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Abstract
Cathodic corrosion is an enigmatic electrochemical process that
etches metallic electrodes at potentials below 0 V versus the
normal hydrogen electrode. Although this phenomenon was
discovered in the late 1800s by Fritz Haber, it remained mostly
unnoticed during the 20th century and only attracted increased
attention in the past decade. This recent attention has generated
marked improvements in both the fundamental knowledge and
the applications of cathodic corrosion. Fundamental new insights
were gained into the effects and possible reaction intermediates
of cathodic corrosion. Complementing these insights, recent ad-
vances involve applications of cathodic corrosion for nanoparticle
synthesis and electrocatalyst modification. Both these applied
and fundamental advances will be discussed in this short review
on cathodic corrosion.
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Introduction
The term ‘corrosion’ refers to a wide range of destructive
electrochemical phenomena that are broadly defined as
the degradation of materials that interact with their
environment [1]. Reflecting this broad definition of
corrosion, its effects can range from common and innocent
cosmetic blemishes on shiny bicycles and cars, to rare but

catastrophic failures of bridges and oil pipelines. Owing to
www.sciencedirect.com
its widespread nature, corrosion is estimated to cost more
than 3% of the global gross domestic product [2].

In science, the destructive role of corrosion was
acknowledged as early as 1824, when Sir Humphry Davy
worked ‘on the corrosion of copper sheeting by sea water, and on
methods of preventing this effect; and on their application to
ships of war and other ships’ [3]. This work is recognized as

the discovery of cathodic protection, which is still an
often-used corrosion prevention method [4]. Briefly,
cathodic protection involves lowering the electro-
chemical potential of a metal, such that oxidation of the
metal becomes thermodynamically unfavorable. The
absence of oxidation might suggest that cathodic pro-
tection stabilizes a metal in its elemental state indefi-
nitely. Although tempting, this suggestion is not always
correct: at sufficiently negative potentials, metals can
start corroding through a phenomenon known as cathodic
corrosion [5].

Intriguingly, cathodic corrosion was first reported as
early as the late 19th century, when Fritz Haber
observed particulate clouds dispersing from cathodically
polarized metals [6,7]. Haber ascribed these clouds to
the formation and subsequent destruction of alloys be-
tween the corroded metal and electrolyte cations such
as Naþ and Kþ. Cathodic corrosion or ‘disintegration’
was briefly revisited in the mid-1900s [8e10] but
otherwise remained mostly overlooked during the 20th
century.

Fortunately, the 21st century brought renewed attention
to cathodic corrosion: in 2011, the first recent work to
recognize cathodic corrosion as such was published [5].
This work examined a protocol that generates metallic
nanoparticles by applying an alternating current to a
metallic wire. Although nanoparticle formation used to
be ascribed to anodic corrosion during the positive
alternating current half-cycle [11,12], Yanson et al. [5]
unambiguously demonstrated significant nanoparticle
formation during the negative half-cycle, i.e. during

cathodic corrosion. Furthermore, the work revealed the
formation of remarkable geometric etch features, as
illustrated in Figure 1. These results spurred follow-up
research that was summarized in two reviews in 2013
[13,14]. However, both the active species and the re-
action mechanism of cathodic corrosion remained largely
unknown at the time.
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Figure 1

Scanning electron micrograph of a cathodically corroded polycrystalline
platinum electrode. The image features a boundary between two crystal
grains, on which etching produced large geometrical patterns. Etching
was performed in 5 M NaOH, by applying a 0.5 Hz square wave with
potential limits of −1.0 V and +2.0 V versus the reversible hydrogen
electrode for 2 min.
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Since the 2013 reviews of cathodic corrosion, significant
research efforts have aimed to both understand and use
this 120-year-old phenomenon. In both regards, sub-
stantial progress has been made. The present article will
briefly summarize this progress, thus highlighting
important improvements in the understanding of
cathodic corrosion, as well as novel applications of this
counterintuitive electrochemical phenomenon.
Scope
The name ‘cathodic corrosion’ suggests two features
about its underlying process: it is reductive (cathodic) in
nature and morphologically alters (corrodes) the mate-
rial being affected by it. Many reactions fit this

description, such as the conversion of carbon nanotubes
to ‘nanotubide’ [15]; copper carboxylation in aprotic
solvents [16]; Sn-SnOx nanoparticle formation in ionic
liquids [17]; ion insertion into platinum in aprotic sol-
vents [18,19]; and reactions between (earth) alkali(ne)
metals and gold/platinum [20]. Although these pro-
cesses are interesting cathodic reactions that alter ma-
terials and, in the latter two examples, allow for metallic
anions such as aurides and platinides to form [21e23], it
is beyond the scope of this Review to discuss all such
reactions in detail. Instead, the present article will focus
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exclusively on the cathodic corrosion of metals in
aqueous environments.

This focus will be three-pronged. First, the following
section will discuss the fundamentals of cathodic
corrosion, followed by a discussion of applications of
cathodic corrosion. These Fundamentals and Applica-
tions sections will then inform the final Outlook section

of the Review.
Fundamentals
From a fundamental perspective, cathodic corrosion is
assumed to proceed through the mechanism illustrated

for platinum in Figure 2 [13]. In Figure 2, panel 1 vi-
sualizes the starting state of cathodic corrosion: a Pt
surface in an NaOH solution, polarized below 0 V vs. the
reversible hydrogen electrode (RHE). Under these
conditions, Pt vigorously evolves hydrogen gas and is
covered with adsorbed hydrogen atoms [24]. A partial
monolayer of Naþ is likely adsorbed as well [25]. In
these circumstances, an unknown and presumably
anionic species dissolves into the working solution
(panel 2). Although the identity of this species is un-
known, it is likely cation-stabilized because a nonprotic

electrolyte cation is required to enable cathodic corro-
sion [5]. After its formation, the cation-stabilized anion
moves away from the Pt surface until it encounters a
water molecule (panel 3). In this encounter, the water is
reduced to H2 and OH�, whereas the anion is oxidized
back to neutral platinum. These Pt atoms can then
redeposit onto their native surface or nucleate in solu-
tion into nanoparticles (panel 4).

As illustrated previously, the reaction mechanism hinges
on the formation of an unknown species. This species
has been challenging to observe through operando or in
situ spectroscopy: these techniques are often incom-
patible with the negative potentials at which cathodic
corrosion occurs or with the vigorous hydrogen evolution
at these potentials [26]. Other techniques require
samples such as goldeplatinum coreeshell particles
that are likely consumed rapidly during cathodic corro-
sion [27]. Furthermore, the main corrosion intermediate
is extremely short-lived and therefore impossible to
isolate and study directly [13]. Instead, most research
has investigated cathodic corrosion indirectly, by exam-
ining its effects on electrodes or by studying the nano-

particles that it creates (Figure 2, panel 4).

Such studies revealed a critical property of cathodic
corrosion: it occurs anisotropically, thus favoring the
creation of specific surface sites. This anisotropy was
first utilized by creating (100)-oriented Pt nano-
particles [28]. Notably, the same (100) etching pref-
erence is imprinted on the platinum surface from
which nanoparticles are formed [29]. For surfaces, the
etching preference generates (100)-oriented
www.sciencedirect.com
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Figure 2

Illustration of the hypothesized cathodic corrosion mechanism, using Pt as an example. This corrosion occurs at potentials where the platinum is covered
by adsorbed hydrogen and cations like Na+ (panel 1). At these potentials, hydrogen evolution occurs as well. Under these conditions, some Pt converts
into an unknown cation-stabilized anion (panel 2), which dissolves (In contrast to what is drawn in the figure, the anion might consist of more than one
platinum atom). Eventually, the anion encounters water and is oxidized back to atomic platinum (panel 3). This platinum can then redeposit on the
electrode or nucleate into nanoparticles (panel 4).
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Figure 3

Scanning electron micrographs of Pt, Rh, and Au, corroded 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. Images collected as described previously [25].
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equilateral triangles when corroding into (111) facets
at moderate potentials (Figure 3a) [30]. Interestingly,
the (100) etching preference generates differently

shaped etch pits on other crystal planes, which can
grow into fractal-like shapes at more negative corro-
sion potentials and prolonged corrosion times [31].
Similar crystal plane variations were found for Au,
though no fractal growth patterns have been observed
for this metal [32].

The dissimilarities between Pt and Au highlight a
metal-dependent response to cathodic corrosion. Such
differences are especially apparent when corroding
various metals under similar conditions (Figure 3). For

example, although Pt and Rh preferentially form (100)
facets through corrosion in 10 M NaOH, Au primarily
exposes (111) facets [30,33]. Under the same condi-
tions, the corrosion onset also varies by metal: Pt and Rh
commence corrosion at �0.4 V vs. RHE, whereas Au
starts at �0.7 V vs. RHE. Similar variations appear when
producing nanoparticles through cathodic corrosion:
each metal produces differently sized nanoparticles, and
some metals corrode in certain working electrolytes
where other metals do not [14,34]. We assume that
these differences are related to the chemical and

geometrical structure of the cathodic corrosion in-
termediates (Figure 2).

The electrolyte dependence hints at the importance of
the corrosion electrolyte and, specifically, the electrolyte
cation [14]. These cations enable cathodic corrosion
[5] and affect the formation rate and orientation of
cathodically produced nanoparticles [28,29]. Electrolyte
cations also affect corroded surfaces. This was demon-
strated for Pt, Rh, and Au in LiOH, NaOH, and KOH
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solutions [25], for which the cation concentration and
identity each affect the corrosion facet preference.
Furthermore, corrosion starts at less negative potentials

when increasing the cation concentration, and when
changing the cation from Liþ to Naþ and Kþ. These
cation effects were qualitatively explained by theoret-
ical computations, which suggest that cations adsorb to
corroding surfaces [25]. However, these calculations do
not capture the exact corrosion differences between
cations. It is therefore likely that additional factors
affect cathodic corrosion.

One of these factors might be atomic hydrogen, which
adsorbs to Pt surfaces below w0.3 V vs. RHE [35,36]:

adsorbed hydrogen (*H) might drive surface area
creation during cathodic corrosion [25]. Even before
the onset of cathodic corrosion, sufficient amounts of
adsorbed hydrogen can induce platinum step edge
reconstruction, converting straight (111)-oriented
straight step edges into roughened step edges with a
(local) (100) orientation [37]. This step edge rough-
ening could be considered a prelude to terrace
roughening at more negative corrosion potentials. The
essential role of *H would also be consistent with
recent results from Elnagar et al. [38] for cathodic Au

corrosion in mixtures of water and nonaqueous sol-
vents: this study found no cathodic corrosion in
absence of water. Because water would be the main
hydrogen source during cathodic corrosion, these re-
sults in absence of water support the hypothesized
relevance of *H.

Adsorbed hydrogen therefore joins the electrolyte cat-
ions and the corroded metal as one of the three chemical
species that likely play a key role during cathodic
www.sciencedirect.com
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corrosion. During corrosion, these species might
combine into a ternary metal hydride, such as Na2PtH4,
Na3RhH6, or NaAuH2 [39e41]. Such hydride formation
resembles cation incorporation in noble metals [10],
which has previously been suggested to drive cathodic
corrosion [42]. In addition, the formation of ternary
metal hydrides would parallel the conversion of Pb and
Sn to PbH2 or SnH4 [8,9,43e45]. Although presently

unconfirmed, the possibility of ternary metal hydrides
during cathodic corrosion therefore seems plausible.
This hypothesis could be tested spectroscopically, if
challenges related to hydrogen evolution during
cathodic corrosion are overcome.

Although the exact cathodic corrosion mechanism has so
far remained elusive, cathodic corrosion can morpho-
logically alter metallic surfaces at potentials as mild
as �0.4 V vs. RHE in highly alkaline media [30]. Such
potentials are frequently encountered during CO2

reduction or the reduction of organic molecules [46,47],
which suggests that catalyst surfaces can change
cathodically during electrocatalysis. In fact, cathodic
corrosion has been observed during CO reduction on Au
[32], Cu surfaces reconstruct anisotropically during CO2

reduction [48,49], and Sn electrocatalysts display
anisotropic pits after nitrate reduction [44]. Such
structural changes could affect electrocatalysts because
a catalyst’s structure often affects its performance
[50,51]. In this respect, cathodic corrosion can be much
more detrimental to electrode stability than anodic

corrosion, especially for metals such as platinum [30].
Applications
Conversely, the structure-altering effects of cathodic
corrosion can also benefit electrocatalysis. These bene-
fits are usually exploited by using cathodic corrosion to

synthesize a broad range of nanomaterials [34].

Examples include the production of oxide materials,
which are presumed to form cathodically and oxidize
rapidly afterward. These materials, such as H2WO4,
TiO2, and BiVO4, can be used as photocatalysts [52].
More complex photocatalysts can be created as well, by
corroding alloy electrodes instead of monometallic ones.
This approach recently yielded a series of metal-doped
titanate photocatalysts [53].

Alloy corrosion can also produce metallic alloy nano-
particles, as was initially demonstrated by producing
PtRh alloys with tunable composition [54]. Although
great care should be taken in verifying the local
composition of such nanoparticles [55], there are many
nanoalloys that can be created cathodically [34,56].
Nanoalloys can even be created if an alloyed sacrificial
electrode is unavailable because the alloy elements are
immiscible on the bulk scale [57]. In this case, one can
corrode a monometallic electrode in the presence of a
www.sciencedirect.com
reducible cation in solution. This cation is coreduced
during cathodic corrosion to create classically immis-
cible alloys such as PtBi and PtPb [58].

Besides synthesizing ‘complex’ alloy and oxide systems,
the production of ‘simpler’ monometallic nanoparticles
also benefits from cathodic corrosion. For these parti-
cles, the final particle orientation and size can be tuned

by varying the corrosion current [59] and corrosion
electrolyte [28,29]. By tweaking these variables, one can
convert a metal such as Pt to (100)-rich particles for
ammonia oxidation [28] or defect-rich Pt nanoparticles
for enhanced oxygen reduction [60].

Interestingly, a similar approach can modify existing
bulk or nanoparticulate electrodes. For example,
cathodic corrosion can tailor both the catalytic activity of
Pt(111) toward oxygen reduction and its selectivity
toward glycerol oxidation [61]. Similarly, cathodic

corrosion can disperse and regenerate nanoparticle cat-
alysts [62]. The benefits of cathodic corrosion therefore
extend beyond nanoparticle synthesis alone.
Outlook
Cathodic corrosion can produce milligrams of nano-
particles in minutes or hours, using a simple voltage
source and without requiring capping agents that might
affect catalytic performance [63]. Illustrating this point,
elegant adaptations of cathodic corrosion have already
produced a range of metallic, alloyed and metal oxide
nanocatalysts [45,52e54,56,58,60,64]. At the same
time, we recognize a current scarcity of systematic
research on the parameters that impact the size, shape,
and composition of cathodically generated nano-
particles. Understanding these parameters is crucial for
the widespread deployment of cathodic corrosion, which

depends on a detailed understanding of its advantages
over other nanoparticle synthesis methods.

This development will therefore benefit greatly from
further fundamental cathodic corrosion studies. Such
studies have already provided guidelines for nanoparticle
production and electrode modification [14,25], and
further work should expand these guidelines. Further-
more, this fundamental workmight eventually reveal the
identity of the cathodic corrosion intermediate.

Pinpointing this intermediate is also paramount for un-
derstanding metallic surfaces at industrially relevant
cathodic potentials. Ideally, such understanding would
be summarized in updated Pourbaix diagrams. Although
these diagrams typically feature the metallic state as the
most reduced one for transition metals [43], they might
eventually incorporate cathodic corrosion products.

To inspire such updated diagrams, we have provided a
tentative version in Figure 4. This figure is based on the
Current Opinion in Electrochemistry 2021, 26:100653

www.sciencedirect.com/science/journal/24519103


Figure 4

Simplified Pourbaix diagram for platinum, adapted from literature [43]. The
upper and lower dashed line represent the conversion from water to
oxygen and hydrogen, respectively. The corrosion onset potentials were
explicitly determined in 1, 5, and 10 M NaOH [25,30] with 0.1 V accuracy.
These potentials were used to construct an approximate boundary be-
tween ‘Immunity’ and ‘Cathodic Corrosion’ in the present diagram, which
should strictly be used for illustrative purposes.
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standardPourbaix diagram for Pt [43] but incorporates the
known cathodic Pt corrosion onset in alkaline solutions
[25,30]. At lower pH values, cathodic corrosion also occurs

[5,34],whichFigure 4 visualizeswith a shaded area, in lieu
of established onset potentials. Finding these onsets is
highly desirable but equally challenging due to the
hydrogen evolution that accompanies cathodic corrosion:
hydrogen evolution produces OH�, which significantly
increases the near-electrode pH with respect to the bulk
pH [65,66]. Reflecting this fact, the cathodic corrosion
onset at lower pH values is illustrated for a hypothetically
high near-electrode pH, resulting in a constant onset with
respect to the normal hydrogen electrode.

In addition, it should be noted that Pourbaix diagrams
describe systems in thermodynamic equilibrium. In this
sense, it is not strictly correct to include cathodic
corrosion onset potentials similar to those in Figure 4:
these onset potentials were determined for systems
with unknown concentrations of metastable reaction
species and at conditions where the near-electrode pH
differs from the bulk pH. Besides identifying onset
potentials, future studies should therefore also attempt
to establish cathodic corrosion equilibrium potentials.
Current Opinion in Electrochemistry 2021, 26:100653
Furthermore, updated Pourbaix diagrams might explic-
itly incorporate the role of electrolyte cations. This
could be achieved by assuming a constant background
concentration of Naþ [67], or by incorporating a cation
concentration axis. Despite the notable points of
improvement in the current illustrative Pourbaix dia-
gram, future updated Pourbaix diagrams will help ex-
press that the cathodic behavior of metals can be more

complex than suggested by the widespread use of
cathodic protection.
Conclusions
Summarizing, cathodic corrosion is an electrochemical

process that etches metallic electrodes and produces
nanoparticles at (not so very) negative potentials. As of
this writing, cathodic corrosion has been established to
occur as early�0.4 V vs. RHE in 10 MNaOH, in tandem
with electrochemical hydrogen evolution. Cathodic
corrosion in aqueous media is currently hypothesized to
be mediated by ternary metal hydrides, which may
generate pre-nucleation clusters in solution that facili-
tate nanoparticle formation under suitable conditions.
Although detailed confirmation of this hypothesis is still
pending, the past years have seen cathodic corrosion

being used for producing nanoparticles and bulk elec-
trodes with enhanced electrocatalytic properties. If
these improvements toward fundamentally under-
standing cathodic corrosion and its nanoparticle pro-
duction continue, they will firmly cement this 19th
century phenomenon into modern 21st century
electrochemistry.
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