheres or Pt/C electrocatalyst. Moreover, the 
potential dependence of the steady-state current density recorded at 60 s is shown in Fig. 4b. The current density of FAOR on THH Pt 
nanocrystals is higher than that on the Pt nanospheres or the Pt/C electrocatalyst, and the enhancement factor (R), which is defined as 
the ratio of the current density measured on THH Pt nanocrystals versus that achieved on Pt nanospheres or Pt/C electrocatalyst, varies 
from 160% to 400% for Pt nanospheres and from 200% to 310% for Pt/C electrocatalyst, depending on electrode potential. The su
perior electrocatalytic activity of THH Pt nanocrystals may be attributed to the high density of stepped atoms on the surfaces of the 
nanocrystals.

In another illustrative example, Fig. 4c-i shows the voltammetric profiles for the ethanol electrooxidation (first cycle) on different 
shapes of Pt nanoparticles compared to Pt(111), Pt(110), and Pt(100) single crystals in 0.2 M CH3CH2OH + 0.5 M H2SO4 and 0.2 M 
CH3CH2OH + 0.1 M HClO4 at 50 mV s− 1 [22]. In all cases, the voltammetric profiles show an oxidation peak at 0.8–0.85 V vs. RHE in 

Fig. 5. Impact of nanoparticle shape and morphology on electrocatalytic performance across different metals. SEM micrographs of (a) Au NCs and 
(b) Au ODs employed for (c) macroscale LSVs for HER. The HER activity for a single particle of (d) Au NC and (e) Au OD. The corresponding high- 
resolution SEM micrographs are shown in (f) and (g), respectively. (h) Averaged HER response at individual Au NC (n = 101) and Au OD (n = 99). 
Inset: Same averaged profiles without standard deviation error bars. The cyclic voltammetry profiles for single particles are recorded in aqueous 
100 mM HClO4 at a scan rate of 1 V s− 1. TEM images of Pd shape-controlled nanoparticles. (i,m) Pd nanocube, (j, n) Pd cuboctahedron, (k,o) Pd 
octahedron, and (l,p) Pd concave nanocube. Electrochemical activity of (q) NO3RR and (r) NO2RR for all Pd catalysts over HER. Dash lines are blank 
cyclic voltammetry tests for all Pd catalysts at Ar-saturated 0.1 M NaOH in the absence of 20 mM NO3

– or 2 mM NO2
–, whereas solid lines are cyclic 

voltammetry tests at Ar-saturated 0.1 M NaOH in the presence of 20 mM NO3
– or 2 mM NO2

–. (s) NH3 yield rate at 3 h and faradaic efficiency of all Pd 
catalysts. TEM images of the as-synthesized (t) Cu spheres, (u) Cu cubes, and (v) Cu octahedra. (w) Faradaic efficiencies of CO2 electroreduction 
products formed on the Cu catalysts measured in the gas-fed flow cell in 1 M KOH.
Reproduced with permission from [82–84]
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the positive scan and higher oxidation currents in the negative scan. For the Pt(100) nanoparticles (Fig. 4d), a prominent peak in the 
positive scan at 0.8–0.85 V vs. RHE is obtained, which is associated with the oxidation of the CO layer formed due to the cleavage of the 
C–C bond at low potentials and the reactivation of the surface for the oxidation of ethanol. This behaviour is comparable to that 
typically observed for the Pt(100) single crystal (Fig. 4g). This type of contribution is absent in the other two basal planes (110) and 
(111) (Fig. 4h and 4i). Therefore, the peak observed for the Pt nanoparticles at this potential is then clearly related to the presence of 
(100) domains on the nanoparticles. As expected, the current density is maximum for the Pt(100) nanoparticles, whereas Pt(111) 
nanoparticles, which have a very low amount of (100) ordered domains on the surface, show the lowest current density in this potential 
region (Fig. 4f). In addition, Pt (poly) and Pt(100)–(111) nanoparticles, which have an intermediate amount of (100) ordered domains, 
have intermediate current values in this potential region (Fig. 3d and 3e).

Advances in spatially resolved electrochemical techniques have further strengthened the bridge between model and realistic 
systems. Scanning electrochemical cell microscopy (SECCM) has enabled direct measurements of electrocatalytic activity at the level 
of individual nanoparticles. Electrocatalytic HER at individual faceted Au nanocubes (NCs) and nano-octahedra (ODs) expressing 
predominantly (100) and (111) crystal planes on the surface, respectively, were studied by SECCM [82]. Scanning electron microscopy 
(SEM) images of Au NCs (edge length of ~78 nm) and Au ODs (edge length of ~99 nm) are illustrated in Fig. 5a and 5b, respectively. 
Macroscopic linear sweep voltammogram (LSV) measurements in 100 mM HClO4 at a scan rate of 50 mV s− 1 were conducted to 
compare the HER activity between Au NCs and Au ODs (Fig. 5c). The results indicated that Au NCs achieve a current density of 1 mA 
cm− 2 at a potential approximately 30 mV more positive than that of Au ODs, indicating more favorable kinetics for Au NCs (Fig. 5c). To 
gain a deeper understanding of the HER activity at the single-particle level, the authors conducted SECCM studies for Au NCs and Au 
ODs. Cyclic voltammogram maps were generated by sweeping the potential at each pixel from − 0.4 to − 0.95 V vs. Ag/AgCl at a scan 
rate of 1 V s− 1. Notably, the electrocatalytic activity observed at the single Au NP level mirrored the macroscopic measurements, 
reaffirming that HER activity is higher for Au NCs than Au ODs. Importantly, the difference in electrocatalytic activity between Au NCs 
and Au ODs is more pronounced in the single-particle measurements than in the macroscale measurements, providing novel insights 
into the quantification of a nanocrystal's catalytic activity.

The impact of the surface structure of Pd NPs with well-defined shapes on nitrate and nitrite reduction has been thoroughly 
examined, shedding light on the role that catalyst structural design plays in enabling the selective reduction of nitrate to ammonia 
(Fig. 5i-s) [83]. The Pd shape-controlled nanoparticles investigated include a Pd nanocube enclosed by six (100) facets with an average 
edge length of 13.0 nm, a Pd cuboctahedron containing six (100) and eight (111) facets with an average edge length of 20.5 nm, a Pd 
octahedron with eight (111) facets and an average edge length of 21.9 nm, and a Pd concave nanocube with (100) facets at the terrace 
and high-index (hk0) facets such as (730) at the edges/vertex, possessing an average edge length of 19.0 nm (Fig. 5i-p). The elec
trochemical activities for the nitrate reduction reaction (NO3RR), the rate-determining step, and nitrite reduction reaction (NO2RR), 
the selectivity-determining step, were assessed by cyclic voltammetry in 0.1 M NaOH (Fig. 5q and 5r). Blank cyclic voltammetric 
profiles in the absence of reactants were measured in an Ar-saturated 0.1 M NaOH electrolyte, showing low current densities (~0.2 mA 
cm− 2 at − 0.2 V vs. RHE) primarily due to the HER. The electrochemical NO3RR activity of all Pd catalysts was evaluated in the 
presence of nitrate ions (20 mM NO3

–). The Pd cuboctahedron/C exhibited the highest NO3RR activity, followed by Pd octahedron/C, 
Pd nanocube/C, Pd concave/C, and polycrystalline Pd/C. The order of electrochemical activity toward NO3RR was attributed to the 
presence of eight (111) facets, which are absent in the nanocube and concave cube. Furthermore, the electrochemical NO2RR activities 
of all shape-controlled Pd/C in the presence of nitrite ions (2 mM NO2

–) were measured, indicating that the Pd nanocube/C exhibits the 
highest NO2RR activity, followed by Pd cuboctahedron/C, Pd concave/C, polycrystalline Pd/C, and Pd octahedron/C. The results 
highlighted the critical role of the (100) facet, suggesting higher NO2RR activity than Pd(111) or Pd(hk0). The NH3 yield rate at 3 h 
and the faradaic efficiency of all Pd catalysts were also evaluated (Fig. 5s). Notably, Pd cuboctahedron/C demonstrates the highest NH3 
yield rate and faradaic efficiency compared to other catalysts, showcasing its bifunctional nature with the (111) facet catalyzing the 
conversion of NO3

– to NO2
– and the (100) facet catalyzing the conversion of NO2

– to NH3.
Facet-dependent activity and selectivity of differently shaped Cu nanoparticles are compared towards CO2 electrochemical 

reduction (CO2RR) under commercially relevant current densities in a gas-fed flow cell [84]. Fig. 5t–v demonstrates the transmission 
electron microscopy (TEM) images of the as-obtained Cu spheres of 6 nm, Cu cubes of 44 nm with (100) facets, and Cu octahedra of 
150 nm with (111) facets, which all possess high uniformity in size and shape. Fig. 5w illustrates the faradaic efficiencies for the three 
CuNCs in the gas-fed flow cell, along with current densities normalized by the EASA. In summary, the Cu cubes exhibit high selectivity 
toward C2H4 (57%), the Cu octahedra show selectivity toward CH4 (51%), and the Cu spheres do not display selectivity toward any 
specific product in a 1 M KOH electrolyte.

Recognizing that electrocatalysts may undergo structural transformations during electrocatalytic reactions, we discuss the po
tential structure changes in the next section. The focus is primarily on Au surfaces due to their exceptional properties, relative ease of 
preparation, and high stability in terms of superior resistance to oxidation and dissolution, making them a model example to illustrate 
the possible structure changes during electrocatalytic reactions.

Together, shape-controlled nanoparticle studies provide compelling evidence that concepts derived from single-crystal electro
catalysis remain relevant at the nanoscale. At the same time, they emphasize that additional factors such as particle size, interparticle 
interactions, support effects, and local mass transport must be considered when extrapolating single-crystal insights to practical 
catalysts.

2.3. Dynamic structure sensitivity

Importantly, structure–activity relationships in electrocatalysis are not necessarily static. Induced by the applied potential, 
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electrode surfaces may undergo reconstruction/restructuring, adsorbate-induced segregation processes, oxidation–reduction cycling, 
dissolution–redeposition, or defect generation, leading to continuous evolution of the electrocatalytically active surface. Conse
quently, the surface structure probed ex situ or under idealized conditions may differ substantially from the surface structure operative 
during electrocatalysis. This dynamic nature of electrocatalyst surfaces provides a natural bridge to the next section of this review, 
which focuses on electrochemical restructuring processes and their deliberate exploitation for tailoring free-standing electrocatalysts.

3. Stability considerations of metal electrodes

Electrochemical reactions are essentially constrained by the thermodynamic stability window of the electrolyte. Once the applied 
potential approaches or exceeds this window, electrolysis of the solvent or electrolyte components becomes unavoidable, generating 
gas evolution and highly reactive interfacial species [85]. While electrolyte decomposition is widely recognized and often treated as an 
operational boundary, the concurrent response of the electrode itself is frequently overlooked. In applied technologies, electrolysis 
conditions impose severe chemical and mechanical stresses on electrode materials, driving dissolution, redox cycling, surface 
restructuring, and morphological evolution [86]. These transformations can fundamentally modify the active surface, thereby altering 
apparent catalytic activity, selectivity, and stability. Electrode stability must therefore be viewed not as a static material property, but 
as a dynamic consequence of electrolysis-driven interfacial processes during operation.

From a materials science perspective, electrode stability is not merely the absence of dissolution, but the ability of a surface to 
preserve or controllably evolve its atomic structure under electrochemical driving forces. Electrochemical potentials act as external 
thermodynamic variables that continuously reshape surface structure. The stability of metal electrode surfaces in contact with an 
electrolyte strongly depends on the applied potential, the electrolyte composition, the electrolyte pH, and the reaction of interest 
[87–90]. Fig. 6 schematically illustrates the various electrochemical processes that can induce various changes in the surface structure 
of Au electrodes and the relevant structures depending on the applied potentials. The positions of surface atoms vary from the bulk due 
to the broken symmetry and the broken bonds. The modifications are termed relaxations if the surface unit cell remains truncated 
compared to the bulk. However, if the surface unit cell is different, then the resultant changes in the structure are referred to as 
reconstruction [91]. Most 5d-transition metals, such as Ir, Pt, and Au, undergo surface reconstruction [91,92]. In this respect, the 
reconstructed surface plane contains a higher atom density per unit area compared to an unreconstructed surface. The underlying 
principle driving this reconstruction seems to be the compensation of the coordination loss caused by the “broken bonds” at the surface 
by increasing the effective coordination within the surface plane [91–93].

In an electrochemical environment, the reconstructed surfaces tend to be stable at potentials negative to the potential of zero 
charge (pzc). A negative surface charge encourages the reconstruction of a surface, while a positive surface charge induces the lifting of 
reconstruction, leading to the dominance of an unreconstructed surface [91]. When applying a potential negative of the pzc to an 
already unreconstructed surface, a potential-induced surface reconstruction can be observed [91–93]. In addition, examples of 
reconstruction induced by adsorption are also widely recognized [94–97]. Reconstructed surfaces can significantly differ from un
reconstructed surfaces in terms of morphology, thermodynamic stability, and electrocatalytic activity [54,93,97,98].

For example, the influence of the applied potential on the surface reconstruction of Au(111) in 0.1 M aqueous H2SO4 was inves
tigated within the so-called double-layer region (Fig. 7a-f) [54]. After flame-annealing and immersion of the Au(111) electrode at 
− 0.60 V vs. MSE, a thermally reconstructed surface exhibits a herringbone-like structure (Fig. 7a). Stepping the potential to positive 
values of the pzc, such as 0.09 V, leads to the lifting of surface reconstruction due to specific (bi)sulfate anion adsorption (Fig. 7b,c). 
This leads to higher defect density and island formation (Fig. 7c). Returning to − 0.60 V results in potential-induced surface recon
struction, but to a different degree as a function of time (Fig. 7c-e), leading to the development of a herringbone-like structure distinct 
from the one observed through thermal reconstruction. Of note, the reconstructed surface of Au(111) displays lower activity towards 
HER compared to the unreconstructed (1x1) surface (Fig. 7g) [54,93]. This can be attributed to the formation of islands arising from 
the lifting of reconstruction, which act as active defect sites (Fig. 7b).

On one hand, applying a positive potential greater than the range where the (unreconstructed) surface remains metallic results in 

Fig. 6. Schematic illustration of the various electrochemical processes that can induce changes in the surface structure of Au electrodes and the 
corresponding structures depending on the applied potentials.
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Fig. 7. Potential-induced surface reconstruction of Au(111) revealed by in-situ STM. Structural evolution from reconstructed to unreconstructed 
surfaces ((a–e)) and its dependence on electrochemical history. Corresponding electrochemical signatures ((f,g)) confirm that these transformations 
directly influence catalytic behavior, emphasizing that the active surface is defined by operando conditions. (h–l) demonstrates that surface 
morphology dynamically responds to applied potential.
Reproduced with permission from [54,63]
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Fig. 8. Platinum dissolution and surface restructuring during oxide formation–reduction cycles. (a) Anodic dissolution rate recorded during a 
potential sweep (50 mV s− 1) from 0.17 V to upper potentials between 1.07 and 1.57 V, followed by a 30 min potential hold. Solid lines represent 
exponential fits; individual profiles are vertically offset by 5 pg s− 1 cm− 2 for clarity. (b) Cathodic dissolution rate during the reverse sweep back to 
0.17 V obtained immediately after (a). (c) Maximum dissolution rate (dM/dt)max and (d) decay time constant (τ) extracted from the anodic 
dissolution transients; error bars denote the standard deviation from 2 to 3 independent measurements. (e) In-situ STM images acquired after 
different oxide formation–reduction cycles, showing progressive surface roughening within the same area (image size: 230 × 230 nm2). (f) Cor
responding average nanoisland structures derived from the in-situ STM data, with colors indicating successive atomic layers.
Reproduced with permission from [88,107]
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anodic surface oxidation. This process can induce various structural changes such as transformation, facetting, roughening, and even 
dissolution of metal surfaces [63,87,88,90,99,100]. For instance, consider the case of Au(111) in 0.1 M aqueous H2SO4 between the 
potential range of EL = − 0.61 and EU = − 0.41 V vs. MSE, in-situ scanning tunneling microscopy (STM) images show that increasing EU 
to 0.20 V vs. MSE lifts the herringbone reconstruction and results in round Au clusters (Fig. 7h-j) [63]. When several voltammetric 
cycles between EL = 0.29 and EU = 0.94 V are applied at a scan rate of s = 50 mV s− 1, followed by acquiring in-situ STM images at EL =

0.29 V vs. MSE, to follow the changes in the Au(111) surfaces upon the electrochemical formation and reduction of a surface oxide. As 
the surface oxide develops, anion desorption occurs; upon reduction of the oxide layer, the anions readsorb. After ten cycles (n = 10), 
the clusters almost vanish, and holes of around 30 nm cover the surface (Fig. 7k). Increasing the cycle number to n = 100 produces a 
distinct pattern resembling a network of interconnected trigonal pyramids (Fig. 7l). These observations of surface roughening and 
patterning indicate that applying positive potentials sufficient for the oxide formation increases the mobility of Au atoms on the Au 
(111) surface. Given that numerous electrocatalytic reactions, such as the oxygen evolution reaction (OER) and electrooxidation of 
organic molecules, occur within these potential regimes, substantial research efforts have been directed towards understanding anodic 
processes at metal surfaces, encompassing oxidation, surface restructuring, roughening, and dissolution [63,87,88,90,99,100].

An in-depth understanding of the structural changes of metal electrodes upon oxidation or reduction of the surface atoms at a 
specific potential is crucial for the rational design of active and stable electrocatalysts in the context of a transition towards green 
technologies. In this context, advances in tools and techniques for ex-situ and in-situ material characterization, as well as operando 
spectroscopies, have enabled insights, at the atomic and molecular scales, into the transient and steady-state behavior of materials 
under electrochemical reaction conditions [93,101–104]. Fascinatingly, the electrocatalytic properties of simple electrochemical re
actions can unambiguously resolve and characterize the surface structure of metal electrodes in addition to approaches using anion 
adsorption or electrodeposition of foreign metals, e.g. by underpotential deposition (UPD) [105,106]. In this regard, both FAOR and 
HER are prominent structure-sensitive model reactions that allow for investigating the structure and dynamics of electrode surfaces 
[93,103]. For example, the electrocatalytic HER has been employed to probe the kinetics of potential-induced surface reconstruction of 
Au(111) in contact with either 0.1 M H2SO4 or 0.1 M HClO4 [93]. The corresponding current density-time curves in 0.1 M H2SO4 are 
displayed in Fig. 7g. The current densities observed in the potential step series at both − 0.3 V and − 0.6 V vs. MSE exhibit a gradual 
decline in HER activity over time, indicating structural changes due to potential-induced reconstruction. Similar HER activity to that of 
the thermally reconstructed surface is not reached in these experiments, as the thermally induced reconstructed surface is quite or
dered and shows fewer defect sites than the electrode surface after potential-induced reconstruction. The decline in activity is notably 
more pronounced for the more positive potential. This observation aligns with in-situ STM studies, which have demonstrated that at 
potentials nearing the point of reconstruction lifting, the reconstruction rows manifest more rapidly within minutes [62]. In addition, 
FAOR has been used to examine the alterations upon adsorption and self-assembly of the 4-mercaptopyridine on Au(111), as well as to 
monitor the kinetics of surface oxidation of Au(111) [103,104].

While Au provides an ideal model system for visualizing electrochemical restructuring due to its high resistance to bulk oxidation, 
platinum represents a technologically critical electrocatalyst for which surface oxidation and dissolution play a decisive role in long- 
term stability.

The degradation of Pt-based electrocatalysts, particularly under conditions relevant to oxygen reduction reaction (ORR) in fuel cell 
applications, is closely linked to the electrochemical oxidation and reduction of the Pt surface. A detailed mechanistic understanding of 
these processes has recently been provided by Fuchs et al., who investigated the surface restructuring and dissolution behavior of a 
well-defined Pt(100) single-crystal electrode in 0.1 M HClO4 electrolyte. By combining operando high-energy surface X-ray diffraction 
(HESXRD), online mass spectrometry, and density functional theory (DFT), the study resolves the atomic-scale origins of Pt dissolution 
during electrochemical cycling and reveals that anodic and cathodic dissolution are governed by fundamentally different oxide phases 
[88].

Fig. 8a shows the anodic Pt dissolution rate measured during a potential sweep from 0.17 V to increasingly positive upper potentials 
(1.07–1.57 V vs. RHE), followed by a potential hold of 30 min. Anodic dissolution is most pronounced during the initial stages of oxide 
formation and decays exponentially with time at constant potential, as evidenced by the fitted decay curves. This behavior indicates 
that anodic Pt dissolution is associated with transient surface restructuring during the nucleation and growth of surface oxides rather 
than with a fully developed, stable oxide layer. The corresponding cathodic dissolution rates measured during the reverse sweep back 
to 0.17 V are shown in Fig. 8b. Notably, a pronounced cathodic dissolution signal is observed during oxide reduction, demonstrating 
that Pt dissolution is strongly enhanced under reductive conditions following prior oxidation.

Further quantitative analysis of the anodic dissolution process is presented in Fig. 8c, which summarizes the maximum anodic 
dissolution rate (dM/dt)max as a function of the upper potential limit. The data reveal that the dissolution amplitude increases with 
increasing anodic potential until saturation is reached, indicating the formation of a critical oxide coverage beyond which additional 
oxidation does not further accelerate dissolution. Fig. 8d shows the corresponding time constants (τ) extracted from the exponential 
decay fits, demonstrating that the kinetics of anodic dissolution become potential independent once this critical oxide coverage is 
established. Together, these results indicate that surface restructuring and dissolution are governed by oxide phase evolution rather 
than by the absolute magnitude of the applied potential.

When combined with operando structural investigations, these dissolution measurements reveal that anodic and cathodic disso
lution originate from different oxide species. Anodic dissolution is predominantly linked to the nucleation and growth of an ordered, 
stripe-like oxide formed at moderate positive potentials, whereas cathodic dissolution is associated with the reduction of a second, 
amorphous Pt oxide phase that resembles bulk PtO2 and develops only after saturation of the stripe-like oxide. Importantly, cathodic 
dissolution does not occur on pristine metallic Pt but requires prior oxide formation, underscoring the decisive role of electrochemical 
history.
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This study demonstrates that Pt degradation is not a single corrosion process but instead arises from oxide-specific, history- 
dependent restructuring pathways. Similar to the potential-induced reconstruction observed on Au surfaces, electrochemical cycling 
continuously reshapes the Pt surface. The results further establish that reductive conditions are not inherently stabilizing and that 
cathodic dissolution represents a distinct degradation mechanism that must be considered when assessing electrocatalyst stability 
under realistic operating conditions.

Complementary insight into Pt surface instability is provided by atomic-scale studies of electrochemical roughening, which 
demonstrate that repeated oxidation–reduction cycles (ORCs) induce irreversible nanoscale restructuring even in the absence of 
pronounced mass loss [107]. As illustrated by the in-situ STM images in Fig. 8e and 8f, successive ORCs lead to the nucleation, growth, 
and coalescence of nanoscale islands within the same surface region, evidencing progressive roughening driven by electrochemical 
cycling. The corresponding averaged atomic-scale island structures reveal a layer-by-layer growth mode with increasing structural 
complexity, indicating that ORCs promote systematic atomic rearrangement. These observations highlight that Pt degradation is not 
limited to dissolution processes, but also involves continuous morphological evolution that redistributes active sites and alters local 
coordination environments on experimentally relevant timescales.

Collectively, these results demonstrate that Pt dissolution is not a single corrosion process but instead arises from distinct, oxide- 
mediated pathways that operate under anodic and cathodic conditions. The study establishes a direct link between surface oxide 
chemistry, atomic-scale restructuring, and irreversible material loss. From a broader perspective, this behavior closely parallels the 
potential-driven reconstruction phenomena observed on Au surfaces, while emphasizing that for Pt, electrochemical restructuring is 
intrinsically coupled to dissolution. These insights underscore that electrode stability is governed by the dynamic evolution of surface 
oxide phases and electrochemical history, rather than by static thermodynamic considerations alone.

On the other hand, metal electrodes are supposed to remain stable in aqueous electrolytes by lowering the potential relative to the 
potential regime where the reconstructed surface is dominant, which is known as cathodic protection. In this potential range, the 
metal's oxidation becomes thermodynamically unfavorable, which might imply that cathodic protection indefinitely stabilizes the 
metal in its elemental state [108].

However, this assumption is not always correct: under sufficiently negative potentials in the presence of alkali metal cations, metals 
can experience structural surface transformations and corrosion through a phenomenon referred to as cathodic corrosion, as will be 
discussed in detail below [41,42,44,109,110].

4. Electrochemical methods for restructuring of metal electrodes

As highlighted in the previous section, various electrochemical treatments can lead to significant changes in the surface structure of 
metal electrodes. In this regard, several electrochemical strategies have been developed to restructure metal surfaces, enabling the 
rational tuning of activity, selectivity, and stability across a wide range of electrocatalytic reactions. Fig. 1 presents the key electro
chemical methods that can be applied to tailor the surface structure of metallic electrodes [34,109,111–116]. These electrochemical 
methods can be classified as follows: (i) electrochemical deposition, (ii) anodic polarization, (iii) repetitive oxidation − reduction 
cycles (ORCs), (iv) square-wave potential program, (v) electrochemical dealloying, and (vi) cathodic corrosion.

Importantly, these approaches should not be viewed as isolated techniques. In practice, they are strongly interconnected: elec
trodeposited nanostructures may undergo further restructuring during ORCs; dealloying inherently involves repeated oxida
tion–reduction cycles; and cathodic corrosion can be triggered during aggressive negative polarization following deposition or anodic 
treatments. Thus, electrochemical restructuring is best understood as a continuum of potential-driven processes, rather than a set of 
discrete methods.

Compared to conventional electrocatalyst fabrication routes, electrochemical restructuring strategies offer several distinct merits: 
(i) direct growth of electroactive species on both rigid and flexible substrates, enabling the dispersion of active catalysts and conse
quently providing a greater abundance of active sites; (ii) elimination of polymeric binders, surfactants, and conductive additives, 
resulting in homogeneous and clean electrode surfaces, pivotal for achieving higher reproducibility and exposing more catalytically 
active sites; (iii) the rational design of appropriate nanostructures (1D, 2D, or 3D structures), leading to an enhanced electrochemically 
active surface area (EASA), swift charge, and mass transport, and superior reaction kinetics; and (iv) robust adhesion of nanostructures 
that prevents mechanical shedding, enhancing long-term cyclic stability [27,117–120]. In this section, we offer a comprehensive 
overview, accompanied by examples, of these approaches for restructuring and faceting metal surfaces.

4.1. Electrodeposition

Electrodeposition is one of the most versatile electrochemical strategies for restructuring metal electrodes, enabling precise control 
over surface composition, crystallography, and morphology through the electrochemical reduction of metal ions followed by elec
trocrystallization. Depending on the applied potential and electrolyte composition, electrodeposition can proceed via fundamentally 
different regimes, giving rise to low-dimensional overlayers, atomically dispersed metal species, or three-dimensional nanostructures. 
As such, electrodeposition provides a direct electrochemical route to generate metal electrodes with tailored atomic-scale structure, 
morphology, and composition under precisely controlled thermodynamic and kinetic conditions.

A unifying framework for understanding electrodeposition-induced restructuring is the competition between nucleation and 
growth [111,112,121–123]. In the underpotential deposition (UPD) regime, strong substrate–adatom interactions stabilize metal 
adlayers at potentials positive of bulk deposition, favoring lateral growth and the formation of atomically thin, two-dimensional 
structures. In contrast, overpotential deposition (OPD) occurs when the driving force for metal reduction exceeds this stabilization, 
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Fig. 9. Atomic-scale control of surface composition via underpotential deposition (UPD). Voltammetric profiles showcasing (a-c) controlled Pd 
overlayers on Au(111) in 0.1 M H2SO4 after deposition from a chloride-containing solution. A reference curve for bulk Pd(111) is represented in (d) 
and by a dotted line for comparative analysis. (e) Electrocatalytic activity of thin Pd overlayers on Au(111) and massive Pd(111) towards FAOR. 
UPD approach for atomically dispersed Pt catalysts on MoS2 substrate. (f) HAADF-STEM image of Pt-SAs/MoS2. (g) Magnified HAADF-STEM image 
of Pt-SAs/MoS2 and its corresponding top (h) and front (i) views of DFT-optimized structural model (purple: Mo; grey: S; yellow: S for the Pt 
attachment; blue: Pt. (j) Mapping images of Pt, Mo, and S atoms. (k) HER polarization curves of bare, ce-MoS2-, commercial Pt/C-, and Pt-SAs/MoS2- 
covered GC electrodes in 0.5 M H2SO4 solution. Inset: the mass activity of Pt-SAs/MoS2 normalized to the Pt loading at an overpotential of 50 mV 
vs. RHE in comparison with commercial Pt/C. (l) Tafel plots derived from the corresponding polarization curves.
Reproduced with permission from [126,131]
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promoting three-dimensional nucleation and growth via Volmer–Weber-type mechanisms [28,111,121,122,124–127]. The balance 
between nucleation density and growth rate thus dictates whether deposition yields uniform monolayers, isolated nuclei, compact 
nanoparticles, or highly branched architectures.

Examples of the successful use of the UPD method include the synthesis of a two-dimensional (2D) Pd layer on Au single-crystal 
electrodes by Kibler et al. [126] as well as the 2D Pt layer on the Au electrode by the quenching effect of underpotential-deposited 
hydrogen by the Moffat group [128] and of various single-layer core–shell metallic nanostructures by the Adzic group [129]. Such 
electrochemical systems are of notable significance in the realm of electrocatalysis [124–126,130].

For instance, the electrochemical properties of palladium adlayers on Au(111), which were obtained by electrodeposition from 
either 0.1 M H2SO4 + 0.1 mM PdCl2 + 0.2 mM HCl or 0.1 M H2SO4 + 0.1 mM PdSO4 at +0.4 V vs. SCE, are compared with those of 
massive Pd(111) [126]. Cyclic voltammograms for Pd adlayers of 1, 2, and 3 ML thickness on Au(111) in 0.1 M H2SO4, deposited from 
chloride-containing solution, are shown in Fig. 9a-c, which reveal systematic changes with increasing coverage. For comparison, the 
voltammogram of Pd(111) in sulfuric acid is shown in Fig. 9d and as a dotted line in each frame.

For the first Pd monolayer, there is a complete coverage of the substrate, as indicated by the absence of characteristic peaks of the 
Au(111) surface (Fig. 9a). Additionally, the hydrogen absorption reaction, occurring at higher overpotentials compared to massive 
palladium, becomes more prominent as the film thickness increases. The peak for sulfate desorption/hydrogen adsorption in the 
pseudomorphic Pd monolayer is slightly more positive than that of massive Pd(111). Starting from 2 ML Pd on Au(111), there are two 
anodic peaks in the hydrogen adsorption range, one at − 0.005 V, like for the first Pd monolayer, the other one at − 0.035 V corre
sponding to hydrogen desorption/(bi) sulfate adsorption on massive Pd(111). Thicker Pd deposits exhibit only the latter peak, 
resembling the behavior of bulk palladium. The altered electrochemical behavior of the overlayer is attributed to changes in the 
electronic structure induced by lateral strain and the ligand effect. The influence of lateral strain is also explored on the reaction 
kinetics in the context of FAOR.

The curves in Fig. 9e show the cyclic voltammograms for FAOR on Pd(111) and on the Pd films on Au(111) deposited from chloride 
solution. The current maxima for a pseudomorphic Pd monolayer on Au(111) and for the massive Pd(111) electrode are located at 0.15 
and 0.04 V, respectively (Fig. 9e). Like for hydrogen adsorption, there is a systematic change towards the behaviour of the massive 

Fig. 10. Morphology control through electrodeposition. (a) Cyclic voltammograms of a GC electrode in a deaerated 0.1 M NaNO3 solution in the 
presence and absence of 0.25 mM HAuCl4 at 50 mV s− 1, (b) Last of the 30 consecutive scans recorded by cyclic voltammograms in a 0.5 M H2SO4 on 
AuNPs-GC electrodes prepared at different conditions. The corresponding SEM images of AuNPs-GC electrodes were synthesized at 0.7 V for (c) 10 s 
and (d) 1800 s and at − 0.3 V vs. SHE for (e) 10 s and (f) 1800 s. (g) Cyclic voltammograms of dendrite-like gold nanostructures (DGNs)/GC 
electrodes under different electrodeposition potentials in a 0.5 M H2SO4 solution. The Au nanostructures were electrodeposited from a 0.1 M KCl 
solution containing 10 mM HAuCl4. Typical SEM images of Au nanostructures electrodeposited for 3600 s at potentials of (h) E = +0.3 V, (i) 
E = +0.1 V, (j) E = -0.1 V, and (k) E = − 0.3 V vs. Ag/AgCl.
Reproduced with permission from [134,135]
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metal with increasing coverage of Pd on Au(111), the curve for 5 ML having two current peaks for oxidation on strained and unstrained 
parts of the Pd surface. Differences in the reaction kinetics for FAOR are interpreted in terms of a modified interaction between the Pd 
surface and the adsorbed species relevant for the rate-determining step, reflecting changes in the electronic structure of the metal 
overlayer.

Interestingly, beyond the conventional UPD method that produces a 2D single layer, the synthesis of atomically dispersed metal 
catalysts (ADMCs) is possible through site-specific electrodeposition on transition metal dichalcogenides (e.g., MoS2, WS2, MoSe2, 
WSe2) with isolated active sites for UPD [131]. The site-specific UPD enables the energetically favorable deposition of single-atom 
metal on the chalcogen sites, and then automatically terminates the sequential aggregation of metal atoms. For example, atomi
cally dispersed Pt single-atoms on chemically exfoliated molybdenum disulfide (ce-MoS2) were synthesized by first exploring the UPD 
of Cu atoms on (ce-MoS2), followed by introducing PtCl42− ions into the Cu-SAs/MoS2 system for the galvanic exchange of Cu atoms by 
Pt(II) [131]. No Pt-containing clusters or nanoparticles were observed, and the Pt atoms are atomically dispersed on ce-MoS2, as 
confirmed by aberration-corrected high-angle annular dark-field-scanning TEM (HAADF-STEM) image in Fig. 9f. A magnified HAADF- 
STEM image (Fig. 9g) and its corresponding density functional theory (DFT)-optimized structural model (Fig. 9h and 9i) provide 
evidence for Pt attachment on the Mo top site. Moreover, analysis by STEM coupled with energy-dispersive X-ray spectroscopy (STEM- 
EDS) reveals that atomic Pt is homogeneously dispersed over the whole material (Fig. 9j). The electrocatalytic activity of the fabricated 
Pt-SAs/MoS2 was evaluated towards HER. Compared to ce-MoS2, Pt-SAs/MoS2 shows exceptional electrocatalytic activity in the HER 
with low overpotential (Fig. 9k). Furthermore, Pt-SAs/MoS2 shows higher electrocatalytic HER activity than commercial Pt/C, as 
normalized to the loading amount of Pt, the mass activity of Pt-SAs/MoS2 at an overpotential of 0.05 V is 17.14 A mg− 1, exceeding 
that of commercial Pt/C by a factor of 114 (inset of Fig. 9k). Pt-SAs/MoS2 exhibits a Tafel slope of 31 mV dec− 1, whereas ce-MoS2 
exhibits a much larger Tafel slope of 91 mV dec− 1, implying faster kinetics owing to single-atom Pt decoration.

Significantly, this approach can be expanded to synthesize a diverse range of ADMCs (Pt, Pd, Rh, Cu, Pb, Bi, and Sn), underscoring 
its versatility for manufacturing functional ADMCs in the field of electrocatalysis.

Furthermore, the electrodeposition of metal nanoparticles does not experience UPD and initiates the electrocrystallization process 

Fig. 11. Secondary pulsed electrodeposition for tailoring surface coordination and crystallographic orientation. (a) Schematic representation of the 
pulsed electrodeposition protocol, showing the time–potential waveform used to fabricate pulsed nanoporous gold films (pulsed-NPGF). SEM mi
crographs of (b) NPGF prepared without post-treatment, (c) DC-treated NPGF (DC-NPGF), and (d) pulsed-treated NPGF (pulsed-NPGF; toff = 1250 
ms). (e) FIB–SEM cross-section of the pulsed-NPGF, revealing the internal porous architecture. (f) Electrocatalytic performance of the three films, 
shown as cyclic voltammograms recorded in 0.5 M KOH containing 5 M methanol.
Reproduced with permission from [136].
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Fig. 12. Electrodeposited Ni–Ru porous transport electrodes for HER and PEMWE operation. (a) Schematic of the electrodeposition-based fabri
cation of Ni–Ru catalyst-integrated electrodes. FE-SEM images of (b) carbon paper, (c) Ni100, (d) Ni99.7Ru0.3, (e) Ni98.9Ru1.1, (f) Ni98.1Ru1.9, and (g) 
Ru100 samples electrodeposited on carbon paper. (h) HER polarization curves demonstrating the strong activity enhancement upon Ru incorpo
ration, approaching Pt-like performance at low Ru loadings. (i) Chronopotentiometric stability at − 10 mA cm− 2 showing superior durability of 
Ni98.1Ru1.9 compared to pure Ru. (j) Long-term PEMWE operation at 1 A cm− 2, highlighting sustained performance under device-relevant con
ditions.
Reproduced with permission from [137]
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in the overpotential deposition OPD range. This results in the formation and growth of three-dimensional metal nanoparticles, a 
phenomenon known as the Volmer-Weber growth mechanism [28,30,111,121,122,127,132,133]. The effective electrodeposition of 
nanoparticles with specific shapes and sizes relies on understanding the kinetics and mechanism of the initial electrocrystallization 
stages.

For instance, AuNPs were deposited from 0.1 M NaNO3 solution containing 0.25 mM HAuCl4 onto glassy carbon (GC) using various 
sets of potential and duration from − 0.3 to 0.7 V vs. SHE and 10 to 1800 s, respectively (Fig. 10a-f) [134]. On the first forward scan in 
Fig. 10a (solid line), one single reduction peak was noticed at 0.63 V, which was absent for measurements with Au(III) ion-free NaNO3 
solution (Fig. 10a, dotted line). This reduction peak is related to the three-electron reduction process of Au(III), resulting in the for
mation of gold atoms that form metallic AuNPs on the electrode surface.

Fig. 10b presents the last of the 30 consecutive scans recorded for each deposit. It appears that the most efficient deposition is 
obtained at − 0.3 V vs. SHE for 1800 s, considering the amount of deposited Au (QAu(III) = 9.7 mC). The electrodeposition at − 0.30 V 
allows the formation of more numerous nuclei than when performed at 0.70 V vs. SHE, regardless of the electrolysis duration. As a 
consequence, the Au active surface area is much larger after depositing at − 0.30 V vs. SHE, as can be seen by comparing curves in 
Fig. 10b. The four micrographs show that electrodeposition at − 0.30 V affords much denser deposits of smaller AuNPs than those at 
0.70 V vs. SHE (Fig. 10c-f). At − 0.30 V, the AuNPs are relatively small and almost hemispherical-shaped, and homogeneously 
distributed on the GC surface. Furthermore, increasing the electrodeposition time leads to slightly bigger AuNPs and still homogeneous 
deposits. In comparison, performing electrodeposition at 0.70 V results in very sparse deposits of big AuNPs, even for low electrolysis 
time (Fig. 10c). Increasing the electrolysis duration induced a significant increase in the diameter of particles, leading to the formation 
of very big, raspberry-like AuNPs (Fig. 10d, inset). The smallest AuNPs (25 ± 12 nm) exhibit the highest electrocatalytic performance 
toward ORR in NaCl–NaHCO3 (0.15 M/0.028 M, pH 7.4).

In a different study, dendrite-like gold nanostructures (DGNs) were directly electrodeposited from a 0.1 M KCl solution containing 
10 mM HAuCl4 for 3600 s at different potentials onto the surface of GCE [135]. Fig. 10g shows cyclic voltammograms of the DGNs/GC 
electrodes (with different electrodeposition potentials) in an aqueous 0.5 M H2SO4 solution. The typical anodic oxidation peak starting 
from 1.1 V and the cathodic reduction peak appearing at 0.90 V vs. Ag/AgCl are attributed to the formation of Au oxide and a sub
sequent reduction reaction, respectively. The enhancement in the peak at around 1.38 V vs. Ag/AgCl in the oxidation regime indicates 
the formation of (111)-facets. The EASA of dendrite structures prepared at − 0.30 V is higher than that of the other morphologies, 
which is consistent with the morphology evolution observed in the SEM images (Fig. 10h-k). The DGNs as an electrocatalyst showed a 
quick response (less than 2 s) and a low detection limit (0.05 mM) for non-enzymatic glucose sensing.

A representative example highlighting the ability of electrodeposition to precisely tailor surface coordination and crystallographic 
selectivity is provided by the secondary pulsed electrodeposition of nanoporous gold films for methanol electrooxidation [136]. In this 
study, nanoporous Au electrodes were modified via pulsed cathodic deposition from an HAuCl4-containing electrolyte, where alter
nating deposition and relaxation periods enabled repeated nucleation while suppressing unrestricted growth (Fig. 11a). Structural 
characterization reveals that this protocol preserves the bicontinuous nanoporous architecture (Fig. 11b-e) while inducing the for
mation of nanoscale features on the ligament surfaces, accompanied by a pronounced redistribution of exposed facets. X-ray diffraction 
analysis shows a significant enhancement of the Au(111) reflection relative to Au(220), evidencing that the pulsed deposition 
selectively favors low-index, catalytically active facets through kinetic control of electrocrystallization. These structural modifications 
translate directly into improved electrocatalytic performance toward methanol electrooxidation in alkaline electrolyte, manifested by 
a lower onset potential and higher peak current density compared to pristine and continuously deposited nanoporous Au electrodes 
(Fig. 11f). Importantly, the enhanced activity cannot be attributed solely to increased electrochemically active surface area, but re
flects intrinsic changes in surface coordination and facet-dependent adsorption energetics. In addition to improved activity, the pulsed- 
deposited electrodes exhibit superior operational stability, as demonstrated by reduced current decay during prolonged polarization, 
indicating that electrodeposition-induced restructuring can simultaneously optimize activity and durability. This example underscores 
electrodeposition as a powerful electrochemical strategy for modulating atomic-scale surface motifs and crystallographic orientation, 
thereby enabling direct structure–function correlations in electrocatalytic alcohol oxidation.

A compelling demonstration of the potential of electrodeposition for industrially relevant electrocatalysis is provided by the 
development of atomically dispersed Ru on Ni catalyst-integrated porous transport electrodes (Ni–Ru/PTE) for proton exchange 
membrane water electrolysis (PEMWE) [137]. As illustrated in Fig. 12a–g, a one-step electrodeposition strategy enables the direct 
fabrication of binder-free and self-supported catalyst layers on carbon paper, yielding uniform and conformal coatings with tunable 
morphology.

The SEM analysis reveals a clear morphology–composition relationship governed by deposition kinetics. The Ni100 catalyst 
(Fig. 12c) exhibits radially grown dendritic structures, characteristic of mass-transfer-limited electrodeposition at highly negative 
potentials (− 1.7 V vs. SCE), where H+ supplied from NH4

+ further promotes dendritic growth. With the introduction of small amounts 
of Ru (Ni99.7Ru0.3, Fig. 12d), the deposits become more uniform with smoother edges, indicating a transition toward kinetically 
controlled growth. This behavior is attributed to the formation of Ru–amine complexes in the presence of NH4Cl, which retard 
deposition kinetics and reduce mass-transfer limitations. Increasing the Ru content (Ni98.9Ru1.1 in Fig. 12e and Ni98.1Ru1.9 in Fig. 12f) 
leads to a pronounced morphological transition from dendritic clusters to compact, film-like structures. The Ru100 sample obtained 
after 10 min deposition consists of sparsely distributed nanoparticles with very low loading (0.004 mg cm− 2). In the absence of 
complex formation, the deposition kinetics are markedly enhanced, leading to higher growth rates. Accordingly, extending the 
deposition time to 30 min (Fig. 1g) enables comparable Ru loadings to those in Ni98.1Ru1.9, facilitating a meaningful comparison of 
catalytic performance. This structural evolution is directly linked to catalytic performance, as shown in Fig. 12h, where even minimal 
Ru incorporation (≤1.9 at%) dramatically reduces the HER overpotential from 171 mV for pure Ni to ~ 35 mV at − 10 mA cm− 2, 
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approaching Pt-like activity.
Equally important, the catalyst exhibits remarkable durability, as evidenced in Fig. 12i, where the Ni98.1Ru1.9 electrode maintains 

stable operation at − 10 mA cm− 2 over 24 h with negligible degradation, in contrast to the pure Ru electrocatalyst that exhibits rapid 
performance loss. Most significantly, when integrated into a full PEMWE device, the electrodeposited Ni–Ru/PTE achieves industrially 
relevant performance, delivering current densities up to 6.0 A cm− 2 at 2.25 V and stable operation at 1 A cm− 2 with a low degradation 
rate of 0.13 mV h− 1 over 100 h (Fig. 12j). These values not only surpass previously reported non-Pt systems but also compete with the 
commercial Pt/C electrodes at high current densities. This example highlights the strength of electrodeposition as a scalable and 
versatile fabrication route for advanced electrocatalysts, demonstrating precise compositional tuning, direct integration into device- 
relevant architectures, and elimination of binders.

Despite its apparent controllability, electrodeposition is often interpreted using simplified nucleation and growth models that may 
not fully capture the dynamic nature of electrochemical interfaces. In practice, factors such as local pH fluctuations, ion depletion, and 
electric field gradients can lead to non-uniform growth and metastable structures. Importantly, electrodeposited structures should not 
be regarded as static entities. Under electrocatalytic operating conditions, deposited overlayers, nanoparticles, and even single-atom 
sites may undergo dynamic restructuring driven by potential cycling, surface oxidation and reduction, dealloying, or cathodic 
corrosion. As a result, electrodeposition often defines an initial structural state that subsequently evolves through the electrochemical 
processes discussed in later sections of this review. Recognizing this dynamic interplay is essential for rational catalyst design, as 
catalytic performance ultimately reflects not only the as-deposited structure, but also its transformation under realistic operating 
conditions.

4.2. Repetitive oxidation–reduction cycles

Conducting repetitive oxidation–reduction cycles, involving both anodic and cathodic processes, can trigger the restructuring of 
metal electrodes. Several physical reasons underlie the transformations observed in the surface structure of metal electrodes. For 
instance, repetitive cycling results in a flux of adatoms and vacancies; thus, the developing structure changes can, in principle, be 

Fig. 13. Surface restructuring induced by repetitive electrochemical cycling. (a) Cyclic voltammograms of polycrystalline Au electrodes in 0.1 M 
H2SO4, as a function of cycling number from − 0.25 V to +1.6 V vs. Ag/AgCl at 0.1 V s− 1. A closer look at the marked potential range is shown in (b). 
SEM images of the electrodes at various stages: (c) as-polished surface, (d) after 150 cycles, (e) after 10,000 cycles, and (f) after 30 s of ultrasound 
post 10,000 cycles. Scale bar: 1 μm. (a-f) are reproduced with permission from [89]. (g) SEM images of Cu surface after polarization at 525 V for 60 s 
in 0.01 M KOH + 0.001 M SiO2. Subsequent to electrochemical potential cycling, the SEM images (k-h) captured at various magnifications showcase 
the emergence of nanospheres across the coral-like structure. Reproduced with permission from [34,140].
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described by (homoepitaxial) film and crystal growth theories [138,139]. In this respect, the original surface undergoes a surface 
reaction, where atoms from the original terrace are displaced and pushed to the top of the surface. During the restoration or reduction, 
the atoms on top of the surface nucleate into islands and vacancies, leading to the formation of vacancy islands on the original surface. 
Upon repeated cycling, the structural changes are more pronounced [138,139]. Additionally, electrochemical cycling could lead to the 
dissolution and re-deposition of metal ions, leading to the growth of metal nanoparticles.

The effect of repeated oxidation and reduction cycles on the surface structure of polycrystalline Au electrodes was examined [34]. 
Repetitive electrochemical potential cycling of a polycrystalline Au electrode in 0.1 M H2SO4 from − 0.25 V to + 1.6 V vs. Ag/AgCl at 
0.1 V s− 1 results in a distinctly different set of cyclic voltammograms (Fig. 13a,b). The EASA increases with an increasing number of 
cycles. Additionally, the distribution of facets changes cycling, notably with the development of (111) facets, evident in the oxide 
regime, as indicated in Fig. 13a and 12b.

The SEM images show the emergence of pits after 150 cycles, as compared to the as-polished Au electrode (Fig. 13c and 13d). 
Furthermore, the Au surface is covered with distinct nano- and microcrystallites of varying shapes and sizes after 10,000 cycles 
(Fig. 13e). After the removal of these nanoparticles from the surface through sonication (Fig. 13f), the cyclic voltammograms remain 
similar to those of the 10,000th cycle (refer to Fig. 13a and 13b). However, the currents observed are notably reduced due to the 
decreased EASA.

Furthermore, electrochemical cycling can lead to the removal of the oxide layer for the pre-oxidized surface, and thus induce 
structural changes, as illustrated in Fig. 13g-k [140]. For example, homogeneously distributed 3D coral-like microstructures are 
formed on Cu surfaces after in-liquid plasma treatment in the presence of SiO2 nanoparticles at 525 V for 60 s (Fig. 13g). The 
microstructured copper electrode is composed of CuO as a thin outer layer and a significant amount of inner Cu2O. Remarkably, the 
fabricated microstructures are transformed to nanospheres assembled in coral-like microstructures after electrochemical cycling in the 
potential range between − 0.2 and 0.4 V vs. RHE (Fig. 13h-k). Such structural transformations lead to a significant increase in the EASA. 
Furthermore, not only is the surface morphology altered after the electrochemical cycling, but also the chemical composition at the 
interface, in which the oxygen content is massively decreased due to the reduction of the oxide layer.

A recent study provides a clear and quantitatively compelling demonstration of how electrochemical potential cycling can be used 
to enhance both the activity and stability of noble-metal catalysts (Pd, Au, and Pt) for the electrochemical oxidation of ethylene glycol 
(EG) to glycolic acid (GA) [141]. Unlike conventional constant-potential electrolysis, the potential cycling strategy deliberately al
ternates anodic and cathodic potentials to dynamically regulate the surface oxidation state of the catalyst during operation (Fig. 14). 
Under anodic polarization, EG oxidation proceeds on metallic noble-metal sites but is progressively hindered by the formation of 
surface metal oxides, which block active sites and lead to rapid catalyst deactivation. Potential cycling overcomes this limitation by 
incorporating a cathodic step in each cycle, during which the surface oxide layer is reduced, thereby regenerating a metallic surface 
that is catalytically active for EG oxidation in the subsequent anodic scan. In-situ Raman spectroscopy and X-ray absorption spec
troscopy (XAS) directly confirm that the enhanced performance under potential cycling originates from the suppression of persistent 

Fig. 14. Schematic illustration of the EGOR deactivation over noble metal (M = Pd, Pt, Au) catalyst during EPC electrolysis.
Reproduced with permission from [141]
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surface oxides, rather than from changes in catalyst composition or morphology. As a result of this dynamic surface-state control, EPC 
enables a ~ 20-fold increase in EG conversion rate compared to constant-potential EG oxidation (CP-EGOR), while maintaining 
exceptionally high GA selectivity exceeding 95%. Remarkably, potential cycling-EGOR achieves the same conversion rate using 
approximately 90% less noble metal loading than CP-EGOR, underscoring the efficiency gains associated with maintaining the catalyst 
in its optimal surface state rather than maximizing surface area alone. The stabilizing effect of EPC is particularly striking. Continuous 
operation under potential cycling conditions sustains high catalytic activity for at least 60 h with no detectable deactivation, whereas 
the same electrodes operated under constant potential lose activity completely within minutes. This contrast highlights that catalyst 
degradation during EGOR is not intrinsic to the material, but rather to the electrochemical protocol, emphasizing the importance of 
dynamic potential control as a stability-preserving strategy. Importantly, the authors further demonstrate the scalability and practical 
relevance of potential cycling by implementing the approach in a flow-cell configuration, achieving a high EG-to-GA conversion rate of 
1.70 mmol h− 1 mg− 1, among the highest reported values in the literature. These results establish potential cycling not merely as a 
laboratory optimization technique, but as a broadly applicable methodology for the electrochemical upgrading of alcohols and other 
oxygenated feedstocks.

Of note, the stochastic nature of repeated oxidation–reduction processes can lead to limited reproducibility and poor control over 
the final surface structure. It remains unclear to what extent these dynamically generated active sites persist under steady-state 
operation, or whether they represent transient states that continuously evolve. Addressing these questions requires time-resolved 
and operando approaches capable of linking dynamic structural changes to catalytic function.

4.3. Anodic polarization

Anodic polarization represents a powerful electrochemical strategy for restructuring metal electrodes through oxidation-driven 
surface and near-surface transformations. Depending on the applied potential (or voltage), electrolyte composition, and duration, 
anodic polarization can induce markedly different restructuring pathways, ranging from subtle surface roughening to the formation of 
highly porous or composite architectures. Conceptually, anodic polarization regimes can be categorized into three distinct ranges: (i) 
moderate anodic polarization leading to reversible oxide formation and reduction [142–144], (ii) high-voltage anodization in the 
presence of fluoride-containing electrolytes [145–150], and (iii) extreme anodic polarization resulting in plasma-assisted electro
chemical processes [140,151]. Each regime is governed by different physicochemical mechanisms and produces distinct surface 
structures.

Fig. 15. Formation and electrocatalytic activity of nanoporous gold electrodes. (a) Cyclic voltammetric fabrication of a nanoporous Au film 
electrode at the scan rate of 20 mV s− 1, (b) Electrochemical responses of bare gold and nanoporous gold film electrodes after different polarization 
times. (c) FE-SEM image of the nanoporous gold film electrode prepared at a polarization time of 60 min. (d) Cyclic voltammograms of nanoporous 
gold film electrode for dissolved oxygen in 0.1 M KNO3 solution at several concentrations. (e) HER activity of bare Au, Pt, and nanoporous gold film 
electrodes in 0.5 M H2SO4 solution.
Reproduced with permission from [142,143]
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4.3.1. Moderate anodic polarization: Oxide-mediated surface restructuring
At moderate anodic potentials, metals undergo electrochemical surface oxidation without dielectric breakdown of the electrolyte. 

In this regime, anodic polarization promotes the formation of surface oxide layers, accompanied by metal atom removal, vacancy 
generation, and stress accumulation within the near-surface region. Subsequent electrochemical reduction of these oxide layers can 
result in pronounced surface restructuring, including roughening, faceting, and nanopore formation, driven by mass redistribution 
during oxide growth and collapse [142–144].

For instance, an Au electrode was subjected to polarization from 0.0 to 2.0 V vs. Ag/AgCl at a scan rate of 20 mV s− 1 in a 0.5 M 
H2SO4 solution [142,143]. Following the forward scan, the Au electrode potential was held at 2.0 V vs. Ag/AgCl for various durations 
ranging from 10 to 60 min to form an Au oxide film, characterized by an orange-yellowish colour on the electrode surface. The se
lection of 2.0 V as the potential was slightly more positive than the threshold for gas evolution to ensure the uniform structure and 
stability of the nanoporous Au film, since more positive potentials lead to the observation of gas bubble evolution on the electrode 
surface, potentially affecting the formation and stability of the nanoporous structure. Subsequently, the generated oxide layer was 
reduced to create a nanoporous Au film, which appears black during the reverse scan, as illustrated in Fig. 15a. Cyclic voltammetric 
profiles of both bare Au and nanoporous Au electrodes, fabricated with different holding times (10, 20, 30, and 60 min), in a 0.5 M 
H2SO4 solution at a scan rate of 0.1 V s− 1 are depicted in Fig. 15b. Notably, the EASA of the nanoporous Au electrodes increases as a 
function of the holding time. The EASA is determined by integrating the charge associated with the reduction of Au oxide. The 
roughness factor, calculated as the ratio between EASA and the geometrical area (0.07065 cm2), is determined to be 4.68, 14.5, 21.5, 
44, and 86, respectively, for bare gold and nanoporous Au electrodes fabricated with holding times of 10, 20, 30, and 60 min, 
respectively. Furthermore, the SEM image of the fabricated nanoporous Au electrode (60 min holding time) reveals the formation of 
nanoporous structures with an average pore size of approximately 32 nm (Fig. 15c).

The response of the fabricated nanoporous Au electrode was evaluated for 0.1 M KNO3 solutions containing varying concentrations 
of molecular oxygen (ranging from 0 to 71.8%). Voltammograms in Fig. 15d demonstrate that the current increases linearly with the 
concentration of dissolved oxygen. This indicates that the nanoporous Au electrode can serve as a probe for continuous monitoring of 
changes in the concentration of dissolved oxygen, with a limit of detection (LOD) of 35 µM and a correlation coefficient of 0.9983. 
Moreover, it exhibits high electrocatalytic activity for the reduction of dissolved oxygen at a low overpotential in a neutral 0.1 M KNO3 
solution.

Additionally, the electrocatalytic activity of the fabricated nanoporous Au electrodes with different holding times was assessed for 
the HER (Fig. 15e). It is observed that with an increase in the holding time from 10 to 60 min, the overpotential for HER shifts towards 
less negative potentials. In contrast, a bare Au electrode exhibits poor HER activity. Particularly noteworthy are the very low over
potential values of − 0.070 V at 10 mA cm− 2 and − 0.083 V at 20 mA cm− 2 recorded for the nanoporous gold electrode fabricated with 
60 min holding time. Beyond these overpotentials, the cathodic current increases significantly at more negative potentials. This high 
performance closely approaches that of a Pt electrode, attributable to the higher number of active sites in the nanoporous structure, 
characterized by a high surface area and/or high roughness factor.

4.3.2. High-voltage anodization in fluoride-containing electrolytes
At higher applied voltages, particularly in electrolytes containing fluoride ions, anodic polarization transitions into classical 

electrochemical anodization [145–150]. In this regime, field-assisted ion migration and localized oxide dissolution dominate, leading 
to the formation of self-organized oxide architectures such as nanopores, nanotubes, nanowires, and nanoflowers on valve metals and 
their alloys. The presence of fluoride ions is critical, as they chemically dissolve the growing oxide, enabling a dynamic balance be
tween oxide formation and dissolution that governs morphology and ordering.

While anodization in fluoride-containing electrolytes has enabled the fabrication of highly ordered oxide nanostructures with 
applications in biomedicine, photoelectrochemical energy conversion, and supercapacitors, this regime primarily yields thick oxide 
films rather than metallic or metal–oxide hybrid surfaces. As such, fluoride-assisted anodization falls outside the main focus of the 
present review, which emphasizes electrochemical strategies for restructuring metallic electrodes and metal–metal oxide interfaces 
relevant to electrocatalysis. Accordingly, this regime is acknowledged here for completeness but is not discussed in detail.

4.3.3. Extreme anodic polarization: Plasma-assisted electrochemical restructuring
At even higher voltages, anodic polarization can exceed the dielectric breakdown threshold of the electrolyte, giving rise to plasma 

formation at the electrode–electrolyte interface. This regime, commonly referred to as plasma electrolytic oxidation, contact glow 
discharge electrolysis, or in-liquid plasma, enables restructuring pathways that are inaccessible under conventional electrochemical 
conditions [151–157]. The localized plasma generates highly reactive species, extreme electric fields, and transient high temperatures, 
driving rapid oxidation, melting, and resolidification processes at the electrode surface.

Plasma-assisted anodic polarization enables the formation of metal surfaces with a high degree of porosity and tunable morphology 
and chemical state, as well as a controllable oxide film, depending on the experimental conditions, such as the electrolyte composition, 
electrode material, and applied voltage [151–157]. For example, plasma electrolysis has been used to fabricate carbon-coated Janus 
metal/oxide hybrids, such as CoMo/CoMoOx@C, in which metallic and oxide domains coexist within a single particle separated by an 
exposed metal–oxide interface [158]. The electrolyte was prepared by mixing 125 ml of deionized water and 125 ml of ethylene glycol, 
with the addition of 25 mmol of Co(NO3)2, 25 mmol of Na2MoO4, and 12.5 mmol of trisodium citrate. During cathodic polarization, 
metal ions were reduced to metallic particles. Simultaneously, a significant amount of active oxygen and carbon atoms were generated 
through the plasma-induced dissociation of water and organic solvents. These active species rapidly reacted with the just-reduced 
metal, resulting in the formation of M/MO@C. In this structure, a thin carbon layer served as the shell, encapsulating a Janus 
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metal/oxide hybrid core. The Janus metal/oxide structure comprises metal on one side and oxide on the other, with the metal/oxide 
interface left exposed, a crucial factor for maximizing the synergistic effects. Fig. 16a illustrates a schematic representation of the 
fabrication process of CoMo/CoMoOx@C. After plasma electrolysis, aggregates of clump-like microparticles were uniformly deposited 
on a Cu foil with a film thickness of 4.7 μm (Fig. 16b). Some pores are observed within the film, attributed to the release of gas bubbles 
during deposition. These clumps consist of numerous small nanoparticles (Fig. 16c and 16d). Furthermore, the inset of Fig. 16d shows a 

Fig. 16. Plasma-assisted synthesis of hierarchical CoMo/CoMoOx@C structures. (a) Schematic illustration of the fabrication of CoMo/CoMoOx@C 
by plasma electrolysis process. (b) Low and (c) high magnification SEM images of CoMo/CoMoOx@C. (d) Low magnification TEM image with the 
corresponding electron diffraction pattern. (e) HRTEM image displaying the carbon-coated Janus structure. (f) Elemental mapping images of C, Co, 
Mo, and O. Inset of (b) shows the cross-sectional image of CoMo/CoMoOx@C. (g) The iR-corrected linear sweep voltammetry curves measured at a 
scan rate of 5 mV s− 1 and (h) the corresponding Tafel plots.
Reproduced with permission from [158]
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designated area electron diffraction pattern, which revealed diffraction rings corresponding to the (002) plane of graphite, the (111) 
and (220) planes of CoMoOx, and the (111) plane of CoMo. This pattern confirmed the composite formation of carbon, metal (CoMo), 
and oxide (CoMoOx). A thin carbon layer, approximately 3 nm in thickness, covered the surface of these nanoparticles (Fig. 16e). 
Elemental mapping with electron energy loss spectroscopy (EELS) further elucidates the spatial distribution of C, Co, Mo, and O 
(Fig. 16f). This analysis identifies a core@shell structure, with Co, Mo, and O comprising the core and only C forming the shell. The 
distribution of O was non-uniform across the core particle, being rich on one side and less abundant on the other side. In contrast, both 
Co and Mo were more evenly distributed throughout the core. Based on these characterizations, it was confirmed that a core@shell 
structured CoMo/CoMoOx@C, with a carbon shell and a Janus particle CoMo/CoMoOx core, was successfully synthesized. The 
synthesized CoMo/CoMoOx@C hybrid was compared with the control samples as an alkaline HER electrocatalyst (Fig. 16g and 16 h). 
The plain Cu foil demonstrated negligible HER activity, while electrodeposited CoMo showed an enhanced performance (138 mV @ 
10 mA cm− 2). As for CoMo/CoMoOx, the overpotential was further reduced to 90 mV by the synergistic effect between the metal and 
oxide (Fig. 16g). CoMo/CoMoOx@C showed an even better performance of 76 mV at 10 mA cm− 2. The Tafel slope decreased from 
102.7 to 75.2 mV dec− 1 for CoMo/CoMoOx@C compared to for CoMo, indicating faster HER kinetics (Fig. 16h). This makes CoMo/ 
CoMoOx@C a promising electrocatalyst for alkaline HER applications.

Although plasma-assisted anodic polarization offers exceptional flexibility in tuning surface morphology and chemical state, it 

Fig. 17. Surface restructuring under square-wave potential perturbations. Cyclic voltammograms of polycrystalline Au electrodes (a) in 1 M H2SO4 
at 0.1 V s− 1 after 1 h repetitive square wave potential signal (RSWPS) at 2.00 kHz between 0.50 and 1.60 V vs. RHE and after 15 min RSWPS at 2.00 
kHz between 0.50 and 1.60 V vs. RHE; (− − − ) bead-shaped polycrystalline Au electrode as well as (b) in 10-2 M HClO4 + 10-3 M Pb(ClO4)2 at 0.010 
V s− 1, (− − − ) Bead-shaped polycrystalline Au electrode; (− ) after 3.15 h RSWPS at 2.00 kHz between 0.50 and 1.60 V vs. RHE. Cyclic voltam
mograms of Au electrodes (c) after 17.5 h RSWPS at 4.00 kHz between 0.10 and 1.60 V vs. RHE and (d) after 2.8 h RSWPS at 3.00 kHz between 0.8 
and 1.60 V vs. RHE. SEM images of Au electrodes after (e and f) 17.5 h RSWPS at 4.00 kHz between 0.10 and 1.60 V vs. RHE. (a-f) are reproduced 
with permission from [88,110]. Structural evolution of Pt nanocrystals, transitioning from (g) cube and (i) octahedron to tetrahexahedron at various 
periods of square wave potential treatment. Illustration of the shape transformation process from (h) cube and (j) octahedron to tetrahexahedron. 
Cyclic voltammograms of Pt nanocrystals from (k) cube and (l) octahedron to tetrahexahedron in 0.1 M H2SO4 at 50 mV s− 1. Reproduced with 
permission from [114,162].
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operates under extreme conditions that differ fundamentally from conventional electrochemical environments. Consequently, this 
regime is best viewed as the upper boundary of anodic polarization strategies rather than a direct extension of standard electro
chemical surface restructuring. Nonetheless, it illustrates the broad continuum of anodic polarization processes and underscores how 
increasing applied voltage progressively unlocks new restructuring mechanisms.

4.4. Square-wave potential programming

Square-wave potential (SWP) programs represent a distinct and highly dynamic electrochemical regime in which the working 
electrode is subjected to periodic potential pulses between two defined limits (EL and EU) at controlled frequencies. In contrast to slow 
cyclic voltammetry or static polarization, SWP imposes abrupt transitions between oxidizing and reducing conditions. These rapid 
potential switches generate complex, non-equilibrium perturbations at the electrode/electrolyte interface, strongly influencing 
interfacial electric fields, surface oxidation states, double-layer structure, and adsorption–desorption equilibria. Importantly, the 
potential pulses modulate the coverage and binding strength of adsorbates (e.g., H*, OH*, anions, or metal precursors), periodically 
forcing their adsorption, reorganization, or removal. During the anodic half-cycle, surface atoms may partially oxidize or interact 
strongly with specifically adsorbing anions, whereas the cathodic half-cycle can induce reduction, desorption, or re-nucleation pro
cesses. Because these perturbations occur on short time scales, often in the kHz regime, the system does not fully relax to thermo
dynamic equilibrium. Instead, kinetically accessible surface configurations become stabilized. As a result, SWP enables precise control 
over the surface structure and properties of grown particles, particularly during electrodeposition, where nucleation density, growth 
direction, and facet stabilization are highly sensitive to instantaneous potential. The amplitude (EU–EL), frequency, duty cycle, and 
total treatment time collectively determine whether atom migration, facet redistribution, or particle reshaping dominates 
[29,81,114,115,159–163].

In an earlier study, the electrochemical faceting of polycrystalline Au wires and bead-shaped electrodes in 1 M H2SO4 was explored 
using a repetitive symmetrical square wave potential signal (RSWPS) in the 2–4 kHz range, with upper and lower potential limits 
ranging between 1.44 and 1.60 V and 0.10 and 1.10 V vs. RHE, respectively (Fig. 17a-f) [114]. The resulting voltammogram after the 
electrochemical faceting, produced by RSWPS between EL = 0.50 V and EU = 1.60 V vs. RHE at ƒ = 2.0 kHz in 1 M H2SO4 (Fig. 17a), 
exhibits a substantial change in the shape of the anodic peak compared to pristine Au electrodes. The new voltammogram possesses 
two distinct peaks, one at 1.43 V and the other at 1.49 V vs. RHE, and there is a considerable increase in both the anodic and cathodic 
voltammetric charge (by a factor of about 1.5) after 3 h of RSWPS, while the anodic to cathodic charge ratio remains equal to one. 
These voltammetric changes became more pronounced with longer RSWPS treatment. Similar changes in voltammetry are observed 
for the UPD of lead (Pb) (Fig. 17b). In this case, the blank exhibits a pair of conjugated sharp peaks at 0.065 V and a second pair of 
broad peaks at 0.34 V vs. RHE. After RSWPS treatment, the height of the former peak decreases, while that of the latter peak sub
stantially increases, indicating the formation of (110)-facets under these conditions. Furthermore, the entire voltammetric charge 
enhances with the duration of RSWPS treatment, revealing the increase of the EASA. Similar voltammetric responses were observed for 
ƒ = 3 and 4 kHz. The voltammetric profile of RSWPS-treated Au electrodes was also examined in 1 M HClO4, at 10 and 20 mV s− 1 

(Fig. 17c). The RSWPS-treated Au electrodes display three anodic peaks at 1.44, 1.48, and 1.55 V vs. RHE, respectively, demonstrating 
the development of a stable (100)-site preferred orientation. The relative heights of these peaks are very sensitive to the voltammetric 
sweep rate. Lastly, for EL = 0.80 V, EU = 1.60 V vs. RHE, and ƒ between 3 and 4 kHz, a different distribution of the anodic voltammetric 
peaks is observed (Fig. 17d), with a prevalence of peaks at 1.43 V vs. RHE, a shoulder at the upper potential side, and a relatively large 
increase in the voltammetric charge. These results indicate that the RSWPS treatment could significantly alter the facet distribution, 
resulting in the formation of either (110)- or (100)-facets, depending on the applied parameters. However, the formation of (111)- 
facets has not been reported following this treatment. SEM images in Fig. 17e and 17f demonstrate substantial changes in the surface 
morphology of Au electrodes after 17.5 h of RSWPS at 4.00 kHz between 0.10 and 1.60 V vs. RHE.

Even more striking effects of SWP are observed for shape-controlled Pt nanocrystals. Recently, the shape transformation of Pt 
nanocrystals between high- and low-index facets under the SWP treatment has been investigated [162]. The starting Pt nanocrystals 
were electrodeposited on a glassy carbon electrode through the SWP technique in a Pt plating solution. Fig. 17g demonstrates the shape 
transformation from Pt cube to faceted tetrahexahedron (THH) by the SWP treatment (EL = 0 V and EU = 1.15 V vs. SCE) in 2 mM 
H2PtCl6 + 0.1 M H2SO4 solution. After 2 min of SWP treatment, the flat {100} facets turn rough, characterized by the presence of 
abundant small pyramids. After 10 min of SWP treatment, new facets emerge near the cubic edges, while small pyramids remain 
around the center of {100} facets. Following 25 min of SWP treatment, the cubic Pt nanocrystals nearly transform into {hk0}-faceted 
THH nanocrystals, only with their pyramidal vertices being concaved. After 30 min of SWP treatment, well-defined THH nanocrystals 
with {520} facets are formed. The shape transformation process from cube to THH is shown in Fig. 17h. This surface predominantly 
consists of (100) terraces and (110) steps. On the {520} facets, the outermost atoms are all kink atoms with a coordination number 
(CN) of 6, while the CN of {100} facets is 8. The surface structure was characterized by cyclic voltammetry (Fig. 17k). Cubic Pt 
nanocrystals display a sharp peak at about − 0.02 V, and a broad peak between 0.01 V and 0.14 V vs. SCE, attributed to hydrogen 
adsorption on short-range ordered (100) domains ((100) steps) and long-range ordered (100) domains ((100) terraces), respectively, 
specifying that the cubic Pt nanocrystals have ordered (100) facets. After 2 min of SWP treatment, the peak of the (100) terrace nearly 
disappeared, revealing the disruption of the long-range ordered surface structure. Furthermore, the peak corresponding to (100) steps 
at around − 0.02 V slightly decreases, while the peak corresponding to (110) at − 0.20 V is enhanced. The current of oxygen adsorption 
at Pt step sites at around 0.55 V rises, similar to that of THH (30 min). These results reveal that the {100} facets transform into high- 
index facets rapidly (about 2 min), although the surface morphology changes slowly.

The shape transformation from octahedron to THH is also achieved using SWP with EL and EU of 0 V and 1.15 V vs. SCE, 
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respectively (Fig. 17i). After 2 min of SWP treatment, the surface of the Pt octahedron becomes considerably rough. A new small 
pyramid appears at each vertex, and the octahedral edges are substituted by a staircase structure, so-called crystal macro-steps. The 
attained THH Pt nanocrystals are bound by {520} facets. The cyclic voltammetry profile of the rough Pt nanocrystals obtained after 2 
min of SWP treatment resembles that of the final perfect THH Pt nanocrystals and is significantly different from that of the initial Pt 
octahedron (Fig. 17l). This result shows that the change in the surface structure from {111} to {hk0} high-index facets is much faster 
than the shape change from octahedron to THH. As shown in Fig. 17j, this transformation involves the formation of small pyramids and 
narrow staircases of {hk0} facets. Such a change from {111} to {hk0} facets requires the migration of only a small number of Pt atoms, 
making it a rapid process.

From a catalytic perspective, high-index surfaces generated under SWP are particularly relevant for structure-sensitive reactions 
such as alcohol oxidation, formic acid oxidation, and certain oxygenated intermediate transformations. The increased density of step 
and kink atoms modifies adsorption energetics and often lowers activation barriers. Therefore, SWP provides not only morphological 
control but also deterministic tuning of catalytic functionality through dynamic surface engineering.

Overall, square-wave potential programs highlight how dynamic potential control can access surface configurations that are not 
attainable under steady-state conditions. Rather than merely reshaping electrodes, SWP enables kinetic stabilization of specific 
crystallographic orientations and defect motifs, providing a direct link between electrochemical perturbation parameters and atomic- 
scale structure. This establishes dynamic potential engineering as a deliberate strategy for tailoring catalytic surfaces beyond equi
librium limitations.

4.5. Dealloying

Although electrochemical dealloying is frequently implemented using potential cycling protocols, it is mechanistically distinct 
from repetitive oxidation–reduction cycling of monometallic electrodes. While cycling of pure metals primarily induces restructuring 
through oxide formation, dissolution–redeposition, and vacancy condensation, dealloying is driven by compositional heterogeneity 
and the selective dissolution of the less noble component. The resulting structural evolution emerges from the coupled interplay of 
dissolution kinetics, surface diffusion of the more noble element, and vacancy condensation processes.

Electrochemical dealloying proceeds when the applied potential exceeds the dissolution potential of the less noble component but 
remains below that of the noble element. Selective dissolution generates a supersaturation of surface vacancies. Rather than collapsing 
the structure, these vacancies condense into nanoscale voids, while the more noble atoms undergo rapid surface diffusion to minimize 
surface energy. This self-organized reconfiguration leads to the formation of a bicontinuous ligament–pore network, characteristic of 
nanoporous metals [164,165].

Fig. 18. SEM images of (a) pc-NPG and (b) cd-NPG, respectively. (c) Percentages of different facets in pc-NPG and cd-NPG. (d) Faradaic efficiencies 
for CO and H2 at several potentials for pc-NPG and cd-NPG. (e) Tafel plots of CO product on pc-NPG and cd-NPG.
Reproduced with permission from [118]
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The evolution of porosity is governed by several key parameters: 

• The parting limit, i.e., the minimum concentration of the less noble component required for continuous dissolution pathways.
• The applied potential, which determines dissolution rate and penetration depth.
• Surface diffusion rates of the noble element, which stabilize the evolving ligament structure.
• Scan rate or polarization protocol (potentiostatic vs. cyclic), which controls whether the system forms porous networks, hollow 

core–shell structures, or partially dealloyed surfaces.

Unlike simple surface roughening, dealloying intrinsically couples chemical selectivity and morphological instability, producing 
structures with high densities of low-coordination sites, residual strain, and altered electronic properties.

Although electrochemical dealloying is frequently implemented using potential cycling protocols, it is conceptually distinct from 
repetitive oxidation–reduction cycling of monometallic electrodes, as it relies on selective dissolution driven by compositional 

Fig. 19. Electrochemical dealloying as a route to nanoporous or hollow core–shell electrocatalysts. (a) Schematic depiction of an Ag–Au nano
particle with a core rich in Au, enveloped by an Ag-rich shell before dealloying (left), and the potential formation of a porous or hollow structure 
following the dealloying process (right). (b) Cyclic voltammetric dealloying of AgAu alloy nanoparticles in 1.0 M HClO4 at 1 V s− 1 at different cycle 
numbers, and (c) relative molar amount of Ag retained in the nanoparticles after dealloying, detected by electrochemical dissolution (coulometry) in 
HCl. TEM and STEM images with EDS mapping at the same position, captured (d) before and (e) after 500 cycles of dealloying in 1 M HClO4. (f) 
Averaged electrocatalytic linear sweep voltammetry curves from multiple independent experiments at 2 mV s− 1 in 0.5 M H2SO4 using pure Ag and 
pure Au; 100 cycles “dealloyed” Au, non-dealloyed AgAu 80: 20 and dealloyed AgAu nanoparticles after different numbers of dealloying cycles. The 
plotted currents are normalized to the EASA of the nanoparticles.
Reproduced with permission from [113].
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heterogeneity rather than surface oxide dynamics alone. Dealloying refers to the deliberate dissolution of specific components from an 
alloy, and it has been applied to various alloy systems. The mechanisms behind the development of porosity and changes in the surface 
morphology during dealloying are well-understood, particularly for bulk materials and thin films on a microscale. In this context, 
models to describe how pores evolve have been established [166,167].

In recent years, there has been growing interest in dealloying at the nanoscale, particularly after the discovery that CuPt nano
particles created through dealloying demonstrated exceptional catalytic properties for the ORR [168]. This has prompted in
vestigations into both chemical and electrochemical dealloying processes for a wide range of alloy compositions and catalytic 
applications. Electrochemical dealloying offers distinct advantages over chemical methods because it allows for precise control over 
key factors such as the electrolyte composition, duration, and the potential applied during the process [113,167–170]. This enhanced 
level of control facilitates the selective dissolution of alloy components and the subsequent restructuring of the nanoparticle surface 
with high accuracy.

For example, a self-supported 3D nanoporous gold was fabricated by electrochemical dealloying Ag-Au alloy in 0.1 M H2SO4 
solution with potential cycling (50 cycles) [118]. The chosen cycling potential window of 0.74–1.74 V vs. RHE covers the entire redox 
peaks of Ag and Au elements. The resulting nanoporous gold, termed pc-NPG (potential cycling-NPG), displayed abundant step/kink 
sites, leading to a significant enhancement in catalytic activity toward CO2RR when compared to conventional NPG obtained through 
chemical dealloying (cd-PNG). Both samples exhibit bicontinuous skeletons and interconnected channels, as revealed by the SEM 
images in Fig. 18a and 18b.

Furthermore, as displayed in Fig. 18c, the fractions of step/kink sites and {111}, {100}, and {110} facets in the pc-NPG electrode 
are estimated as 29.8%, 25.6%, 27.8%, and 16.8%, respectively. In comparison, for the cd-NPG electrode, the fractions of step/kink 
sites and {100} facets are lower, whereas the fractions of {111} and {110} facets are higher.

The CO2RR performance of the NPG electrodes was evaluated in CO2-saturated 0.5 M KHCO3 (pH ~7.2). The pc-NPG electrode 
exhibits an ~20% enhancement in Faradaic efficiency (FECO) at a potential range of − 0.3 to − 0.6 V vs. RHE in comparison with the 
chemically fabricated one (Fig. 18d). Notably, the FECO value for the pc-NPG electrode can reach up to 98% at − 0.5 V vs. RHE. Besides, 
Tafel analysis revealed that electrochemically fabricated NPG had a Tafel slope of 52 mV dec–1, which was lower compared to the 70 
mV dec–1 for the chemically fabricated one, indicating the intrinsically higher activity of the pc-NPG electrode (Fig. 18e).

Remarkably, electrochemically dealloying can also be applied to alloy nanoparticles to enhance their electrocatalytic activity. For 
instance, using AgAu alloy nanoparticles and the HER as a model system, the impact of cyclic voltammetry parameters on the elec
trocatalytic activity upon electrochemical dealloying was explored [113]. The process of electrochemical dealloying of the AgAu 
nanoparticles is schematically illustrated in Fig. 19a. Typically, Ag is selectively leached out of the alloy, and a porous or hollow Au- 
rich structure is formed. This dealloying process is performed with 1.0 M HClO4 at 1 V s− 1 using various numbers of cycles between EL 
= 0 V and EU = 1.3 V vs. Ag/AgCl. In the first cycle, the cyclic voltammogram of AgAu nanoparticles shows a distinct Ag oxidation 
peak, starting at around 0.3 V vs. Ag/AgCl (Fig. 19b). Another peak, associated with the surface oxidation of Au, is observed at around 
1.1 V vs. Ag/AgCl. Notably, no dissolution of Au was observed in HClO4, consistent with prior studies [171,172]. A cathodic peak 
detected around 0.3 V vs. Ag/AgCl during the reverse scan is attributed to the partial reduction of Ag+ ions back to Ag(s) at the 
electrode. In the second cycle, a slightly shifted Ag oxidation peak is observed between 0.3 V and 0.4 V vs. Ag/AgCl but no dealloying 
region is visible in the cyclic voltammogram. Starting from the 70th to the 100th cycle, peaks are no longer discernible in the cyclic 
voltammogram, and subsequent cycles closely resemble one another. This suggests that further dealloying does not occur. Moreover, 
the overall Ag content in the nanoparticles, measured using electrochemical methods, remains relatively unchanged after 100 cycles, 
demonstrating that the nanoparticle composition remains stable during further cycling (Fig. 19c). STEM images and EDS mapping of 
AgAu nanoparticles before and after 500 cycles of dealloying are presented in Fig. 19d and 19e. These nanoparticles exhibit visible 
porosity and do not appear to be hollow core–shell structures. Additionally, some nanoparticles undergo significant size reduction 
(shrinking to about half their original size), while others remain almost unchanged. The EDS mappings reveal a substantial reduction in 
the Ag content of the nanoparticles.

The electrocatalytic activity of these nanoparticles is assessed for the HER in 0.5 M H2SO4 at a scan rate of 2 mV s− 1 (Fig. 19f). 
Notably, the same electrochemical cycling treatment used for dealloying does not enhance the activity of pure Au nanoparticles, 
regardless of the number of cycles. This confirms that the increased electrocatalytic activity of Ag-Au nanoparticles is attributed to the 
leaching of Ag during dealloying. Interestingly, even a short dealloying treatment of 0.5 cycles resulted in a ten-fold increase in current 
at − 1.0 V vs. MSE. However, further dealloying beyond a certain point did not increase catalytic activity, indicating that there is an 
optimal number of cycles for dealloying. The highest electrocatalytic activity was achieved after 100 cycles (Fig. 19f).

It is worth noting that a study of the dealloying behavior of Ag-Au nanoparticles during potentiostatic dealloying has also been 
reported [167]. Under constant potential conditions, pore formation was observed, and a similar dealloying behavior as that achieved 
through cyclic voltammetry at scan rates below 0.1 V s− 1 was observed. Conversely, for higher scan rates, the authors predicted the 
formation of hollow core–shell nanoparticles with an Au-enriched outer shell.

Beyond Au-based systems, electrochemical dealloying plays a central role in the design of high-performance fuel cell catalysts. In 
Pt–Ni, Pt–Co, and Pt–Cu alloys, selective removal of the less noble component generates a Pt-enriched surface layer (often termed a “Pt- 
skin”) atop a subsurface alloy core. This architecture introduces two critical effects [173–175]: 

Compressive/expansive lateral lattice strain, modifying the d-band center of Pt and weakening/strengthening oxygen binding, 
respectively.
Ligand effects, arising from subsurface alloy atoms, alter the Pt electronic structure.
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Together, these effects optimize adsorption energetics for the oxygen reduction reaction (ORR), leading to dramatic activity en
hancements compared to pure Pt. Importantly, dealloying does not merely roughen the surface; it induces strain-engineered electronic 
restructuring, demonstrating that electrochemical dealloying is both a morphological and electronic tuning strategy.

The structural outcome of electrochemical dealloying is strongly dependent on the polarization protocol: 

• Potentiostatic dealloying at constant potential favors steady dissolution and diffusion-controlled ligament formation.
• Cyclic voltammetry at low scan rates yields similar porous structures.
• High scan rates or pulsed protocols may limit diffusion, promoting hollow or core–shell morphologies.
• Narrow potential windows may induce only partial surface dealloying, producing strained surface layers without bulk porosity.

Therefore, electrochemical dealloying should be viewed not as a single method, but as a family of dynamic restructuring pathways 

Fig. 20. Electrochemical restructuring under sustained operation highlights the strong coupling between applied current density, surface evolution, 
and catalytic performance. (a) LSV curves (after iR-correction) at a scan rate of 10 mV s− 1 for the HER performances of the blank Ni electrode and 
the Ni cathodes after holding at several current densities (0.2, 2, 20, and 200 mA cm− 2) for 20 h in 1 M NaOH at 25 ◦C under N2 and (b) the 
corresponding XRD analysis. SEM images of (c and d) copper cathode after electrolysis in CO2-saturated DMF (0.1 M TMABF4) at − 1.8 V vs. Ag/ 
AgCl, besides (e) an unused and (f) an extensively used tin cathode for electrochemical reduction of nitrate at − 2.9 V vs. Ag/AgCl in 0.1 M K2SO4 +

0.05 M KNO3 for 2.5 h.
Reproduced with permission from [183–185]
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controlled by time, potential amplitude, and diffusion kinetics.
As such, electrochemical dealloying represents one of the most powerful electrochemical routes for generating metastable, high- 

energy surfaces with tunable catalytic properties. Its impact extends from nanoporous metals to advanced fuel cell catalysts and 
nanoscale hollow architectures, making it a central strategy in electrochemical surface engineering.

4.6. Cathodic corrosion

The cathodic corrosion phenomenon was discovered more than a century ago when Fritz Haber observed clouds dispersing from 
negatively polarized metals [176,177]. Haber attributed these clouds to the formation and succeeding destruction of alloys between 
the polarized metal and alkali metal cations. Afterward, cathodic corrosion was shortly reconsidered in the mid-1900 s [178,179]. 
Nevertheless, it remained mostly an empirical observation during the 20th century and only received growing attention in recent years 
[41,42,44,109,110,180]. Cathodic corrosion is an ambiguous electrochemical process that induces notable alterations in the surface 
structure of metal electrodes when exposed to sufficiently negative potentials, particularly in the presence of non-reducible cations 
such as alkali metal cations [42,44,109,110]. This phenomenon typically occurs at potentials below the equilibrium potential of the 
hydrogen evolution reaction. The expression “onset potential”, while not precisely defined, is commonly used to refer to the least 
negative potential at which noticeable changes in the electrode surface become evident [33,109,110,116,181]. Typically, the surface 
of the cathodically corroded electrodes is marked by structural transformations and distinct etching features, including the formation 
of etching pits and/or nanoparticles. As a consequence, the EASA and the facet distribution of the electrodes are affected, but to a 

Fig. 21. HERFD-XANES of platinum nanoparticles and complementary interfacial properties. (a) Pt LIII-edge HERFD-XANES spectra of electrodes 
polarized at cathodic potentials in 10 M NaOH. The spectra shown are unsmoothed. (b) Corresponding smoothed difference spectra obtained by 
subtracting the smoothed spectrum at 0.4 V vs. RHE from each smoothed spectrum in (a). (c) Surface tension of Au(100) measured in 0.01 M HClO4. 
(d) Schematic Pourbaix diagram for platinum, including the cathodic corrosion domain, with an approximate boundary separating the “immunity” 
region from the corrosion regime (for qualitative illustration only).
Reproduced with permission from [91,109,187]
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variable extent depending on the applied electrochemical conditions [31,33,42,181]. Normally, these changes in the surface structure 
are connected to both the activity for a given reaction and the electrode stability. Hence, cathodic corrosion can be used to tailor metal 
surfaces, thus flexibly designing electrodes for various electrochemical systems. Furthermore, cathodic corrosion has been recognized 
as a facile surfactant-free top-down synthetic approach for fabricating shape- and size-controlled nanoparticles of metals, metal oxides, 
or alloys from bulk wires. The electrogenerated catalysts exhibit enhanced (electro)catalytic activity and/or selectivity for many 
energy conversion-related reactions [44,46,48,182].

4.6.1. Fundamental insights into the cathodic corrosion process
While cathodic corrosion can be applied to tailor the surface structure of metal electrodes and to the synthesis of nanoparticles, it 

also presents a significant challenge in various electrochemical conversion reactions that take place at high cathodic currents in the 
presence of alkali metal or organic cations. These reactions include HER, CO2RR to hydrocarbons, nitrogen reduction reaction (NRR), 
ORR, and cathodic electro-conversion in organic electrosynthesis, among others. In this context, cathodic corrosion can lead to 
(undesired) substantial alterations in the surface structure of electrocatalysts, which may impact their stability and long-term per
formance. For example, the effects of applying different current densities (0.2, 2, 20, and 200 mA cm− 2) for 20 h on the HER per
formance of Ni electrodes in alkaline solutions have been examined. After Ni was used as an HER electrode, the intensity of the XRD 
diffraction peak of the Ni(111) facet increased, and the HER performance of the Ni electrode decreased by increasing the applied 
current density during the pre-electrolysis treatment, as shown in Fig. 20a and 20b [183]. This is a clear example of the changes in the 
surface structure, e.g., the crystallographic orientation of surface facets of Ni electrode upon cathodic polarization in the hydrogen 
evolution regime, in which this behaviour can be explained in the light of cathodic corrosion. Moreover, the Cu cathode corroded 
under prolonged electrolysis in DMF containing 0.1 M TMeABF4 at − 1.8 V vs. Ag/AgCl due to cathodic corrosion, which can be seen in 
Fig. 20c and 20d [184]. Furthermore, the electrochemical reduction of nitrate on a tin (Sn) cathode at − 2.9 V vs. Ag/AgCl has been 
studied in 0.1 M K2SO4/0.05 M KNO3 electrolyte [185]. An enhancement by a factor of 1.5 was noticed in the total electrolysis current 
between the first and the third experiment. The rise in both the reaction rate and the electrolysis current is attributed to the increase in 
the EASA of the electrode, due to the formation of small particles of Sn, caused by cathodic corrosion, something which could also be 
observed visually (Fig. 20e and 20f).

Given these considerations, advancing our fundamental understanding of the mechanisms, processes, and key parameters gov
erning cathodic corrosion is critically important for research, development, and technological applications. Such insights can enable us 
to exert control over cathodic corrosion, either to prevent it and stabilize electrode surfaces during electrochemical reactions or to 
employ it to tailor metal surfaces and fabricate metal nanoparticles.

4.6.2. Mechanistic framework
Cathodic corrosion is a quite complex process; its mechanism involves numerous steps. The phenomenon is not yet fully resolved 

and is still under investigation. The phenomenon is not yet fully resolved and is still under investigation. Experimental and theoretical 
investigations have proved the requisite role of non-reducible cations (e.g., alkali metal cations) in triggering cathodic corrosion since 
no cathodic corrosion features were observed in the absence of cations [33,44]. Furthermore, density functional theory (DFT) cal
culations of the effect of adsorbed hydrogen (Had) on the potential-dependent surface energy show an equally crucial role of Had in 
cathodic corrosion [33]. In this respect, we have investigated the relevance of water and hydrogen evolution in the cathodic corrosion 
process [186]. Notably, cathodic corrosion does not take place in the absence of water. The presence of water at the interface is 
essential to obtain high surface excess charge densities in combination with strong hydrogen evolution. The role of water is discussed 
in detail in section 4.6.5.4. Furthermore, recent experimental evidence provides strong support for hydrogen-stabilized intermediates 
under cathodic polarization through X-ray absorption spectroscopy [187]. In this study, operando high-energy-resolution X-ray ab
sorption near-edge structure experiments (HERFD-XANES) measurements reveal systematic electronic changes for platinum under 
strong cathodic polarization that are characteristic of hydride formation (Fig. 21a and 21b). As the electrode potential is shifted 
systematically from positive values to negative potentials, the Pt whiteline progressively broadens while the absorption edge shifts 
slightly to higher energies. Difference spectra referenced to a moderate potential display a distinct negative peak accompanied by a 
broad positive shoulder at higher energies, with the magnitude of these features increasing monotonically as the potential becomes 
more negative. Importantly, the overall peak area remains essentially unchanged, indicating that the spectral evolution reflects a 
redistribution of unoccupied electronic states rather than a simple change in oxidation state. The persistence, shape, and potential 
dependence of these features are consistent with hydrogen incorporation into the Pt lattice, leading to the formation of hydrogen-rich 
PtHx phases. To put it simply, metal cations and hydrogen atoms are co-adsorbed on the corroding surfaces, typically at potentials 
lower than the pzc of the polarized metal, as illustrated by theoretical computations [33]. As shown in Fig. 21c, the surface tension 
shows a maximum at the pzc, where the surface has no excess charge. Lowering the electrode potential relative to the pzc induces large 
surface stress [91]. As such, surface stress is altered as a function of the applied potential, which is supposed to influence cathodic 
corrosion. This stress, together with strong adsorption effects, can destabilize the surface lattice and promote atomic rearrangement. 
Consequently, the pronounced structural transformations observed during cathodic corrosion can be understood as the combined 
result of extreme surface charging, hydrogen incorporation, cation stabilization, and stress-induced lattice weakening.

Under sufficiently negative potentials, this destabilization leads to the detachment of metal atoms from the parent surface. 
Interestingly, investigations of the structural evolution of Au electrodes during cathodic corrosion, particularly the early stages of 
octahedral nanocrystal formation, demonstrate that nanocrystal growth proceeds through a coupled dissolution–redeposition process 
[188]. The initial stages of cathodic corrosion of Au at sufficiently negative potentials in NaOH solutions are characterized by the 
formation of etching pits resulting from the dissolution of Au species. As corrosion proceeds, the concentration of dissolved Au species 
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near the interface increases, eventually reaching a critical value at which electrocrystallization is initiated, preferentially at the wire 
tip. This region is especially susceptible to corrosion due to its high electric field strength and elevated density of surface defects, which 
promote nucleation. In general, both the applied potential and the NaOH concentration influence the rates of Au dissolution and 
redeposition and thus govern the nucleation density and growth of nanocrystals. To illustrate the temporal evolution at a fixed po
tential, Fig. 22a–22r present SEM micrographs of Au electrodes polarized at − 1.5 V vs. RHE in 10 M NaOH for durations ranging from 
2 s to 30 min. After only 2 s of polarization (Fig. 22a and 22b), octahedral nanocrystals with imperfect shapes already appear at the tip 
region of the wire (approximately 8 μm in length), coexisting with pronounced etching pits. At locations farther from the tip (orange- 
rimmed area), etch pits dominate the surface morphology (Fig. 22a and 22c), indicating that metal dissolution initially exceeds 
redeposition. These observations confirm that the two processes occur simultaneously, but with dissolution prevailing at the onset of 
corrosion. With increasing polarization time up to 60 s, the density of octahedral nanocrystals increases substantially, and their shapes 
become progressively better defined (Fig. 22a–i), indicating that redeposition becomes increasingly important relative to dissolution. 
After approximately 5 min of polarization, the surface morphology changes markedly: the area covered by octahedral nanoparticles 
decreases, while new fractal nanostructures begin to grow away from the tip region (Fig. 22j–l). Further extension of the polarization 
time to 15 min leads to a dramatic increase in the density of these fractal structures, while only a limited region (about 10 μm near the 
tip) retains octahedral nanocrystals (Fig. 22m–o). After 30 min of polarization, homogeneously distributed multi-armed nano
structures are observed across the entire surface exposed to the electrolyte (Fig. 22p–r). The emergence and growth of fractal and 
multi-armed morphologies for polarization times ≥ 5 min indicate a pronounced enhancement of redeposition rates over time. Beyond 
approximately 30 min, no significant additional morphological changes are detected, suggesting the establishment of a diffusion- 

Fig. 22. Time-dependent evolution of Au surface morphology during cathodic corrosion in 10 M NaOH at − 1.5 V vs. RHE. SEM images of Au 
electrodes after polarization for (a–c) 2 s, (d,e) 5 s, (f,g) 30 s, (h,i) 60 s, (j–l) 5 min, (m–o) 15 min, and (p–r) 30 min. A schematic representation of 
the corresponding local structural transformation of the Au wire is shown alongside the SEM series.
Reproduced with permission from [188]
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limited regime. These structural trends are consistent with independent measurements of facet distribution and electrochemically 
active surface area. The highest contribution of (111) facets corresponds to surfaces densely covered with well-defined octahedral 
nanocrystals. At the same time, the progressive increase in EASA with polarization time reflects the formation of high-surface-area 
fractal and multi-armed structures. Overall, the systematic evolution from etch pits to faceted nanocrystals and ultimately to hier
archical nanostructures provides compelling evidence that cathodic corrosion–induced nanocrystal growth is governed by a dynamic 
interplay between metal dissolution and redeposition.

Taken together, the emerging mechanistic picture of cathodic corrosion is schematically illustrated in Fig. 23.
Panel 1 depicts the initial state under extreme cathodic polarization in alkaline solution (e.g., NaOH), at potentials well below 0 V 

versus the reversible hydrogen electrode (RHE). Under these conditions, the Au surface carries a high excess negative charge density 
and supports vigorous hydrogen evolution. The surface becomes densely covered with adsorbed hydrogen (Had), while alkali metal 
cations (e.g., Na+) accumulate within the electrical double-layer to compensate for the interfacial charge. At sufficiently negative 
potentials and high hydrogen chemical potential, hydrogen is not limited to surface adsorption but can penetrate the near-surface 
region, leading to the formation of hydrogen-rich or hydride-like surface phases. This hydrogen incorporation modifies the elec
tronic structure of Au and induces lattice expansion and strain.

Panel 2 represents the onset of structural destabilization. The combined effects of extreme cathodic polarization, subsurface 
hydrogen incorporation, and cation stabilization weaken Au–Au bonding at the interface. Rather than simple dissolution of neutral 
atoms, the process is thought to involve transient, negatively charged Au species, which are stabilized within the highly polarized 
double-layer. These species may be viewed as hydrogen-stabilized, anionic Au intermediates whose formation becomes energetically 
accessible only under intense electric fields and high surface hydrogen coverage.

Panel 3 illustrates the migration of these transient species away from the immediate surface region. As they diffuse into regions of 
lower field strength or encounter interfacial water molecules, charge redistribution occurs. In this step, water reduction continues to 
generate H2 and OH− , while the hydrogen-stabilized Au species are oxidatively converted back to metallic Au. This step highlights the 
intrinsically non-equilibrium nature of cathodic corrosion: reduction and reoxidation processes occur locally and dynamically within 
the interfacial region.

Panel 4 shows the fate of the regenerated metallic Au atoms. They may redeposit onto the parent surface, contributing to 
roughening and faceting, or nucleate in solution to form nanoparticles. The competition between redeposition and nucleation depends 
on local mass transport, electric field gradients, and interfacial supersaturation conditions.

Taken together, this scheme reflects a unified mechanistic framework in which four elements act cooperatively: (i) extreme 
cathodic polarization generating high excess surface charge, (ii) intense hydrogen adsorption and subsurface incorporation leading to 
hydride-like surface phases, (iii) stabilization of negatively charged intermediates by non-reducible electrolyte cations within the 
electrical double-layer, and (iv) stress-induced lattice destabilization that facilitates atom detachment and restructuring.

Despite efforts to simplify the mechanism of cathodic corrosion, as illustrated in Fig. 23 based on accumulated experimental ev
idence, a unified mechanistic description remains elusive. A central challenge arises from the fact that different mechanistic pathways 
may dominate depending on the material system and electrochemical conditions. While hydride-stabilized intermediates under 
cathodic polarization have been supported by X-ray absorption spectroscopy, providing a compelling explanation for Pt electrodes, 
their relevance is less clear for systems such as Au, where stable hydride formation is unlikely. This observation indicates that hydride 
formation cannot be considered a universal requirement and that alternative pathways must contribute to surface destabilization. A 
major limitation in resolving these mechanistic questions is the scarcity of direct operando insights. Cathodic corrosion proceeds under 

Fig. 23. Schematic illustration of the proposed mechanism of cathodic corrosion of Au under cathodic polarization in alkali metal hydroxide 
electrolyte, showing hydrogen adsorption and incorporation, cation accumulation in the electrical double-layer, formation and migration of in
termediate Au species, and their subsequent redeposition or nanoparticle nucleation.
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particularly harsh conditions, including highly alkaline environments, vigorous hydrogen evolution, and large current densities, which 
complicate the application of conventional in-situ techniques. As a result, transient intermediates and rapid structural transformations 
remain difficult to capture experimentally. Addressing these challenges will require the development of advanced operando approaches 
capable of probing electrified interfaces under such extreme conditions.

4.6.3. Pourbaix diagram of cathodic corrosion
Pourbaix diagrams, also known as electrochemical equilibrium or E-pH diagrams, are valuable tools for understanding the surface 

structure and thermodynamic stability of diverse species, including metals, oxides, ions, and hydroxides, in aqueous solutions [189]. 
These diagrams can identify spontaneous electrochemical reactions, predict their products, and determine the corrosive conditions for 
a given material based on electrode potential and pH. However, it is worth noting that despite the availability of numerous Pourbaix 
diagrams for various systems, they do not include the cathodic corrosion process. In this respect, a tentative version of the Pourbaix 
diagram that incorporates the cathodic corrosion regime is presented in Fig. 21d. This updated diagram builds upon the standard 
Pourbaix diagram for Pt [189] but takes into account the determined onset of cathodic Pt corrosion in alkaline solutions [110]. 
Notably, cathodic corrosion also occurs at lower pH values [44]. The process of hydrogen evolution, which is associated with cathodic 
corrosion, leads to the generation of OH− ions, significantly elevating the near-electrode pH relative to the bulk pH [190,191]. To 
account for this effect, the cathodic corrosion onset at lower pH values is illustrated in the diagram, assuming a hypothetically high 
near-electrode pH, resulting in a constant onset potential with respect to the normal hydrogen electrode. However, it is important to 
acknowledge that Pourbaix diagrams are representations of systems in thermodynamic equilibrium. Therefore, the inclusion of 
cathodic corrosion onset potentials, similar to those shown in Fig. 21d, may not stringently align with the principles of equilibrium 
thermodynamics. These onset potentials were determined for systems with unknown concentrations of metastable reaction species and 
under conditions where the near-electrode pH deviates from the bulk pH. In addition to identifying onset potentials, future research 
should aim to establish equilibrium potentials for cathodic corrosion. Furthermore, updated Pourbaix diagrams could explicitly 
consider the role of electrolyte cations. This could, for example, be achieved by introducing a cation concentration axis. Despite the 
need for further refinement, the current illustrative Pourbaix diagram highlights that the cathodic behavior of metals can be more 
complicated than commonly assumed in the context of cathodic protection [109].

4.6.4. The metal-electrolyte interface
The core principle of electrochemistry is located at the interfacial boundary between an electron-conducting surface and an ionic 

solution, governing the observable outcomes of electrochemical reactions. To illustrate, we propose a schematic model of the double- 
layer region during cathodic corrosion (without hydrogen adsorption and hydrogen evolution), as depicted in Fig. 24. Given that the 
metal surface becomes negatively charged during cathodic corrosion, a balancing countercharge arises from the alkali metal cations in 
the electrolyte. This charge separation results in the formation of the so-called electrical double-layer, which can most simply be 
described as a plate capacitor, with the electrode on one side and the adsorbed ions on the other side [192–194]. This configuration 

Fig. 24. Schematic depiction of the Stern–Gouy–Chapman model illustrating a negatively charged metal–electrolyte solution interface. The inner 
Helmholtz plane denotes the location of specifically adsorbed and partially solvated cations, while the outer Helmholtz plane represents the plane of 
closest approach for the hydrated cations.
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aligns with the rigid Helmholtz double-layer model [195]. Previous theoretical studies have shown that alkali metal cations can 
specifically adsorb onto metal electrode surfaces at low overpotentials within the hydrogen evolution region [41]. Consequently, 
during cathodic corrosion, alkali metal cations are anticipated to lose part of their hydration shell and become specifically adsorbed to 
the metal electrodes, as proposed in Fig. 24. This ion adsorption at the electrode surface occurs when electron transfer reactions are 
absent, effectively compensating for the excess charge on the electrode and maintaining electroneutrality. The plane where the charge 
centers of the specifically adsorbed ions are located constitutes the inner Helmholtz plane (IHP). Moreover, the layer containing the 
heavily charged solvated ions is referred to as the outer Helmholtz plane (OHP) [194].

4.6.5. Parameters influencing cathodic corrosion
The surface structure of cathodically corroded metal electrodes is influenced by a wide range of experimental parameters. These 

include the electrode material and its initial surface facets, the applied potential, the nature and concentration of cations, as well as the 

Fig. 25. Cathodic corrosion as a material- and facet-dependent restructuring process. (a) SEM images of Pt, Rh, and Au after cathodic corrosion for 
1 min in 5 M NaOH. Pt and Rh were corroded at − 0.8 V vs. RHE, whereas Au was corroded at − 1.5 V vs. RHE. Cyclic voltammograms of Au single 
crystals in 0.05 M H2SO4 before and after cathodic polarization in 10 M NaOH for 2.5 min in the absence and presence of CO at − 1.2 V and − 1.3 V 
vs. RHE (85% IR-corrected) for (b) Au(111), (c) Au(100), and (d) Au(110) electrodes. SEM images of the 111 facet (e-g), 100 facet (h-j), and 110 
facet (k-m) of anisotropic surface corrosion in the form of pitting and nanocrystal formation as a function of time (2.5–7.5 min) at a corrosion 
potential of − 1.3 V vs. RHE in 10 M NaOH in the presence of CO.
Reproduced with permission from [109,116]
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choice of solvent.

4.6.5.1. Electrode material and initial surface facets. The surface orientation preferences and corrosion features produced by cathodic 
corrosion exhibit pronounced variations depending on the electrode material. Moreover, cathodic corrosion occurs on metal electrodes 
with widely differing structural complexity, ranging from extended bulk surfaces and well-defined single crystals to nanoscale ar
chitectures. These distinct initial states vary in crystallographic orientation distribution, defect density, grain boundary content, 
surface area, and thermodynamic stability, all of which govern atomic mobility, surface reconstruction, and dissolution behavior under 
cathodic polarization.

SEM images depicting Pt, Rh, and Au electrodes, cathodically corroded in 5 M NaOH for 60 s, are displayed in Fig. 25a [33,109]. Of 
note, Pt and Rh were corroded at − 0.8 V vs. RHE, while Au was corroded at − 1.5 V vs. RHE. Importantly, cathodic corrosion in 5 M 
NaOH for 60 s favorably leads to (111) sites on Au and (100) sites on Pt and Rh. Additionally, the SEM micrographs reveal different 
etching features depending on the electrode material. Furthermore, the onset of cathodic corrosion varies by metal polarized under the 
same conditions: Pt and Rh initiate corrosion at − 0.4 V vs. RHE, while Au begins at − 0.7 V vs. RHE. These distinctions between Pt, Rh, 
and Au underscore the metal-specific response to cathodic corrosion. These variations arise from differences in the mobility of surface 
atoms of the metals during cathodic polarization and the preferential adsorption of sodium on the types of steps that match the types of 
sites formed.

Interestingly, cathodic corrosion features are influenced not only by the electrode material but also by the initial surface facets, 
revealing a crucial aspect of cathodic corrosion: it occurs anisotropically [42,116]. For example, the cathodic corrosion of Au surfaces 
as a function of crystal orientation in 10 M NaOH was investigated to determine to what extent cathodic corrosion is anisotropic 
(Fig. 25b-m). Additional experiments were performed to gain insights into the effect of the presence of CO during cathodic corrosion 
[116].

In Fig. 25a–d, cyclic voltammograms obtained before and after cathodic corrosion experiments at − 1.2 V and − 1.3 V vs. RHE in 10 
M NaOH for 2.5 min in the absence (solid lines) and the presence (dashed lines) of CO are depicted for the (111), (100), and (110) basal 
planes. For an Au(111) surface, the distinguishing feature of an infinite (111) terrace at 1.63 V vs. RHE is a decrease in current density 
and shifts to less positive potentials after cathodic corrosion. This shift indicates the generation of large finite-length (111) terraces 
with step defects. Therefore, this particular change in the voltammogram reveals the introduction of step-site defects in the extended 
(111) plane upon corrosion. These formed stepped facets likely correspond to the nanocrystallite formation on the gold surface 
(Fig. 25e-g). Furthermore, the imperfections in the Au(111) surface display nonmonotonic behavior as a function of the applied 
potential.

For the (100) surface, the characteristic feature at 1.42 V vs. RHE primarily slightly decreases in peak intensity upon cathodic 
corrosion (Fig. 25c). Nevertheless, surfaces corroded more pronouncedly by lowering the applied potentials, exhibiting less of a 
decrease in the number of (100) terraces than surfaces corroded under milder conditions. Despite this, the peak is still lower than that 
observed for an uncorroded surface. Corrosion of the (100) terraces is further supported by an enhancement of step-site defects (feature 
at 1.38 V vs. RHE) upon increasing the applied negative potentials. It is observed that corrosion of the (100) plane results in a 
considerable increase in the number of stepped (111) terrace sites, as revealed by an increase in charge in the 1.46 < E < 1.62 V vs. 
RHE regime. Seemingly, corrosion generates specifically (111)-type step defects into the (100) surface and thus transitions the overall 
surface morphology in the direction of the {111} plane (Fig. 25h-j).

Regarding the cathodic corrosion features on the most open of the basal planes, (110), Fig. 25d illustrates two distinctive features 
concerning infinite terrace lengths: a weaker one at 1.41 V vs. RHE and a stronger one at 1.45 V vs. RHE. After cathodic corrosion, the 
stronger feature displays a decrease in current density. However, similar to what is noticed for the corrosion of the (100) plane, this 
decrease in peak current density is less pronounced when more negative potentials are applied. As for the weaker feature, it consis
tently rises with the corrosion potential, with no observable shift. There is also an increase in charge within the regime characteristic of 
finite-length stepped (111) terraces. These observations can be attributed to the transformation of the (110) plane into a surface 
enriched with (111)-type sites. The primary (110) peak exhibits a lesser decrease in current density as more corrosive potentials are 
applied, likely because finite-length (111) terraces contribute charge over a broad potential range. Although the number of (110) 
terrace sites is expected to decrease further by lowering the applied potentials, the contribution of charge by finite-length (111) 
terraces increases.

Notably, all surfaces exhibit a similar trend when comparing cyclic voltammograms of crystals corroded in the absence and 
presence of CO. Taking the Au(100) surface as an example, it is observed that there is a slight increase in charge when CO is present 
during corrosion, especially at − 1.3 V vs. RHE (Fig. 25c). However, although the peak charge rises (indicative of an increase in active 
sites), the overall shape of the voltammograms is similar, with only minor alterations in the stepped (111) regime. Consequently, it can 
be concluded that the presence of CO enhances the rate of corrosion, but the types of sites generated during the corrosion process are 
very similar, with a slight increase in stepped (111) sites. This conclusion can be extended to the other basal planes as they exhibit a 
similar trend to that discussed for the (100) face.

Additional insights into the facet-dependent behavior of cathodic corrosion can be gleaned from the SEM images, which depict the 
time-dependent evolution of the different basal planes (Fig. 25e-m). These SEM images reveal that the morphological changes of the 
basal planes vary depending on the facet as a function of corrosion time. For the initially flat (111) face, only minor signs of pitting and 
etching are observed, but triangular and octahedral nanocrystals form after cathodic polarization at − 1.3 V vs. RHE. In contrast, the 
{100} facet shows minor surface pitting before nanocrystal formation under sufficiently negative potentials, particularly at − 1.3 V vs. 
RHE for more than 5 min. Notably, there are some differences in the nanocrystal formation between (100) and (111). On the {100} 
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facet, nanocrystals tend to cluster together, and the resulting nanocrystallites have shapes influenced by a truncation process (partial 
cutting of polyhedron vertices, resulting in new faces) and/or form aggregates of crystallites, with some of the smaller individual 
crystallites adopting octahedral shapes. In contrast, the corrosion behavior of the (110) facet is characterized by surface etching and 
pitting, as evident in Fig. 25k–m. Importantly, the SEM images of corroded electrodes in the absence and presence of CO are mostly 
identical. These findings highlight that cathodic corrosion is a structure-selective process that reshapes surfaces according to ther
modynamic stability and atomic mobility under extreme cathodic polarization.

Strong crystallographic anisotropy in cathodic corrosion has also been directly demonstrated by another example using spherical 
monocrystalline platinum electrodes, which expose multiple low-index facets within a single continuous surface [42]. Under strongly 
cathodic polarization in alkaline electrolyte, corrosion does not proceed uniformly but develops through facet-dependent pathways 
that reflect the atomic structure of each orientation. The earliest stage is characterized by the formation of symmetry-specific etch pits: 
square pits on Pt(100), triangular pits on Pt(111), and rectangular pits on Pt(110). These geometries indicate that atom removal is 
governed by surface symmetry and coordination rather than by isotropic dissolution. Notably, the relative corrosion resistance differs 
from anodic conditions, with Pt(111) exhibiting the highest susceptibility and Pt(110) the greatest stability. As corrosion progresses, 
the pit morphology evolves in a facet-dependent manner. On Pt(100) and nearby high-index surfaces, initially well-defined pits 
destabilize preferentially along (111) directions, producing concave octagonal shapes that subsequently develop branched features 
resembling diffusion-limited growth. In contrast, pits on Pt(111) primarily increase in density and eventually overlap, while those on 
Pt(110) remain comparatively sparse and evolve more gradually. These observations demonstrate that cathodic corrosion proceeds 
through orientation-dependent stages controlled by crystallography, highlighting the central role of surface atomic structure in 
determining both corrosion kinetics and resulting nanostructure formation.

Fig. 26 illustrates the time-resolved morphological evolution of a spherical Pt single crystal polarized at − 1.0 V for durations 
ranging from 1 to 25 min. The top row presents low-magnification images of the entire electrode surface, revealing progressive 
roughening with time. Roughening is most pronounced in the region between the (100) and (111) facets, where the affected zone 
broadens substantially during polarization, whereas transitions involving the (110) facet show comparatively minor changes. This 
behavior indicates that stepped surfaces inherit the anisotropic corrosion tendencies of the adjacent basal planes. Higher- 

Fig. 26. Time-dependent evolution of surface morphology during cathodic corrosion at E = − 1.0 V, shown by SEM images of a spherical Pt 
electrode after 1, 5, 10, 15, 20, and 25 min of polarization. The top row presents the entire electrode, while the lower rows display higher- 
magnification views of the (111), (100), and (110) facets.
Reproduced with permission from [42]
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magnification images of the individual facets (rows two through four) reveal distinct facet-specific corrosion patterns. On the Pt(100) 
surface, corrosion begins with isolated square pits having smooth, well-defined edges. With increasing polarization time, these pits 
deepen and transform into pyramidal pits. At longer times, the pit walls destabilize and develop branching arms that produce a self- 
similar roughened morphology, consistent with directional growth along preferred crystallographic orientations. The Pt(111) facet 
initially exhibits triangular pits whose number increases steadily with time. Rather than forming branched structures, these pits 
expand laterally and eventually merge, resulting in generalized surface roughening. In contrast, the Pt(110) surface shows rectangular 
pits that are fewer in number and evolve more slowly, gradually becoming elongated or wedge-like without pronounced fractal 
development.

Across all facets, pit size, pit density, and apparent roughness increase with polarization time, but the evolution pathways differ 
markedly between orientations. The images therefore reveal two distinct corrosion regimes: an early stage dominated by isolated, 
symmetry-controlled pit formation and a later stage characterized by more complex roughening processes whose nature depends 
strongly on the crystallographic orientation.

Recent operando studies further demonstrate that cathodic corrosion happens across length scales to nanoscale catalysts (Fig. 27a-f) 

Fig. 27. Structural evolution of Cu nanocubes under cathodic CO2 reduction conditions. (a) Representative bright-field TEM image of ~ 40 nm Cu 
nanocubes; the inset shows the selected-area electron diffraction pattern confirming metallic Cu. (b) Schematic of the identical-location TEM (IL- 
TEM) setup for studying Cu catalysts under cathodic conditions using a rotating disk electrode with a PTFE cap and a carbon-coated Au TEM grid. 
(c–f) IL-TEM bright-field images before and after treatment at − 1.1 V vs. RHE in CO2-saturated 0.1 M KHCO3 for 20 min, highlighting morphology 
changes (outlined) that exceed the thickness of the native surface oxide layer.
Reproduced with permission from [86]
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[86]. Using identical-location transmission electron microscopy (IL-TEM) (see Fig. 27b) combined with in-situ spectroscopic mea
surements and theoretical analysis, Cu nanocubes were shown to undergo pronounced structural reconstruction when polarized 
beyond a critical cathodic threshold (approximately − 0.4 V vs. RHE in 0.1 M KHCO3), a process attributed to alkali cation–induced 
cathodic corrosion. The presence of non-reducible alkali cations is found to be essential, consistent with the broader mechanistic 
picture of cathodic corrosion in alkaline and near-neutral electrolytes. Direct IL-TEM observations before and after polarization at 
− 1.1 V vs. RHE in CO2-saturated 0.1 M KHCO3 for 20 min revealed that nearly all Cu particles within the same field of view exhibited 
clear morphological changes, irrespective of their initial size and shape (Fig. 27c). Importantly, for Cu nanocubes, these structural 
modifications were not limited to the surface but extended deep into the particle core, significantly exceeding the estimated thickness 
of pre-existing oxide layers, indicating that simple reduction or dissolution of surface oxides cannot account for the observed trans
formation. These findings demonstrate that cathodic corrosion can dominate catalyst restructuring even under moderate reaction 
potentials and that controlling the initial morphology alone is insufficient for achieving long-term stability. Conversely, operation at 
less negative potentials during CO reduction preserved the nanocube geometry and enabled a more stable selectivity advantage over 
spherical nanoparticles. This study highlights that cathodic corrosion is not restricted to bulk electrodes but is a general phenomenon 
affecting nanoscale electrocatalysts, thereby linking classical corrosion processes to the dynamic restructuring of catalytic materials 
under reducing conditions.

4.6.5.2. Electrode potential. The applied electrode potential is a central parameter governing cathodic corrosion, as it directly controls 
hydrogen evolution, interfacial charge density, surface stress, and ultimately atomic mobility. Corrosion typically initiates only beyond 
a material-dependent threshold located below the hydrogen evolution equilibrium potential. Although the precise “onset potential” 
cannot be rigorously defined due to the unknown concentration and nature of transient intermediates under strongly reducing con
ditions, cyclic voltammetry combined with SEM analysis provides reliable indicators through changes in facet distribution, EASA, and 
morphology [109,181,188]. Importantly, the onset potential depends on the electrode material and shifts moderately with electrolyte 
concentration and cation identity, reflecting the coupled nature of potential and interfacial environment.

Platinum provides a clear example of this threshold behavior [110]. SEM micrographs of Pt electrodes polarized between − 0.2 and 
− 0.8 V vs. RHE show virtually no detectable morphological changes at mild negative potentials. Surfaces treated at − 0.2 to − 0.5 V 
appear essentially flat at the SEM scale, despite voltammetric evidence for subtle structural changes, highlighting that early stages of 
corrosion may occur below the spatial resolution of conventional microscopy (Fig. 28a-c). Pronounced roughening becomes evident 
only at potentials lower than − 0.6 V, where the surface develops significant nanoscale corrugation across grains and grain boundaries, 
consistent with modest increases in electrochemically determined roughness factors (Fig. 28d-f). At these potentials, well-defined etch 

Fig. 28. SEM images of Pt electrodes after polarization at − 0.2 V (a), − 0.4 V (b), − 0.5 V (c), − 0.6 V (d,e), and − 0.8 V (f) vs. RHE. Panels (e,f) 
highlight three representative etch pits (outlined) demonstrating similar shape and crystallographic orientation. Scale bars: 300 nm (a,b,d–f) and 
100 nm (c).
Reproduced with permission from [110]
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pits also emerge. Triangular pits and quasi-rectangular pits with ~ 90◦ angles appear on different grains, with identical orientation 
within each grain, demonstrating that corrosion proceeds anisotropically along crystallographic directions. Notably, no nanoparticles 
are observed, indicating that the surface area increase originates primarily from pit formation and corrugation rather than dis
solution–redeposition processes.

Additionally, gold electrodes provide a particularly clear illustration of the influence of electrode potential on cathodic corrosion 
because their surface evolution proceeds through well-defined morphological stages. In concentrated alkali metal hydroxide elec
trolytes, mild cathodic polarization initially produces etching pits indicative of localized metal dissolution. As the potential becomes 
more negative, the corrosion process intensifies and transitions to the formation of faceted nanostructures generated through coupled 
dissolution and redeposition. SEM micrographs recorded after 60 s polarization in 10 M NaOH at potentials between − 1.0 and − 1.9 V 
vs. RHE reveal a clear evolution in surface morphology (Fig. 29a-j). At − 1.0 V, the surface exhibits etch pits across the immersed 
region, indicating the onset of Au dissolution. The pit density is higher at the wire tip than along the rest of the wire, due to the higher 
local electric field at regions of high curvature. As the potential becomes more negative, cathodic corrosion changes from simple 
etching to a dissolution–redeposition process, leading to the nucleation and growth of octahedral nanocrystals. At moderately negative 
potentials (e.g., at − 1.2 V), these nanocrystals form preferentially near the tip, while rectangular etch pits remain dominant elsewhere. 
At − 1.5 V and beyond, octahedral nanocrystals cover most of the corroded region. Their size decreases and their density increases as 
the potential is further lowered, indicating that stronger driving forces favor rapid nucleation over slower, more ordered crystal 
growth. Interestingly, particles formed at intermediate potentials (around − 1.5 V) are often more well-defined than those produced at 
more extreme polarization, suggesting that excessively high driving forces promote structural disorder.

A similar potential dependence is observed in 10 M KOH, although with distinct morphological details. At − 1.1 V vs. RHE, 
corrosion affects only part of the immersed wire, producing a corrugated tip region and triangular pits further away (Fig. 30 a-j). As the 
potential becomes more negative, the corroded length increases until the entire wire is affected (E ≤ − 1.4 V). Simultaneously, the 
morphology evolves from isolated pits to surfaces increasingly covered by nanoparticles. At intermediate potentials, irregular nano
particle clusters form at the tip, while triangular pits become more numerous along the wire. Further lowering the potential leads to 
dense, preferentially oriented nanoparticles extending over the full surface, though still more concentrated at the tip. At very negative 
potentials (E < − 1.6 V), the number of well-ordered triangular pits decreases, indicating a transition toward more disordered, highly 
roughened structures.

Across both NaOH and KOH electrolytes, two consistent trends emerge. First, the spatial distribution of corrosion features reflects 
geometric electric-field effects: regions of higher curvature, such as the wire tip, experience intensified local fields that enhance 
hydrogen evolution, cation accumulation, and atom detachment. Second, increasing the applied negative potential systematically 
intensifies corrosion, increases surface roughness and EASA, and drives a transition from pit formation to nanoparticle nucleation and 
eventually to more disordered nanostructures. These observations are consistent with the expectation that more negative potentials 
increase adsorbed hydrogen coverage, cation accumulation within the double-layer, and interfacial stress, thereby promoting higher 

Fig. 29. Cathodic polarization of Au surfaces in 10 M NaOH as a function of applied potential. SEM micrographs of Au electrodes following 60 s of 
cathodic polarization in 10 M NaOH at − 1.0 V (a,b), − 1.2 V (c,d), − 1.5 V (e,f), − 1.7 V (g,h), and − 1.9 V (i,j) vs. RHE. All scale bars are 300 nm. A 
schematic depicting the corresponding local structural evolution of the corroded wire is shown above the SEM images.
Reproduced with permission from [32]

M.M. Elnagar et al.                                                                                                                                                                                                    Progress in Materials Science 163 (2027) 101762 

41 



surface atom mobility.
Overall, the electrode potential acts as a master variable that not only determines the onset of cathodic corrosion but also governs 

its kinetic regime, morphological changes, and spatial distribution. Rather than simply increasing the rate of dissolution, increasingly 
negative polarization shifts the system from localized etching to dynamic dissolution–redeposition and nanoparticle growth, while 
extreme conditions promote structural disorder and diffusion-limited restructuring.

4.6.5.3. The nature and concentration of cations. A defining characteristic of cathodic corrosion is that it does not occur in the absence 
of non-reducible cations in the electrolyte. Experiments performed in acidic media without alkali content, or electrolytes containing 
only reducible species, consistently show no corrosion, even at highly negative potentials [44]. In contrast, the introduction of non- 
reducible cations, particularly alkali metal ions, immediately triggers the process. This observation demonstrates that cations are not 
passive spectators but essential components of the corrosion mechanism. A high local concentration of cations near the electrode 
surface is particularly important because it provides the countercharge required to stabilize extremely negative potentials, thereby 
enabling the corrosion process to proceed. In addition, adsorbed cations stabilize charged surface intermediates, modify interfacial 
water structure, and influence hydrogen adsorption and incorporation into the metal lattice. Consequently, the presence of non- 
reducible cations is critical for cathodic corrosion, distinguishing it fundamentally from conventional anodic dissolution processes.

Furthermore, the identity and concentration of alkali metal cations exert a decisive influence on cathodic corrosion, strongly 
affecting the onset potential, rate, facet distribution, EASA, and the resulting surface morphology.

Systematic investigations demonstrate that alkali metal cations exert a profound and highly specific influence on cathodic 
corrosion, producing markedly different electrochemical signatures and surface morphologies even under otherwise identical con
ditions [196,197]. To elucidate these effects, Au electrodes were polarized for 60 s at strongly negative potentials in concentrated 
alkaline electrolytes (5 M and 10 M AOH; A = Li, Na, K, Cs). The resulting surfaces were subsequently characterized in 0.1 M H2SO4 to 
probe facet distribution and electrochemically active surface area (EASA).

Fig. 31a and 31b present cyclic voltammograms recorded in H2SO4 before and after cathodic polarization at − 1.6 V vs. RHE in 5 M 
LiOH, NaOH, KOH, and CsOH. Pronounced changes in both the double-layer and surface oxidation regions indicate substantial 
restructuring of the Au surface. Characteristic voltammetric features associated with anion adsorption, adlayer transitions, and 
reconstruction lifting reveal the formation of well-ordered (111) facets after polarization in LiOH, NaOH, and KOH, whereas electrodes 
treated in CsOH exhibit minimal changes, consistent with the persistence of predominantly (100) domains. Analysis of the voltam
mograms demonstrates a strong dependence of facet distribution (Fig. 31c) and EASA (Fig. 31d) on cation identity and applied po
tential. Polarization in LiOH, NaOH, and KOH leads to a progressive enrichment of (111) sites with increasing cathodic potential, 
reaching a maximum near − 1.6 V vs. RHE, followed by a decline at more negative potentials. The extent of (111) enrichment and EASA 
enhancement follows the trend LiOH > NaOH > KOH, while CsOH produces little to no measurable restructuring over the same 
potential range.

Direct morphological evidence for these trends is provided by SEM images (Fig. 31e–h), which reveal cation-dependent corrosion 

Fig. 30. Cathodic polarization of Au surfaces in 10 M KOH as a function of applied potential. SEM micrographs of Au electrodes after 60 s of 
cathodic polarization in 10 M KOH at − 1.1 V (a,b), − 1.4 V (c,d), − 1.6 V (e,f), − 2.0 V (g,h), and − 2.1 V (i,j) vs. RHE. Scale bars: 300 nm. The 
schematic above the images illustrates the associated local structural transformation during corrosion.
Reproduced with permission from [32]
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structures after polarization at − 1.6 V vs. RHE in 5 M solutions. LiOH produces well-defined triangular etch pits. NaOH leads to the 
formation of faceted octahedral nanoparticles, suggesting significant dissolution followed by redeposition and crystallite growth. KOH 
yields irregular pits, whereas CsOH induces only slight surface roughening with minimal nanostructuring. Overall, the severity of 
cathodic corrosion in 5 M solutions follows the clear trend: LiOH > NaOH > KOH > CsOH, indicating that smaller, strongly hydrated 
cations promote more pronounced restructuring under these conditions. Cathodic corrosion is also highly sensitive to cation con
centration. Increasing cation concentration generally enhances corrosion features, reflecting changes in both ionic strength and 
interfacial water structure. When NaOH, KOH, and CsOH concentrations are raised to 10 M (LiOH being already near saturation at 5 
M), the resulting morphologies differ substantially from those observed at lower concentrations. Higher NaOH concentrations produce 
more sharply defined octahedral nanoparticles, KOH favors the formation of well-developed triangular pits, and concentrated CsOH, 
previously relatively inactive, induces the formation of a highly rough nanoporous surface. These observations indicate that increasing 

Fig. 31. Effect of alkali metal cations on cathodic corrosion of Au surfaces. Cathodic polarization of Au in concentrated alkali hydroxides. Cyclic 
voltammograms recorded in 0.1 M H2SO4 (50 mV s− 1) showing the double-layer region (a) and the oxide formation region (b) before and after 
polarization in 5 M LiOH, NaOH, KOH, and CsOH at − 1.6 V vs RHE for 60 s. Panel (c) summarizes the ratio of (111) to [(110),(100)] surface facets, 
and (d) the corresponding enhancement in electrochemically active surface area (EASA) as a function of applied potential. SEM images after po
larization in 5 M LiOH (e), NaOH (f), KOH (g), and CsOH (h), and in 10 M NaOH (i), KOH (j), and CsOH (k), all at − 1.6 V vs. RHE for 60 s.
Reproduced with permission from [32,43]
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cation concentration enhances atom detachment and redeposition kinetics, even for cations that produce only weak effects at lower 
concentrations. The observed trends cannot be explained solely by cation size or accumulation at the interface. Hydration energies 
decrease monotonically with increasing ionic radius, meaning that large, weakly hydrated cations such as Cs+ can partially shed their 
solvation shell and approach the electrode surface more closely than small, strongly hydrated cations like Li+. This proximity should, in 
principle, increase interfacial charge density and strengthen the electric field, thereby stabilizing negatively charged corrosion in
termediates. However, the experimental observation that CsOH produces weaker corrosion than LiOH at 5 M demonstrates that 
additional factors are operative. In particular, the availability of free (uncoordinated) water molecules appears to play a critical role. 
Highly concentrated LiOH solutions contain comparatively fewer free water (unbound) molecules than NaOH, KOH, or CsOH at the 
same concentration, and increasing the concentration of the latter electrolytes to 10 M similarly lowers the amount of free water. 
Under such conditions, more pronounced corrosion features are observed, suggesting that an optimal balance between free water and 
ion-bound water is required for cathodic corrosion (Fig. 31 i-k). Taken together, these results demonstrate that cathodic corrosion is 
governed by a complex interplay between cation identity, concentration, hydration properties, and interfacial water structure.

A complementary example highlighting the decisive role of cations is provided by cathodic corrosion of Pt electrodes [33]. 
Cathodic polarization at − 1.0 V vs. RHE in NaOH solutions of increasing concentration (1, 5, and 10 M) reveals a strong correlation 
between electrolyte concentration and surface restructuring. As shown in Fig. 32a, cyclic voltammograms recorded after corrosion 
exhibit progressively higher hydrogen adsorption–desorption charges with increasing NaOH concentration, indicating a substantial 
rise in electrochemically active surface area and thus enhanced roughening. The corrosion onset, marked by attenuation of charac
teristic (110) features and the emergence of (100) contributions, shifts toward less negative potentials at higher concentrations, 
demonstrating that concentrated electrolytes facilitate corrosion. Although (100) sites increase monotonically with concentration, the 
population of (110) sites decreases from 1 to 5 M and rises again at 10 M, suggesting that the surface generated in highly concentrated 
solutions becomes increasingly disordered.

Microscopic observations corroborate these electrochemical trends (Fig. 32b–g). At 1 M NaOH, the surface shows only mild 
nanoscale roughening with triangular pits, whereas 5 M NaOH produces extended etch lines and well-defined pits with near- 
rectangular geometry characteristic of (100)-type orientations. Further increasing the concentration to 10 M leads to larger, less 

Fig. 32. Cathodic corrosion of Pt as a function of electrolyte concentration and cation identity. (a) Cyclic voltammograms of Pt electrodes polarized 
at − 1.0 V vs RHE in NaOH of different concentrations, recorded in 0.5 M H2SO4 at 50 mV s− 1. SEM images of Pt corroded in 1 M (b,e), 5 M (c,f), and 
10 M NaOH (d,g). (h) Voltammograms of Pt corroded in 5 M LiOH, NaOH, and KOH. Corresponding SEM micrographs after polarization in 5 M LiOH 
(i,l), NaOH (j,m), and KOH (k,n). Characteristic triangular surface features are indicated.
Reproduced with permission from [33]
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Fig. 33. Electrochemical fingerprints of Au surfaces after cathodic polarization as a function of water content. Cyclic voltammograms of an Au wire 
in 0.1 M H2SO4 at 50 mV s− 1 before and after polarization at − 1.6 V vs RHE for 60 s in (a) 5 M KOH, (b) 10 M KOH, and (c) 10 M NaOH, shown as a 
function of water content in methanol–water mixtures. Currents are normalized to the electrochemically active surface area; the double-layer region 
is magnified.
Reproduced with permission from [186]
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regular features with poorly defined edges, consistent with the formation of highly rough and structurally disordered surfaces. Thus, 
both electrochemical signatures and SEM imaging confirm that increasing cation concentration intensifies corrosion and drives a 
transition from localized faceted etching toward more ill-defined dissolution patterns.

Cathodic corrosion is likewise highly sensitive to cation identity [33]. At identical conditions (5 M AOH, A = Li, Na, K) at − 1 V vs. 
RHE, the extent of surface area generation follows the order KOH > NaOH > LiOH, different from the trend observed for Au surfaces. 
Changes in facet distribution reveal that NaOH produces slightly more (100) terraces than LiOH, whereas KOH favors the formation of 
step-rich surfaces, including increased (110) and (100) step sites, indicative of higher disorder (Fig. 32h). SEM analysis (Fig. 32i-n) 
reveals distinct morphologies associated with each cation. Corrosion in LiOH generates relatively triangular pits attributed to (100)- 
type features, while NaOH produces widespread etch lines, rectangular pits, and corrugated regions containing triangular motifs that 
likely act as nucleation sites for further etching. In contrast, KOH leads to the most severe restructuring, characterized by deep troughs 
along grain boundaries and highly rough surfaces lacking well-defined crystallographic features. Together, these observations 
demonstrate that both cation size and concentration govern not only the rate of cathodic corrosion but also the resulting facet dis
tribution and degree of structural order, reinforcing the central role of alkali metal cations in shaping cathodically corroded metal 
surfaces.

4.6.5.4. The role of the solvent. The nature of the solvent plays a decisive role in cathodic corrosion, governing both the availability of 
reactive species and the stability of intermediate products. While cathodic corrosion in aqueous alkaline media is now well established, 
earlier studies demonstrated that metal dissolution under strongly negative potentials can also occur in non-aqueous environments. In 
anhydrous aprotic solvents such as DMF or diglyme, several metals (e.g., Pb, Ga, In, Cr, Pt) undergo cathodic etching only in the 
presence of tetraalkylammonium (R4N+) electrolytes [196–199]. Under these conditions, the corrosion products were identified as 
polynuclear metal anions with empirical compositions of (R4N)n(Mm), indicating the formation of electron-rich metal clusters stabi
lized by bulky organic cations [200,201]. Similarly, in liquid ammonia containing KI, gold can dissolve cathodically via the formation 
of auride (Au− ) [202,203]. Cathodic corrosion has also been reported in ionic liquids, where negative oxidation states of noble metals 
and nanostructured products can form [204,205].

Despite these observations, the mechanism operating in aqueous alkaline electrolytes is fundamentally different. In such systems, 
water is not merely a passive solvent but an active participant that enables hydrogen evolution and dynamic interfacial restructuring. A 
recent study provides direct experimental evidence that water is essential for triggering cathodic corrosion of Au in alkali metal 
hydroxide electrolytes. When aqueous KOH or NaOH is progressively replaced by methanol, the corrosion activity decreases 
dramatically and ultimately disappears under nearly anhydrous conditions, even though the electrolyte still contains high concen
trations of cations. This finding demonstrates that the presence of alkali cations alone is not sufficient; instead, the presence of water 
molecules at the interface is required to sustain the corrosion process.

Fig. 33 illustrates this behavior electrochemically. Cyclic voltammograms obtained after cathodic polarization in aqueous meth
anolic KOH or NaOH at different concentrations show a systematic decrease in characteristic surface features as the water content 
decreases (Fig. 33a-c). In water-free electrolytes, the voltammograms resemble those of untreated electrodes, confirming the absence 
of significant corrosion. In comparison, the voltammetric profiles reveal pronounced changes associated with surface restructuring and 
increased EASA as the mole fraction of water increases. Morphological evidence from SEM (Fig. 34) corroborates the electrochemical 
observations. The surface structure of Au electrodes was examined after polarization at − 1.6 V vs. RHE for 60 s in 10 M NaOH con
taining systematically varied mole fractions of water (xH2O = 0, 0.009, 0.199, 0.359, 0.691, and 1). The corresponding SEM micro
graphs (Fig. 34a− x) provide direct evidence for the critical role of water in enabling cathodic corrosion.

In purely methanolic electrolyte (xH2O = 0) and at very low water contents (xH2O ≤ 0.691), the Au surface exhibits only minor 
morphological alterations after polarization (Fig. 34a–d). The characteristic octahedral nanocrystals typically observed after cathodic 

Fig. 34. SEM micrographs of Au electrodes after cathodic corrosion at − 1.6 V vs. RHE for 60 s in 10 M NaOH containing water at mole fractions of 
water of (a, b)xH2O = 0.359, (c, d)xH2O = 0.691, (e, f)xH2O = 0.899, (g, h)xH2O = 0.953, and (i, j)xH2O = 1.
Reproduced with permission from [186]
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corrosion in concentrated aqueous NaOH are essentially absent under these conditions. A clear transition occurs at xH2O = 0.899. At 
this composition, octahedral nanocrystals first emerge at the extreme tip region of the wire (Fig. 34e and inset), while etching pits 
become visible along the remaining surface (Fig. 34f). Upon further increasing the water fraction to xH2O ≥ 0.953, the density of 
octahedral nanocrystals increases markedly (Fig. 34g–j). Well-defined octahedral particles cover a substantial portion of the corroded 
surface (approximately 60%), whereas the remaining regions display less ordered or partially developed nanostructures. In fully 
aqueous solution (xH2O = 1), the octahedral nanocrystals are most uniformly distributed and exhibit the highest degree of geometric 
definition, consistent with optimal corrosion conditions. For clarity, the SEM panels in which octahedral nanocrystals are present are 
highlighted in green in Fig. 33, demonstrating the threshold water content required to trigger the formation of nanoparticles by 
cathodic corrosion. The progressive emergence and sharpening of octahedral features with increasing water content strongly suggest 
that water governs key interfacial processes, including hydrogen evolution kinetics and double-layer structuring.

In summary, water at the electrode–electrolyte interface is indispensable for achieving high surface excess charge densities and 
sustaining vigorous hydrogen evolution, as demonstrated by methanol–water mixtures.

4.6.6. Applications of cathodic corrosion

4.6.6.1. Synthesis of nanoparticles and single-atom catalysts. Cathodic corrosion has emerged as a versatile bottom-up electrochemical 
route for the rapid, solution-phase synthesis of nanostructured materials. Unlike conventional chemical and physical methods, this 
approach operates under mild conditions using only an external potential, an electrolyte, and a bulk metal precursor. It can produce 
milligram-scale quantities of nanoparticles within minutes to hours without the need for surfactants, stabilizers, or capping agents that 
may block active sites or alter intrinsic catalytic properties. Consequently, cathodic corrosion has been successfully employed to 
generate a wide range of nanomaterials, including pure metallic nanoparticles, metallic alloys, and metal oxides, as well as single-atom 
catalysts. Because the fundamental aspects, synthetic strategies, and catalytic applications of corrosion-derived nanoparticles and 
single-atom catalysts have been comprehensively reviewed elsewhere [206], a more concise overview is provided here. For detailed 
discussions on mechanistic pathways, size and composition control, and advanced applications of colloidal nanoparticles synthesized 
via cathodic corrosion, readers are referred to that review.

4.6.6.2. Surface restructuring for electrocatalysis. Cathodic corrosion induces profound and controllable modifications of metal elec
trode surfaces, including changes in crystallographic orientation, substantial increases in EASA, and the formation of steps, kinks, 
defects, and nanoscale features often accompanied by nanoparticle formation. Such restructuring can be deliberately exploited to 
tailor the activity and selectivity of electrocatalysts without altering their chemical composition. In addition to enhancing catalytic 
performance, cathodically corroded electrodes frequently exhibit preferential facet distributions and clean nanostructures, making 
them valuable as model systems for structure–activity studies and as substrates for spectroelectrochemical techniques such as surface- 
enhanced Raman spectroscopy (SERS) [31,32,58].

A representative example is the restructuring of Au electrodes by cathodic polarization in concentrated alkaline electrolytes (10 M 
KOH or NaOH) [32]. A clear signature of corrosion under these conditions is a substantial redistribution of surface facets, with a 

Fig. 35. Potential-dependent restructuring of Au in concentrated alkaline media and the electrocatalytic activity of the resulting Au surfaces. Cyclic 
voltammograms in 0.1 M H2SO4 (50 mV s− 1) before and after polarization in 10 M NaOH (a) and 10 M KOH (b) at different potentials for 60 s. (c) 
Corresponding EASA factors and (d) ratios of (111)/[(110),(100)] facets. Current–potential curves in 0.1 M HClO4 + 0.1 M HCOOH (e,f) and in 0.1 
M H2SO4 (g,h) illustrating catalytic behavior before and after cathodic polarization.
Reproduced with permission from [32]
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pronounced enrichment of (111) domains, particularly after polarization in 10 M KOH. Under optimized potentials, the resulting 
surfaces exhibit electrochemical characteristics closely resembling those of Au(111) single crystals while retaining a nanostructured 
morphology. Cyclic voltammetry in 0.1 M H2SO4 provides a highly sensitive probe of the surface atomic arrangement. After cathodic 
polarization, the voltammograms display several fingerprint features associated with Au(111). In the double-layer region, an enhanced 
anodic peak near 0.60 V vs. RHE appears, attributed to lifting of surface reconstruction by specifically adsorbed sulfate. More 
distinctly, sharp anodic and cathodic spikes at approximately 1.10 and 1.06 V vs. RHE emerge, corresponding to a two-dimensional 
phase transition within the sulfate adlayer on Au(111) terraces. These spikes are significantly sharper and carry higher charge den
sities for electrodes polarized in KOH compared with NaOH, indicating the formation of larger (111) terraces (Fig. 35a and 35b).

Additional structural information is obtained from the oxide formation region. Anodic peaks at approximately 1.61, 1.41, and 1.38 
V vs. RHE correspond to oxidation of (111), (110), and (100) surface domains, respectively. The relative charge associated with these 
peaks directly reflects the facet distribution. Cathodic polarization leads to a pronounced increase in the (111) oxidation peak, 
particularly for KOH-treated electrodes, confirming the preferential formation of (111) facets. Quantitative analysis shows that both 
EASA and the fraction of (111) sites increase with more negative polarization potentials, although the enrichment of (111) terraces 
reaches a maximum within a specific potential window before declining at excessively negative potentials (Fig. 35c and 35d). Notably, 
polarization in 10 M KOH produces substantially higher EASA and a larger (111)/(100 + 110) ratio than 10 M NaOH. Fascinatingly, 
the electrocatalytic behavior of cathodically-corroded Au electrodes towards FAOR and HER was investigated (Fig. 35e-h). For the 
formic acid oxidation reaction (FAOR) in acidic media, electrodes with high (111) contributions display the characteristic bell-shaped 
current–potential profile known for the Au(111). The specific activity increases with the fraction of (111) terraces, and additional 
features such as a current “kink” associated with phase transitions of strongly adsorbed formate appear only when large, well-ordered 
terraces are present. These observations indicate that FAOR proceeds most efficiently on extended (111) domains. In contrast, the 
hydrogen evolution reaction (HER) is primarily governed by low-coordination sites introduced during nanostructuring. Cathodically 
corroded Au electrodes exhibit significantly enhanced HER activity compared with polished Au, with lower onset overpotentials 
approaching those of highly active noble metals. The activity increases as the density of edges, corners, steps, and defects rises, 
reaching a maximum at intermediate polarization potentials where nanocrystal density is highest. Thus, while FAOR is driven by 

Fig. 36. Modification of Pt(111) electrocatalysis by cathodic corrosion. (a) Cyclic voltammograms of Pt(111) before and after polarization in 1 M 
NaOH at − 0.6 V vs RHE (recorded in 0.1 M HClO4, 50 mV s− 1). (b) Oxygen reduction polarization curves for Pt single crystals and corroded Pt(111) 
(1600 rpm, O2-saturated electrolyte). (c) Glycerol oxidation voltammograms of Pt(111) before and after corrosion in 10 M NaOH at − 3 V vs. RHE. 
(d,e) Corresponding concentrations of dihydroxyacetone and glyceraldehyde determined by online HPLC.
Reproduced with permission from [31]
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terrace sites, HER is highly sensitive to the low-coordination sites, illustrating the structure sensitivity of both reactions. Cathodically 
restructured Au electrodes therefore provide a unique platform containing both extended terraces and abundant low-coordination 
sites. This combination enables systematic identification of active sites and bridges the gap between ideal single-crystal surfaces 
and practical nanostructured catalysts.

Beyond electrocatalysis, cathodic corrosion offers a simple and reproducible route to fabricate surface-enhanced Raman spec
troscopy (SERS)-active Au substrates [58]. Nanostructured electrodes enriched in (111) domains, which are produced by cathodic 
polarization in 10 M KOH at − 1.6 V vs. RHE, exhibit strong Raman enhancement for adsorbed probe molecules such as pyridine, 
whereas untreated Au surfaces show negligible signal under identical conditions. Importantly, these substrates provide a homogeneous 
response across the entire modified area and retain the electrochemical behavior of clean Au surfaces. Consequently, cathodically 
corroded Au electrodes serve as cost-effective, contamination-free SERS platforms suitable for in-situ spectroelectrochemical 
investigations.

Cathodic corrosion can also be employed to modify well-defined platinum single-crystal surfaces, providing a powerful route to 
tune catalytic activity and selectivity without introducing foreign elements [31]. A representative case is the restructuring of Pt(111) 
electrodes by cathodic polarization in alkaline media. The pristine Pt(111) surface exhibits the characteristic voltammetric response of 
an atomically flat terrace: hydrogen adsorption/desorption features between ~0.06 and 0.40 V vs. RHE, followed by the double-layer 
region and subsequent OH adsorption between ~0.5 and 0.9 V vs. RHE, with no signatures of step sites. After polarization at − 0.6 V vs. 
RHE in 1 M NaOH, the voltammetric profile changes markedly. New peaks emerge at ~0.13 V and ~0.29 V vs. RHE, corresponding to 
the formation of (110)-type and (100)-type step sites, respectively (Fig. 36a). These features indicate controlled nanoscale roughening 
of the surface, accompanied by a moderate (~12%) increase in hydrogen desorption charge, reflecting an increase in EASA. In parallel, 
the onset of OH adsorption shifts slightly toward more positive potentials, suggesting weakened OH binding on the remaining (111) 
terraces. Such a modification of adsorption energetics is expected to influence reactions limited by oxygenated species adsorption, 
most notably the oxygen reduction reaction (ORR).

Furthermore, electrochemical measurements demonstrate that cathodically corroded Pt(111) exhibits enhanced ORR activity 
compared with pristine Pt(111), polycrystalline Pt, and even the low-index basal planes of platinum. At 0.9 V vs. RHE, the activity of 
the modified surface exceeds that of Pt(100), Pt(110), and Pt(111) due to the combination of terraces and newly generated low- 
coordination sites (Fig. 36b). Thus, controlled cathodic corrosion enables activity enhancement while preserving the intrinsic 
chemical identity of the surface.

When Pt(111) is subjected to strong cathodic corrosion in 10 M NaOH at − 3 V vs. RHE, the voltammetric response reveals a 
substantial increase in surface area, approximately threefold based on the double-layer current. The newly generated surface is 
dominated by (100)-type sites: a sharp peak at ~0.29 V vs. RHE indicates abundant (100) steps, while a broad feature at higher 
potentials reflects the formation of extended (100) terraces, with a smaller contribution from (110) steps.

This structural transformation has a profound effect on glycerol oxidation, a reaction known for its complex product distribution. 
On pristine Pt(111), oxidation proceeds with a peak at ~0.60–0.65 V vs. RHE and produces both dihydroxyacetone and 

Fig. 37. Cathodic corrosion-driven evolution of CuxNi1-x nanoparticles during CO2 reduction. (a) Schematic illustrating structural transformation 
under cathodic conditions. Faradaic efficiencies for CO2 reduction on Cu0.71Ni0.29 nanoparticles (b) before activation and (c) after activation at − 1.3 
V vs. RHE for 2 h. (d) Dependence of C2+ product selectivity on activation potential.
Reproduced with permission from [207].
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glyceraldehyde. In contrast, the cathodically corroded surface shows a shifted peak at more positive potentials (~0.70–0.75 V vs. 
RHE), consistent with the behavior of Pt(100) surfaces (Fig. 36c). Product analysis by high-performance liquid chromatography 
(HPLC) reveals suppressed formation of dihydroxyacetone and enhanced production of glyceraldehyde, demonstrating that cathodic 
corrosion redirects the reaction pathway toward a Pt(100)-like selectivity (Fig. 36d and 36e). Importantly, this shift arises primarily 
from the generation of (100) terraces rather than from step sites alone.

Overall, these results demonstrate that cathodic corrosion provides a versatile tool for transforming an atomically flat Pt(111) 
surface into a nanostructured catalyst with tunable ensembles of terraces and low-coordination sites. Moderate restructuring enhances 
activity (e.g., for ORR), whereas extensive restructuring can redirect product selectivity (e.g., for glycerol oxidation).

Another example of cathodic corrosion as an operando restructuring strategy is provided by bimetallic Cu–Ni nanoparticles for 
electrochemical CO2 reduction [207]. Copper is capable of forming multi-carbon (C2+) products, yet its selectivity is often limited by 

Table 1 
Qualitative comparison of electrochemical restructuring strategies for metal electrodes.

Method Key Strengths Main Limitations Typical Surface Features Best Use Cases

Electrodeposition (UPD/ 
OPD)

Scalable, precise control 
over thickness/composition, 
industrial compatibility

Metastable structures, 
sensitive to local pH and 
mass transport

Thin films, dendrites, 
alloys, hierarchical 
structures

Tailored thin films, device- 
integrated electrodes, 
compositional tuning

Oxidation–Reduction 
Cycles (ORCs)

Generates defect-rich 
surfaces, activates catalysts 
dynamically

Limited structural control, 
reproducibility challenges

Roughened surfaces, 
defects, grain boundaries, 
nanoparticles

Catalyst activation, defect 
engineering

Anodic Polarization 
(moderate)

Forms oxide-derived 
structures, enhances 
roughness and activity

Possible material loss, 
instability under long- 
term operation

Oxide layers, porous/ 
rough metallic surfaces 
after reduction

Oxide-derived catalysts, defect- 
mediated reactions

High-voltage anodization Produces highly ordered 
nanostructures (e.g., 
nanotubes, porous films)

Requires specific 
electrolytes (e.g., 
fluoride), limited material 
scope

Nanotubes, nanopores, 
self-organized oxide layers

High-surface-area architectures, 
photo/electrocatalysis

Extreme anodic 
polarization (plasma- 
assisted)

Rapid restructuring, unique 
morphologies, high defect 
density

high energy consumption, 
specialized power 
requirements, 
Competing Reactions, 
scalability challenges

High roughness, 
nanoparticles, amorphous 
or partially oxidized 
surfaces

Rapid activation, exploratory 
surface engineering

Square-wave potential 
(SWP)

Drives non-equilibrium 
states, enables dynamic 
restructuring

Limited reproducibility, 
complex parameter space

Metastable, defect-rich, 
nanostructured surfaces

Dynamic catalyst activation, 
metastable phase generation

Electrochemical 
dealloying

High surface area, 
nanoporous structures, 
tunable composition

Structural coarsening, 
stability issues over time

Nanoporous metals, 
bicontinuous structures

High-current–density 
applications, mass transport- 
limited reactions

Cathodic corrosion Facet-selective etching, 
clean surfaces, nanoparticle 
formation without 
surfactants

Harsh conditions, limited 
mechanistic 
understanding

Faceted nanoparticles, pits, 
high-index surfaces

Structure-sensitive reactions, 
nanoparticle synthesis, single- 
atom catalysts

Method Key Strengths Main Limitations Typical Surface Features Best Use Cases
Electrodeposition (UPD/ 

OPD)
Scalable, precise control 
over thickness/composition, 
industrial compatibility

Metastable structures, 
sensitive to local pH and 
mass transport

Thin films, dendrites, 
alloys, hierarchical 
structures

Tailored thin films, device- 
integrated electrodes, 
compositional tuning

Oxidation–Reduction 
Cycles (ORCs)

Generates defect-rich 
surfaces, activates catalysts 
dynamically

Limited structural control, 
reproducibility challenges

Roughened surfaces, 
defects, grain boundaries

Catalyst activation, defect 
engineering

Anodic Polarization 
(moderate)

Forms oxide-derived 
structures, enhances 
roughness and activity

Possible material loss, 
instability under long- 
term operation

Oxide layers, porous/ 
rough metallic surfaces 
after reduction

Oxide-derived catalysts, defect- 
mediated reactions

High-voltage anodization Produces highly ordered 
nanostructures (e.g., 
nanotubes, porous films)

Requires specific 
electrolytes (e.g., 
fluoride), limited material 
scope

Nanotubes, nanopores, 
self-organized oxide layers

High-surface-area architectures, 
photo/electrocatalysis

Extreme anodic 
polarization (plasma- 
assisted)

Rapid restructuring, unique 
morphologies, high defect 
density

Poor control, harsh 
conditions, scalability 
concerns

Highly roughened, 
amorphous or partially 
oxidized surfaces

Rapid activation, exploratory 
surface engineering

Square-wave potential 
(SWP/RSWPS)

Drives non-equilibrium 
states, enables dynamic 
restructuring

Limited reproducibility, 
complex parameter space

Metastable, defect-rich, 
nanostructured surfaces

Dynamic catalyst activation, 
metastable phase generation

Electrochemical 
dealloying

High surface area, 
nanoporous structures, 
tunable composition

Structural coarsening, 
stability issues over time

Nanoporous metals, 
bicontinuous structures

High-current–density 
applications, mass transport- 
limited reactions

Cathodic corrosion Facet-selective etching, 
clean surfaces, nanoparticle 
formation without 
surfactants

Harsh conditions, limited 
mechanistic 
understanding

Faceted nanoparticles, pits, 
roughness, high-index 
surfaces

Structure-sensitive reactions, 
Tailoring the electrode activity, 
nanoparticle synthesis, single- 
atom catalysts

M.M. Elnagar et al.                                                                                                                                                                                                    Progress in Materials Science 163 (2027) 101762 

50 



competing HER. Incorporation of a second metal can tune adsorption energetics and reaction pathways. In Cu–Ni systems, the higher 
oxophilicity of Ni leads to surface segregation and oxidation in air, producing Ni-enriched shells that strongly favor HER and suppress 
CO2 reduction. Thus, the as-prepared catalyst structure does not necessarily represent the true active state. Cathodic activation at 
sufficiently negative potentials induces selective corrosion of Ni, fundamentally transforming the electrocatalyst. Initially, CuxNi1–x 
nanoparticles exhibit spherical morphology with homogeneous alloy structures, but surface-sensitive analyses reveal Ni enrichment at 
the outer layer. Before activation, this Ni-rich surface leads to extremely high HER selectivity (often > 90% Faradaic efficiency for H2 
at − 1.0 V vs. RHE), reflecting the intrinsic hydrogen evolution activity of Ni. Upon cathodic polarization in a CO2-saturated electrolyte, 
cathodic corrosion preferentially dissolves Ni from the surface (Fig. 37a). Because Ni is thermodynamically less stable than Cu under 
these conditions, it leaches into the electrolyte without significant redeposition, whereas Cu remains and is progressively reduced to 
the metallic state.

This corrosion-driven dealloying produces irregular, defect-rich Cu nanoparticles with roughened surfaces and increased densities 
of low-coordination sites. Microscopic observations show a transition from smooth spheres to highly distorted particles, while 
compositional analyses indicate dramatic Ni loss, up to nearly complete removal after extended activation. Concomitantly, the 
oxidation state of Cu shifts toward metallic Cu⁰, accompanied by an increase in Cu–Cu coordination and a decrease in Cu–O contri
butions, confirming reduction and restructuring of the catalyst surface.

These structural changes translate directly into electrocatalytic performance. After activation, HER is strongly suppressed and CO2 
reduction is enhanced across all compositions. Prior to activation, the Cu0.71Ni0.29 catalyst exhibits a strong preference for the 
hydrogen evolution reaction (HER), delivering a Faradaic efficiency (FE) for H2 exceeding 90% at − 1.0 V vs. RHE, while CO2 reduction 
products are formed only in minor amounts (Fig. 37b). This behavior is consistent with a Ni-enriched surface, which favors HER over 
CO2RR. Cathodic activation at increasingly negative potentials (− 1.2 to − 1.4 V vs. RHE) markedly alters the catalytic response. For 
example, after activation at − 1.3 V vs. RHE, the H2 FE decreases to 67.4% at − 1.0 V vs. RHE, accompanied by a pronounced shift in 
product distribution toward CO2RR. The formate FE increases from 5.8% to 29.4% at − 1.0 V vs. RHE, while the CO FE rises from 7.9% 
to 21.1% at − 1.2 V vs. RHE (Fig. 37c). Most notably, the selectivity toward multicarbon (C2+) products is strongly enhanced: a 
maximum C2+ FE of 42.5% is achieved at − 1.4 V vs. RHE following activation at − 1.3 V vs. RHE, identifying this treatment as optimal. 
In addition, 1-propanol emerges as a new liquid product with an FE of 12.6% under these conditions (Fig. 36d). Overall, cathodic 
activation induces a substantial suppression of HER and a concurrent promotion of CO2 reduction, particularly toward C2+ products, a 
trend that is similarly observed across other CuxNi1− x compositions.

The appearance of multi-carbon products such as ethylene, ethanol, and even propanol indicates that the reconstructed Cu surface 
promotes C–C coupling. The improvement correlates with both increased defect density and exposure of metallic Cu sites following Ni 
removal.

Importantly, this study demonstrates that cathodic corrosion can be leveraged not merely as a degradation phenomenon but as an 
activation protocol to transform bimetallic nanoparticles into highly selective CO2RR catalysts. By tuning composition and activation 
potential, the balance between HER and CO2 reduction can be systematically controlled. More broadly, these findings highlight that 
the true active phase of many electrocatalysts may emerge only under strongly reducing conditions, where dissolution, redeposition, 
and surface reconstruction occur simultaneously.

To provide a practical framework for selecting appropriate electrochemical restructuring strategies, the key methods discussed 
above are qualitatively compared in terms of their strengths, limitations, and the resulting surface architectures (Table 1).

5. Support and substrate effects in electrochemically restructured systems

Electrochemical restructuring processes are inherently interfacial phenomena that occur at the boundary between the active metal 
phase and its underlying support or substrate. While this review emphasizes the development of binder-free electrodes, the term “free- 
standing” must be interpreted with care. In most practical systems, the evolving catalytic phase remains electronically and structurally 
coupled to a conductive substrate, which plays an active and often decisive role in governing restructuring pathways and catalytic 
performance.

A large body of literature in electrocatalysis and heterogeneous catalysis has established that catalyst supports are not inert 
components, but can strongly influence activity, selectivity, and stability through particle–support interactions. These effects arise 
from several interrelated factors, including electronic coupling, interfacial strain, charge transfer, and the stabilization of specific 
surface structures. In electrochemical environments, these interactions are further complicated by potential-dependent phenomena, 
such as double-layer structure, ion adsorption, and dynamic surface oxidation–reduction processes [208,209].

In the context of electrochemical restructuring Methods, the substrate can directly influence nucleation and growth processes 
during electrodeposition or square-wave potentials [210]. For instance, lattice mismatch and epitaxial relationships between the 
substrate and deposited metal can dictate crystallographic orientation and facet distribution [211]. Similarly, the local electric field 
distribution, which is strongly affected by electrode geometry, can lead to spatially heterogeneous restructuring, as frequently 
observed during cathodic corrosion at sharp tips or defect sites [32].

Beyond structural effects, the substrate also plays a critical role in charge transport and catalytic functionality. The electrical 
conductivity and interfacial contact between the active phase and the support determine the efficiency of electron transfer, particularly 
under high current densities. In some cases, catalytic activity is not solely associated with the deposited metal, but emerges from 
synergistic interactions at the metal–support interface. These include modification of the electronic structure of active sites, stabili
zation of reaction intermediates, and participation of the support in adsorption or reaction pathways. In some systems, the active phase 
must remain electrically connected to the support to sustain catalytic activity, and disconnection leads to deactivation, highlighting the 
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functional interdependence of catalyst and substrate [212]. Importantly, the substrate itself may undergo dynamic changes under 
electrochemical conditions. Even materials commonly considered stable, such as glassy carbon, can experience surface oxidation, 
reconstruction, or functionalization under anodic or cathodic polarization [213,214]. These transformations can alter surface 
wettability, local pH, and interfacial bonding, thereby indirectly influencing restructuring processes and catalytic behavior.

These considerations highlight that the concept of “free-standing” electrodes should not be interpreted as the absence of a sup
porting structure, but rather as the elimination of polymeric binders and insulating additives. A more accurate description is that 
electrochemical restructuring enables the formation of binder-free and substrate-integrated catalytic architectures, in which the active 
material is directly grown from or transformed out of the electrode itself.

Recognizing the active role of supports also opens new design opportunities. Rather than minimizing substrate effects, future 
strategies may deliberately exploit support–catalyst interactions to guide restructuring pathways, stabilize desired surface configu
rations, and enhance long-term performance. This perspective aligns with the broader understanding that catalytic functionality in 
electrochemical systems emerges from the coupled evolution of both the active phase and its supporting interface.

6. Perspectives and design guidelines for electrochemical restructuring of metal surfaces

The analysis presented in this review underscores that electrochemical restructuring methods go beyond simple preparation 
strategies, serving as a versatile materials-design toolbox for engineering catalytic interfaces. A key insight emerging from the 
structure-oriented classification is that no single restructuring strategy is universally optimal; rather, each method provides access to a 
distinct class of surface architectures with specific catalytic functionalities. This perspective shifts the focus from method comparison 
toward rational selection and integration of restructuring pathways.

A central design principle is that the targeted catalytic function should dictate the restructuring strategy. For reactions governed by 
structure-sensitive pathways, such as those where selectivity is strongly dependent on surface atomic arrangement, approaches 
capable of generating well-defined facets, most notably cathodic corrosion, are particularly advantageous. In contrast, applications 
requiring high current densities and robust performance benefit from nanoporous architectures generated by dealloying, which 
provide a balance between surface area and structural stability.

Electrodeposition provides a versatile and scalable route for controlled growth of metallic structures. By tuning deposition pa
rameters such as potential, current density, and electrolyte composition, it is possible to precisely control film thickness, morphology, 
and composition. This makes electrodeposition particularly attractive for the fabrication of tailored thin films and hierarchical 
electrode architectures under industrially relevant conditions. However, it is important to recognize that electrodeposited structures 
are often not static; they may undergo further restructuring during operation, which can either enhance or compromise catalytic 
performance depending on the system.

Dynamic electrochemical methods, including potential cycling and pulsed or square-wave techniques, introduce an additional level 
of control by driving the system far from equilibrium. These approaches promote the formation of defect-rich and metastable surface 
states, including vacancies, disordered domains, and transient active sites. Such dynamically generated structures are highly relevant 
for catalyst activation and can access configurations that are not attainable under steady-state conditions. At the same time, the lack of 
precise control over the final morphology and the limited reproducibility of these methods remain significantly challenging.

Anodic polarization provides a complementary route toward oxide-derived and roughened metallic surfaces. This process typically 
generates defect-rich structures with enhanced catalytic activity, particularly in reactions where defects and grain boundaries play a 
key role. However, they are frequently associated with material loss and structural instability, especially under aggressive electro
chemical conditions.

Another important guideline is the need to consider restructuring as a dynamic process rather than a static outcome. Under realistic 
operating conditions, electrode surfaces continuously evolve, and the initially prepared structure may differ significantly from the 
active state. Therefore, catalyst design must account for operando transformations, including defect formation, surface diffusion, and 
phase transitions. In this context, strategies that either stabilize desired structures or exploit controlled dynamic evolution represent 
promising directions.

The role of the electrolyte and interfacial environment also emerges as a critical, yet often underappreciated, parameter. As dis
cussed for cathodic corrosion, electrolyte cations, pH, and applied potentials can fundamentally alter restructuring pathways and the 
nature of active sites. Future research should therefore place greater emphasis on coupling material design with electrolyte engineering 
to achieve precise control over surface transformations.

Importantly, the combination of restructuring strategies offers a powerful route toward hierarchical electrode architectures. 
Sequential approaches, such as dealloying followed by cathodic corrosion, or electrodeposition combined with dynamic activation 
protocols, enable the integration of complementary structural features within a single system. Such hybrid strategies provide a 
pathway to decouple surface area, active site distribution, and stability—parameters that are often intrinsically linked in single- 
method approaches. Despite their potential, these combined methodologies remain largely unexplored and represent a key oppor
tunity for future research.

Looking forward, several challenges must be addressed to fully realize the potential of electrochemical restructuring. These include 
achieving quantitative control over restructuring processes, improving reproducibility across different systems, and, critically, 
bridging the gap between laboratory-scale demonstrations and industrial implementation. In particular, systematic studies under 
technologically relevant conditions, including high current densities (>100 mA cm− 2), extended operational lifetimes (>1000 h), and 
device-level configurations, are still scarce. Addressing these challenges will require advances in operando characterization techniques, 
multiscale modelling, and standardized testing protocols to reliably correlate dynamic surface evolution with catalytic performance.
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In summary, the rational design of electrochemically restructured electrodes requires a shift from empirical optimization to 
mechanism-informed strategy selection. By linking restructuring pathways to specific surface architectures and catalytic functions, 
and by embracing the dynamic nature of electrochemical interfaces, it becomes possible to develop design rules that guide the next 
generation of high-performance electrocatalysts.

Based on these aspects, the key take-home messages are;
− Electrochemical Methods for restructuring of metal surfaces function as a design toolbox, not just a preparation method.
− Structure dictates function: method selection must follow the targeted surface architecture.
− The active catalyst state is dynamic, not the initially prepared structure.
− Electrolyte effects are decisive in directing restructuring pathways and resulting surface structure.
− Hybrid strategies might offer a route to decouple activity, stability, and selectivity.
− The translation of restructured binder-free electrodes to industrially relevant conditions remains a major unresolved 

challenge.
− Future progress requires integration of mechanistic understanding, operando techniques, and system-level design.
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[7] Möhle S, Zirbes M, Rodrigo E, Gieshoff T, Wiebe A, Waldvogel SR. Modern Electrochemical Aspects for the Synthesis of Value-Added Organic Products. Angew 
Chem Int Ed 2018;57:6018–41. https://doi.org/10.1002/anie.201712732.

[8] Li P, Zhang T, Mushtaq MA, Wu S, Xiang X, Yan D. Research Progress in Organic Synthesis by Means of Photoelectrocatalysis. Chem Rec 2021;21:841–57. 
https://doi.org/10.1002/tcr.202000186.

[9] Seh ZW, Kibsgaard J, Dickens CF, Chorkendorff I, Nørskov JK, Jaramillo TF. Combining Theory and Experiment in Electrocatalysis: Insights into Materials 
Design. Science 1979;2017:355. https://doi.org/10.1126/science.aad4998.

[10] Nørskov JK, Bligaard T, Rossmeisl J, Christensen CH. Towards the Computational Design of Solid Catalysts. Nat Chem 2009;1:37–46. https://doi.org/10.1038/ 
nchem.121.

[11] Yang Y, Luo M, Zhang W, Sun Y, Chen X, Guo S. Metal Surface and Interface Energy Electrocatalysis: Fundamentals, Performance Engineering, and 
Opportunities. Chem 2018;4:2054–83. https://doi.org/10.1016/j.chempr.2018.05.019.

[12] Bentley CL, Kang M, Unwin PR. Nanoscale Surface Structure–Activity in Electrochemistry and Electrocatalysis. J Am Chem Soc 2019;141:2179–93. https:// 
doi.org/10.1021/jacs.8b09828.

[13] Linnemann J, Kanokkanchana K, Tschulik K. Design strategies for Electrocatalysts from an Electrochemist’s Perspective. ACS Catal 2021;11:5318–46. https:// 
doi.org/10.1021/acscatal.0c04118.

[14] Masa J, Andronescu C, Schuhmann W. Electrocatalysis as the Nexus for Sustainable Renewable Energy: the Gordian Knot of activity, Stability, and Selectivity. 
Angew Chem Int Ed 2020;59:15298–312. https://doi.org/10.1002/anie.202007672.

M.M. Elnagar et al.                                                                                                                                                                                                    Progress in Materials Science 163 (2027) 101762 

53 

https://doi.org/10.1021/acsenergylett.2c02897
https://doi.org/10.1021/acs.chemrev.1c00331
https://doi.org/10.1038/s41586-019-1681-6
https://doi.org/10.1038/s41929-019-0235-5
https://doi.org/10.1038/s41929-018-0092-7
https://doi.org/10.1021/acscatal.5b00524
https://doi.org/10.1002/anie.201712732
https://doi.org/10.1002/tcr.202000186
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/nchem.121
https://doi.org/10.1016/j.chempr.2018.05.019
https://doi.org/10.1021/jacs.8b09828
https://doi.org/10.1021/jacs.8b09828
https://doi.org/10.1021/acscatal.0c04118
https://doi.org/10.1021/acscatal.0c04118
https://doi.org/10.1002/anie.202007672


[15] P. Sabatier, J.-B. Senderens. Hydrogénation directe des oxydes du carbone en présence de divers métaux divisés. C R Acad Sci 1903;134:689–91.
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