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ABSTRACT: Since their first appearance, electrode potential/solution pH charts
(Pourbaix diagrams) have served as a general framework for the analysis of material
corrosion in aqueous solutions. Their utility in describing electrochemical stability of
materials is rooted in the equilibrium thermodynamics based formalism. Electrochemical
energy systems, however, do not always operate under thermodynamic equilibrium
conditions, and corrosion itself is an inherently irreversible interfacial process. In this
Perspective, we highlight a number of representative studies drawn primarily from
(photo)electrocatalysis research and aimed to account for the effects of potentiodynamic
polarization and transient dissolution, interfacial electrochemical reactions, formation and
stability of metastable phases, strain-induced corrosion, as well as the kinetics of dissolution
and phase transformations. Some theoretical approaches that can help disentangle corrosion mechanisms under conditions relevant
to electrochemical energy conversion applications are briefly discussed. We also advocate for more research efforts directed at the
basic science of electrochemical corrosion that has long been deemed as a not “fancy” topic.

■ INTRODUCTION

Metal corrosion has been a serious impediment to the
development of human civilization. Pliny the Elder (AD 23−
79), the early Roman Empire’s philosopher and army
commander, wrote extensively about metallurgy in his
encyclopedic treatise “Natural History”. A special place was
held for iron due to its use for weaponry, where the corroded
metal is called “ferrum corrumpitur” (spoiled iron). It was
believed that corrosion of metals is the punishment of the gods.
Since then, the humanity has made tremendous strides to
remove the pall of superstitions and adopt the methods of
science to advance our understanding of metal corrosion.
However, the center of gravity in our corrosion research has
been disproportionately displaced toward empirical trial-and-
error; not without astonishing successes, of course. One of the
celebrated examples of such Edisonian approach in corrosion
science is the advent of rust-resistant (stainless) steels in 1913 by
Harry Brearley truly revolutionizing manufacturing in the 20th
century. Another example is cathodic protection discovered by
Humphry Davy and Michael Faraday in the first half of the 19th
century, but finding practical realization only some 100 years
afterward.
An important step in our fundamental understanding of metal

corrosion in aqueous environments has been the invention of
electrode potential/solution pH diagrams published by Marcel
Pourbaix in 1945 as his doctoral thesis.1 These electrochemical
phase diagrams derived from the laws of equilibrium
thermodynamics have become a major framework for the
treatment of corrosion problems ever since. In recent years with
the widespread application of electrochemical energy storage

and conversion technologies, Pourbaix diagrams have been
extensively utilized to rationalize and predict the corrosion
behavior of energy materials. Furthermore, the launch of the
Materials Genome Initiative in 2011 has helped to intensify
community efforts in automating the construction of such
thermodynamic diagrams. This has led to the emergence of so-
called computational Pourbaix diagrams now available as part of
the Materials Project.2−4 This approach has become an
indispensable theoretical tool to enable rapid thermodynamic
analyses of materials corrosion that are now routinely
accompanying high-throughput screening investigations of
electrochemical energy materials. Originally, Pourbaix diagrams
were not designed to consider out-of-equilibrium systems.
Although useful as the first step in the stability analysis of energy
materials, the pervasive application of such thermodynamic
diagrams may lead to the wrong impression that such an analysis
is sufficient.Moreover, Pourbaix diagrams do not provide critical
details about corrosion mechanisms, how the transitions
between equilibrium phases occur when electrode potential
and local pH are changed, and how these transitions are
manifested in materials instability.
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The goal of this Perspective is to draw attention to several
aspects for which analysis is not readily available from standard
Pourbaix diagrams but are important for a more complete
description of corrosion behavior. In particular, we discuss the
role of potentiodynamic polarization of the electrodes resulting
in transient dissolution, formation and stability of metastable
phases, strain-induced electrochemical corrosion, different
electrocatalytic reaction pathways at the interface destabilizing
the catalyst, and kinetic control. We note that all of these factors
may simultaneously contribute to materials instability to varying
degrees depending on the material and working conditions. It is,
however, instructive to discuss these factors separately. We also
outline some theoretical approaches that can be employed to
address these aspects in light of materials instability. Here, we
skip the description of the formalism underlying the
construction of Pourbaix diagrams and refer the reader to the
available literature.5−7

■ DISCUSSION

Potentiodynamic Conditions and Transient Dissolu-
tion. One tacit assumption of any theoretical analysis based on
Pourbaix diagrams is that thermodynamic equilibrium is
reached. This also assumes that even if the electrode potential
changes, it does so in a quasi-equilibrium fashion. This is not
always the case in practice due to the transient operating
conditions of many energy conversion devices including fuel
cells and electrolyzers.8−12 Moreover, the cycling between
reducing and oxidizing potentials can be deliberately employed
to steer reactivity of electrocatalysts.13 It was demonstrated,
however, that such potential fluctuations may result in transient
dissolution, i.e., dissolution during a transition between two
thermodynamically stable phases. What is important is that
transient dissolution may substantially exceed dissolution under
steady-state conditions.8 It was also shown that, depending on
the metal, transient dissolution could be more pronounced
under either cathodic (negative-going) or anodic (positive-
going) potential scans.10 We still do not quite understand the
mechanistic reasons behind these observations.
For example, previous experiments using electrochemical

online inductively coupled plasma mass spectrometry (ICP-
MS) provided real-time data on Pt dissolution as a function of

dynamically changing electrode potential.8 These voltage
cycling experiments were aimed at mimicking the startup-
shutdown cycles of an automative fuel cell in which Pt catalyzes
the oxygen reduction reaction (ORR). Crucially, it was revealed
that the most severe Pt dissolution occurs during the cathodic
potential sweeps, while the anodic potential scans resulted in
much lower Pt dissolution rates. It was proposed that the
oxidation of the Pt surface is complete at about U = 1.15 VRHE,
while a further increase in the potential leads to the formation of
a subsurface oxide of unknown nature. It was hypothesized that
the observed reductive dissolution of Pt is related to the
subsurface oxide.
The observed transient nature of Pt dissolution can be

contrasted with the case of Cu that exhibits time-independent
metal dissolution.14 Figure 1 demonstrates the distinctive
behavior of Pt and Cu dissolution as revealed by the same
experimental techniques. It can be clearly seen from the figure
that the rate of Pt dissolution decreases significantly during the
first 200 s as a response to a potential perturbation. In contrast,
an excellent agreement between Cu dissolution and applied
current is observed with sharp transitions between the open-
circuit potential (OCP) measurements and applied currents as
seen from Figure 1.
A recent computational study has attempted to reveal the

reaction mechanism of Pt dissolution and the nature of the
subsurface oxide formed during potential cycling to explain
transient dissolution observed in experiments.11 Based on DFT
calculations under constant-potential conditions in conjunction
with the genetic algorithm of global structural optimization, the
following Pt dissolution mechanism was proposed:

anodic sweep: 3Pt 4H O Pt O 8(H e )2 3 4
s

+ + +
+

(1)

cathodic sweep: Pt O 8H 6e Pt(H O) 2Pt3 4
s

2 4
2

+ + [ ] +
+ +

(2)

Specifically, during the anodic potential scan (eq 1), the Pt
surface is oxidized undergoing a surface reconstruction at U >
1.1 VRHE to produce a surface oxide Pt3O4

s consisting of corner-
sharing square planar PtO4motifs. During the cathodic scan (eq
2), the newly formed surface oxide is first reduced to a Pt
hydroxide at U = 1.0 VRHE and pH = 1, which is subsequently

Figure 1. (a) Pt dissolution profile under steady-state conditions with potential holds at +0.15, +1.6, +1.0, and +0.15 VRHE. The dotted line indicates
the detection limit for the measurement. Reprinted with permission from ref 8. Copyright 2012 Wiley-VCH. (b) Cu dissolution profile (IDiss, hollow
spheres, left axis) and overlaid sum of applied current and corrosion current (Iapplied + Icorr, red line, right axis). The inset shows the magnified region
between 1950 and 2330 s with a linear approximation of the plateau values for the baseline and during galvanostatically applied current (100 nA).
Reprinted with permission from ref 14. Copyright 2011 Elsevier.
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reduced and dissolves as [Pt(H2O)4]
2+. Despite getting very

insightful results, the study does not consider some other factors
that might play a role, such as kinetics of phase transformations
and lattice strains generated during potential cycling. These
aspects will be discussed in the next sections.
While static DFT calculations can provide extremely valuable

insights into the stability of energy materials including via DFT-
calculated Pourbaix diagrams, they do suffer from a number of
shortcomings especially when it comes to describing the time-
dependent evolution of reacting interfaces. In this regard, the
methods based on reactive force-field (ReaxFF) empirical
interatomic potentials can reachmuch larger simulation scales.15

One example of the application of the ReaxFF formalism to
corrosion is the study of Pt surface degradation in which the
oxidation of 2−4 nm Pt particles was simulated employing a
ReaxFF within a grand-canonical Monte Carlo scheme.16 The
constructed potential-dependent phase diagrams suggested that
surface oxide structures should be stable between 0.8 and 1.1
VSHE, but should form anionic subunits of Pt6O8 stoichiometry
beyond 1.1 VSHE. Detachment of such Pt6O8 clusters from a fully
oxidized particle into solution was also modeled, suggesting its
important role in Pt degradation. These results are in good
agreement with predictions from DFT simulations.11,16 ReaxFF
models are thus capable of pinpointing a multitude of metastable
structures formed during the oxidation of metal surfaces,16,17 as
well as providing insights into transient behavior.18 These
studies demonstrate the feasibility of a well-developed ReaxFF
model for investigations of catalyst degradation phenomena
over a wider range of structural configurations than is accessible
to DFT.
Another approach to overcoming the sampling limitations of

DFT is to combine it with machine learning (ML) approaches.
SuchML-assisted first-principles simulations may help elucidate
the atomistic details of dynamically evolving electrochemical
interfaces under reaction conditions.19−24 For example, in a
recent work combining microscopy, spectroscopy and accel-
erated ML molecular dynamics a detailed atomistic picture of
dynamic surface restructuring of Pd deposited on Ag was
revealed.20 It was demonstrated in simulations and confirmed by
surface science experiments that in contrast to the thermody-
namically favored states, where Pd is dispersed in the Ag bulk,
nontrivial metastable structures should prevail at mild temper-
atures. Critically, the observed restructuring behavior has a
profound effect on the catalytic performance, as activation of the
catalyst is enabled by surface metastable states. It should be
noted that the study focused on bare alloy interfaces, simplifying
the overall treatment due to the absence of electrical double
layer effects arising in aqueous electrocatalysis.
Unfortunately, the application of DFT-ML methods to

understand the mechanisms of electrochemical corrosion in
aqueous environments is still quite rare.23−27 Nevertheless, we
believe that a combination of DFT and ML tools can be
extremely helpful in tackling complex corrosion problems.
Recent advances in deep ML including the approaches based on
Boltzmann generators28 can significantly help with sampling of
equilibrium states. Moreover, these methods can avoid the need
to manually specify reaction coordinates to examine transitions
between metastable states that is necessary for many enhanced
sampling methods such as metadynamics and umbrella
sampling.29

In an attempt to generalize the results on Pt transient
dissolution behavior discussed above, a recent investigation
analyzed electrochemical dissolution of a series of representative

3d, 4d, and 5d transition metals under potentiodynamic
conditions in both acidic and alkaline media.10 It was found
that during the anodic potential scans leading to oxide formation
at η = 200 mV in base, all of the investigated metals underwent
transient dissolution with the extent of dissolution increasing
within each d-shell. However, during the reduction of the
formed oxide layers, dissolution behavior was found to differ
considerably. In particular, transient reductive dissolution was
observed in the case of Rh, Ir, Pt, and Ru, while no dissolution
was detected for 3dmetals (Fe, Co, and Cu). In acidic media, 3d
metals were excluded from the analysis due to their severe
corrosion.
It was also shown that transient anodic dissolution correlates

reasonably well with metal cohesion energy (M−M bond
strength), while transient cathodic dissolution correlates with
oxygen adsorption energy (M−O bond strength). Thus, it
turned out that even such basic descriptors can be employed to
explain dissolution trends across transition metals fairly well.
Nevertheless, building a more quantitative theory capable of
describing both steady-state and transient dissolution regimes
would require more detailed atomistic information. For
example, it was recently revealed by combining experiments
with DFT simulations that the marked difference in the anodic
dissolution of Pt(111) and Pt(100) upon oxidation originates
from the different atomic structures of the initial oxide.30 This in
turn leads to different Pt extraction mechanisms affecting the
process reversibility and materials stability.
On the other hand, the formation of an oxide layer during

metal oxidation may in fact be beneficial for materials stability. A
well-known example is stainless steels, in which the addition of
alloying elements such as Cr or Mo leads to the formation of
protective passive films improving corrosion resistance. Novel
materials design strategies such as the use of high-entropy alloys
may even result in superior corrosion-resistant properties
compared with conventional alloys.31,32 Overall, these inves-
tigations showcase the significance of atomic-scale insights into
the intricate interplay between different interfacial subprocesses
such as surface oxidation, restructuring, and metal dissolution to
explain time-dependent corrosion behavior beyond the
Pourbaix diagram analysis. These studies also enrich our
understanding of how to control dynamic interfacial behavior
to steer catalytic activity without significant compromises in
electrode stability.

Strain-Induced Electrochemical Corrosion. Lattice
strain is an important factor that influences the corrosion
behavior of energy materials. In electrocatalysis, strain engineer-
ing has emerged as an efficient strategy to tune electrocatalytic
activity.33−38 But even if the strain is not deliberately exploited
to enhance activity, electrochemical processes involving
oxidation or reduction of the surface atoms and adsorption of
reaction intermediates will always induce local lattice strain.39,40

This in turn will affect not only catalytic activity but also
materials stability since strain modifies the electronic structure
of the surface sites. Such strain effects can be pronounced even
for the most noble metal electrodes, such as Pt and Pd. For
instance, electrochemically driven incorporation of hydrogen
into the bulk Pd nanocrystal is known to induce severe Pd lattice
expansion causing a phase transition.41 In the case of Pt, which is
one of the best catalysts for the hydrogen evolution reaction,
surface Pt hydride structures of several monolayers may form
thereby playing an important role in activity and cathodic
corrosion of Pt.42−44This will introduce significant lattice strains
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that should cause surface reconstruction and eventual Pt
detachment to solution.44,45

A recent investigation focused on analyzing the relationship
between strain and corrosion in Pd@Pt core−shell octahedral
nanoparticles.39 This system exhibits one of the best electro-
catalytic activities toward theORR. The study revealed that both
the static local strain and the evolving curvature synergistically
control the nanoscale corrosion kinetics. In particular, it was
determined that corrosion starts from defects in the corners and
terrace due to accumulated strain of the Pd and Pt lattice
mismatch. For example, Figure 2a shows the distribution of
strain across the 37 nm octahedron before corrosion covering
the range from −3% compressive strain to +3% tensile strain.
The time-sequential transmission electron microscopy (TEM)
demonstrated that the etching process starts from a corner
defect and propagates to the center of the nanoparticle. It was
also shown that small strain (either compressive or tensile)
always has a lower and large strain has a higher etching rate. Also,
tensile strain was determined to cause faster etching than
compressively strained samples (see Figure 2b). To complement
these experimental observations, DFT simulations were under-
taken. Figure 2c shows the calculated dissolution potential
difference between strained Pd(111) slabs and unstrained
Pd(111) slab. It is seen that both compressive and tensile strain
should promote the etching process with tensile strain leading to
a more pronounced dependence indicating easier etching in
agreement with experiments.
It was previously demonstrated on the example of single

crystals and nanoparticles that the electrochemical strain is a
direct consequence of charge adsorption processes.40,46,47 For
example, it was measured that the lattice constant is minimum at
the potential of zero total charge (pztc) and increases upon
adsorption of positively or negatively charged species.40

Moreover, a robust linear relationship between the relative
variation of the lattice constant and themeasured charge transfer
for both potential sweep directions from the pztc was
determined upon electrochemical monitoring of adsorption on
Pt electrodes. This suggests that experimentally measurable
lattice strain could serve as a structural descriptor of adsorption
and catalytic trends.48

In a recent DFT investigation the role of strain was analyzed
for the case of the lattice oxygen mechanism (LOM) of the
oxygen evolution reaction (OER) across a series of perovskite
oxides.49 This mechanism, to be discussed in the next section, is
often associated with surface instability and metal dissolution
during the OER.50,51 Specifically, it was shown using DFT
calculated free energy diagrams that lattice oxygen involvement
can explain the improved OER and ORR activities of
compressively strained LaNiO3.

In addition, we point out that electrochemical dissolution
driven by strain could also be important in the context of
transient dissolution discussed in the previous section. This is
because the changes in electrode potential, depending on the
scanning rate, could be much faster than the structural
modifications and (electro)chemical transformations induced
by potential fluctuations. This will unavoidably lead to the strain
accumulation affecting the materials stability. The interplay
between potential changes, induced strains, and corrosion of
(photo)electrocatalysts is not well understood. Overall,
theoretical modeling of catalyst dissolution and surface
restructuring induced by strain could help decouple the role of
strain from other contributions and, thus, provide useful insights
into corrosion behavior.

Interfacial Electrochemical Reactions. It is established
that the stability of the same electrode material may strongly
depend on the nature of the interfacial electrochemical reaction.
For instance, it was demonstrated on the example of Pt
electrodes that continuous Pt dissolution occurs during the
OER, limited dissolution takes place during the CO oxidation
reaction, and no dissolution was observed during the ORR.52

But even under similar experimental conditions, electrochemical
energy materials may undergo multiple competing interfacial
processes that have different repercussions for materials stability.
Therefore, atomic-scale knowledge of such reaction pathways
and their role in electrochemical stability depending on
conditions such as solution pH and electrode potential is
important for developing a predictive understanding of materials
(in)stability.
One example is the OER over metal-oxide electrocatalysts

that can proceed via a number of reaction pathways. In the past,
the so-called adsorbate evolving mechanism (AEM) has become
the classical mechanism of the OER widely analyzed in
literature. The AEM pathway is conventionally divided into
four elementary proton-coupled electron transfer steps involving
oxygen intermediates *OH, *O, and *OOH as follows:

H O HO e H
2

* + * + +
+

(3)

HO O e H* * + +
+ (4)

H O O HOO e H
2

+ * * + +
+

(5)

HOO O (g) e H2
* + + + *+

(6)

The OER thermodynamics is most commonly studied using the
computational hydrogen electrode approach.53,54 The method
enables an evaluation of the thermodynamic overpotential for
the overall OER using DFT calculations as

Figure 2. (a) Strain map of the Pt@Pd octahedron before corrosion. (b) Comparison of the etching under compressive and tensile strain. (c)
Calculated dissolution electrode potential difference between Pd(111) slabs and the unstrained Pd(111) slab. Reprinted with permission from ref 39.
Copyright 2020 Cell Press.
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G G G G emax , , , / 1.23V
OER 1 2 3 4= [ ] (7)

where ΔGi (i = 1, 2, 3, 4) are the calculated free energies of the
AEM reaction steps and 1.23 V is the equilibrium potential of
water splitting. A distinctive feature of the AEM is that the
reaction occurs over the same surface transition-metal center,
exemplifying a cationic redox reaction.
Previously, alternative OER pathways have been proposed

including the so-called LOM.49,55−62 The metal oxides capable
of lattice oxygen redox chemistry were found to exhibit pH-
dependent OER activity on the reversible hydrogen electrode
scale. This indicates nonconcerted proton−electron transfers
during the OER unlike the conventional AEM. Figure 3 depicts

AEM and LOM reaction pathways on the rutile MO2(110)
surface structure. Here, we refer to a large body of previous work
discussing the role of lattice oxygen activation in the OER and
ways to enhance OER activity via LOM.60,63,64

What is far less understood, however, is the role of LOM in the
electrochemical stability of catalysts. When lattice oxygen is
involved in the electrochemical generation of O2 product from
water, it leads to the breaking of lattice M−O bonds, formation
of structural oxygen vacancies and overall destabilization of the
catalyst structure. On the basis of a general thermodynamic
analysis it was revealed that metal-oxide dissolution and LOM
are universally linked being both triggered during the OER.58

However, the microscopic details remain largely unclear.
Experimentally, it was shown that LOM can indeed have a
significant impact on electrochemical stability, but it depends on
the system. For example, by using various experimental
techniques such as isotope labeling with atom probe
tomography and electrochemical mass spectrometry, it was
demonstrated that most of the Ir-based alloys and mixed
oxides,50,51 sputtered Ru oxides,56 as well as many non-noble
perovskites,59,65 transform to amorphous or hydrous oxides
evolving oxygen from the lattice. In the case of the SrIrO3 OER
electrocatalyst, amorphization was found to be triggered by the
lattice oxygen activation that leads to coupled Sr2+ and O2−

diffusion at the oxide−electrolyte interface.66 This surface

restructuring process results in the formation of a highly
disordered, amorphous film composed of Ir4+O6 octahedra with
Sr2+-Ir3+ residue. The final structure was found to be more
disordered than the electrochemically or thermally grown
amorphous IrOx.
On the other hand, no lattice participation in the OER was

observed for Pt67 and thermally prepared RuO2.
68 In the case of

LaNiO3, although pronounced involvement of lattice oxygen in
the OER was detected69 in agreement with theoretical
predictions,49 the surface largely remained crystalline and in
the perovskite phase after the OER.
Another recent investigation focused on the processes

occurring at the surfaces of calcined and uncalcined IrO2

nanoparticles during water electrolysis.70 It was found that the
mechanism of the OER should change at higher potentials,
which impacts the durability of the catalyst. Specifically, it was
determined that calcined IrO2, after removal of lattice oxygen,
exhibited stronger Ir−Ir interaction at OER potentials above 1.5
V compared to uncalcined IrO2 leading to the increased
dissolution stability of the IrO2 catalyst after calcination. This
outcome was attributed to the formation of a periodic Ir−O−Ir
structure in calcined IrO2 after oxygen removal, resulting in
lower oxidation state of Ir at higher potentials. These results
were further supported by ab initio molecular dynamics
(AIMD)-based simulations that showed a significantly increased
energy barrier for Ir dissolution from reduced IrO2, with the first
transition from Ir(III) to Ir(IV) contributing the most to the
dissolution barrier.
A subsequent DFT modeling study focused on comparing

interfacial reoxidation dynamics for the rutile(110) surface of
RuO2 and IrO2 as a response to the OER proceeding via the
LOM.71 It was found that these oxides display qualitatively
different reoxidation behavior, which has important implications
for their electrochemical stability. In particular, it was observed
that in contrast to IrO2(110), which is forming highly stable low
oxidation state Ir(III) species as a result of LOM, Ru species at
RuO2(110) undergo facile reoxidation by solution water. This
should in turn facilitate the formation of high Ru oxidation state
intermediates, promoting metal dissolution.
In another recent experimental study, the OER activity and

stability of a series of complex perovskite catalysts were analyzed
in a wide range of solution pH (7−14).72 It was demonstrated
that different mechanisms of the OER (AEM and LOM) are
predominant in different pH regions. Interestingly, it was
revealed that most investigated perovskites exhibit the greatest
stability at higher pH levels where LOM appears to dominate
over the classical AEM mechanism, suggesting formation of a
dynamically stable surface.
The examples discussed above demonstrate that the

involvement of the LOM in the OER may have a complicated
effect on catalyst stability. It was pointed out in many previous
studies that surface reconstruction during the OER is not
synonymous to electrochemical instability.72−74 In fact, a
dynamic process of metal dissolution and redeposition back to
the surface leading to a modified interface with often improved
OER activity and stable performance can be considered as
”dynamic stability”. Therefore, there is certainly a need to better
understand atomistic details of the overall OER process
including lattice oxygen redox from both thermodynamic and
kinetic points of view and how it affects electrochemical stability
of electrocatalysts.

Formation and Stability of Metastable Phases.
(Photo)electrochemical processes may lead to the destabiliza-

Figure 3. Schematic representation of the AEM and LOM of the OER
over the rutile MO2(110) surface. Reprinted with permission from ref
61. Copyright 2020 American Chemical Society.
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tion of thermodynamically stable materials and facilitate the
formation of metastable phases. Depending on working
conditions, these metastable phases may be short- or long-
lived and even define the overall interfacial activity and
stability.12,75−77 Thus, in some cases, material interfaces can
be in constant state of dynamic metastability making it
challenging to analyze their properties based solely on
equilibrium Pourbaix diagrams. Metastable phases may exhibit
catalytic activity much higher than that of their thermodynami-
cally stable parent structures, albeit often at the expense of their
stability. This has led to increasing efforts to develop metastable
materials for electrocatalytic energy conversion applications.78

Electrochemical stability of metastable materials has started
attracting attention from a theoretical perspective relatively
recently. One proposed approach is the extension of Pourbaix
diagrams to include the relative Gibbs free energy of metastable
materials as a function of solution pH, electrode potential,
temperature and bulk concentration of aqueous species.75 Since
metastable phases cannot lead to thermodynamically favorable
redox reactions, their Gibbs free energy (ΔGpbx) is taken with
respect to the Pourbaix stable domains as a function of pH and
potential, and thus, ΔGpbx = 0 corresponds to the electrochemi-
cally stable materials. The predicted ΔGpbx > 0 can be tolerated,
e.g., due to high kinetic barriers of solid−solid phase
transformations. Overall, the method allows one to chart
electrochemical instability maps for selected (meta)stable
materials, enabling quantification of thermodynamic propensity
to be stable, passivate, or corrode.
A successful application of this computational methodology

validated by experiments was recently carried out on the
example of the Fe−V−O−H system in aqueous media.75 By
computing the relative Gibbs free energies of possible
decomposition products as a function of pH and potential,
thermodynamic propensity toward electrochemical stabiliza-
tion, passivation, and corrosion was analyzed. Figure 4 shows the

DFT computed Pourbaix diagram of the Fe−V−O−H system
with a 1:1 composition of Fe and V. Thermodynamic stability
regions of the relevant ground-state solids (FeO, Fe2O3, Fe3O4,
Fe2V2O13, Fe3V, FeV, VO2, V2O3, V3O4, and V2O5) are depicted.
The metastable triclinic-FeVO4 phase is not represented in this
equilibrium Pourbaix diagram, as it is predicted to sponta-

neously decompose into stable Fe2V4O13 and Fe2O3. However,
the calculation of ΔGpbx with respect to stable domains allows
one to quantify the FeVO4 instability against different possible
combinations. The predicted ΔGpbx of the metastable triclinic-
FeVO4 phase can be superimposed on the Pourbaix diagram, as
shown in Figure 4 by the color bar. Theminimum value ofΔGpbx

is found to be 0.34 eV/atom at pH = 1.63 and E = 1.85 VRHE. In
this work, the same theoretical analysis was also performed for
20 more materials, revealing that the systems with ΔGpbx up to
0.5 eV/atommay remain stable in aqueous environments. When
ΔGpbx exceeds 0.5 eV/atom and materials exhibit decom-
position to only aqueous species, materials corrosion is likely to
occur. However, when decomposition to both solid and aqueous
phases is possible, materials can display self-passivation.
The proposed extension of Pourbaix diagrams is certainly an

advancement toward a more comprehensive thermodynamics-
based analysis of material corrosion behavior. However, it
should also be pointed out that in electrochemical applications
the formation of an electrical double layer can modify
thermodynamic stability of the considered phases, which is
not captured in the discussed analysis. In addition, the employed
concentration of dissolved metal ions (10−5M) is quite arbitrary
and may not be adequate for real systems. For example, different
ions are characterized by different solubilities that also depend
strongly on solution pH. In fact, the equilibrium lines can
displace quite significantly relative to the ΔGpbx values when
other ion concentrations are considered.7

Kinetics of Dissolution and Surface Restructuring.
Pourbaix diagrams, being purely equilibrium thermodynamics-
based charts, completely ignore the kinetics of interfacial
processes such as dissolution or solid−solid transformations.
However, it is known that the corrosion behavior of electro-
chemical interfaces may be dominated by kinetics rather than
thermodynamics. Unlike Pourbaix diagrams used to identify
thermodynamic driving forces for materials instability, we still
do not have canonical rules to enable predictions about
kinetically controlled corrosion behavior.
One exemplary material is BiVO4 known as one of the best-

performing oxide photoanodes for water splitting.79 This
material is well suited for driving the OER because of its
favorable combination of electronic-structure properties. In a
recent study80 corrosion mechanisms of BiVO4 were inves-
tigated by combining experiments and DFT simulations. An in-
depth analysis of compositional and morphological changes in
BiVO4 under photoelectrochemical water splitting conditions
revealed chemical instabilities that are not predicted by the
computational Pourbaix diagram involving stable solid oxide
phases. In particular, Figure 5 shows the DFT computed
Pourbaix diagram used to provide insight into the thermody-
namic stability of BiVO4. It is predicted that BiVO4 should be
stable in the pH range from 1 to 11, but is expected to
decompose at the oxygen evolution potentials. Specifically, V
should dissolve as VO4

− ions, but the surface should self-passivate
due to the formation of a chemically stable passivating bismuth-
oxide film impeding BiVO4 dissolution. However, the loss of
both Bi and V species was experimentally detected. Importantly,
while BiVO4 dissolution was accelerated under illumination, it
was also observed under dark conditions. These results indicate
that the thermodynamic equilibrium at the solid/liquid interface
is not established, suggesting kinetically inaccessible self-
passivation. A recent combined experimental-theoretical study
also identified kinetic origins of the metastable zone width in the
Pourbaix diagram of δ′-MnO2.

81 Therefore, computational

Figure 4. Computational Pourbaix diagram of the Fe−V−O−H
system. The Gibbs free energy,ΔGpbx, of the metastable triclinic-FeVO4

phase with respect to the Pourbaix stable phases is superimposed and is
represented by the color bar. The red dashed lines denote potentials of
0 and 1.23 VRHE. Reprinted with permission from ref 75. Copyright
2017 American Chemical Society.
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investigations of possible kinetically controlled transformations
are necessary for accurate descriptions of materials stability
under reaction conditions.
In another investigation,72 the OER activity and stability of

Co-based perovskite catalysts with and without Fe doping was
examined as a function of solution pH. It was shown that
although Pourbaix diagrams of Ba0.5Sr0.5CoO3−δ and
La0.2Sr0.8Co0.8Fe0.2O3−δ identified their thermodynamic insta-
bilities at pH 13, the catalysts exhibited increased current density
during the first cycles, suggesting that cation dissolution kinetics
can also contribute to slowing down materials degradation.
In an attempt to provide insights into the kinetics of metal

dissolution from OER-active metal oxides, a series of recent
studies invoked AIMD free energy simulations.71,82−84 In
addition to the dissolution kinetics, these modeling studies
also provide information about the chemistry of dissolution
intermediates. Owing to the quantum-mechanical treatment of
the electronic structure, AIMD methods allow one to capture
the intricate changes in electronic-structure properties during
the transition-metal dissolution process.

Taking rutile IrO2 as a representative OER catalyst, Ir
dissolution from the IrO2(110) surface into water solution was
modeled using AIMD thermodynamic integration simulations
as a function of electrode potential.82 It was shown that Ir should
dissolve as IrO3 at high anodic potentials and as Ir3+ species at
low potentials, going through the same surface-bound IrO2OH
dissolution intermediate that was found to be stable in a broad
range of electrode potentials. This dissolution mechanism
appears to be consistent with prior experiments involving
dissolution measurements and the detection of the OER
intermediates using online electrochemical mass spectrometry.
Importantly, the dissolution kinetics estimated from simulations
was found to be more favorable when proceeding through the
pathway involving a higher oxidation-state intermediate (i.e.,
IrO3). Figure 6 shows a determined relationship between the
OER activity of dissolution intermediates and kinetic barriers of
their dissolution into water as a function of the Ir oxidation state.
This information is not available from the computed Pourbaix
diagram of IrO2 (Figure 6a). It should be noted, however, that
this theoretical study did not consider other factors that can
influence the overall dissolution kinetics such as the kinetics of
IrO3 hydrolysis, decomposition into IrO2 and O2, and
contribution from a potential participation of the lattice oxygen
in the OER. Another important aspect that is typically ignored
when modeling degradation of electrochemical materials is
electric-field effects. However, electric fields at electrochemical
interfaces could be strong (∼0.1 eV/Å) providing a substantial
contribution to the overall driving force for surface restructuring
and metal dissolution. We note that while the role of electric-
field effects on electrocatalytic activity is now well recog-
nized,85,86 how these effects are manifested in electrochemical
corrosion are yet to be understood.
In light of the above discussion on the corrosion of

photoelectrochemical materials such as BiVO4, we also want
to point out that key differences exist between metal and
semiconductor electrodes. It appears that Gerischer and Bard
were among the first to realize the important role of two types of
electronic charge carriers (from the conduction and valence
bands) present in semiconductors for materials stability.87−90

These investigations led to the formulation of a first general
kinetic model of semiconductor decomposition reactions.88 In
brief, the presence of a hole will weaken the chemical bond and
favor nucleophilic attack, whereas the accumulation of electrons
will favor attack by electrophilic reactants. This will occur under

Figure 5. Computational Pourbaix diagram of the 50−50% Bi−V
system in aqueous solution assuming both Bi and V ion concentrations
at 10−5 mol kg−1. Reprinted with permission from ref 80. Copyright
2016 Nature Portfolio.

Figure 6. (a) Computational Pourbaix diagram for the Ir-aqueous system. (b) Schematic showing the relationship between the OER activity and the Ir
dissolution activation barrier for Ir dissolution intermediates as a function of Ir oxidation state.
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anodic and cathodic polarization of the semiconductor electro-
des, respectively. To account for the nonequilibrium illumina-
tion conditions, the concept of the nonequilibrium quasi-Fermi
energy for electrons and holes in semiconductors was first
introduced by Shockley for p−n junctions91 and then adopted
by Gerischer for photoelectrochemical systems.90 Specifically,
the Gerischer model of semiconductor stability states that the
semiconductor−water interface is stable if the reductive
potential E(H+/H2) is more positive versus NHE than the
cathodic decomposition potential of the semiconductor
En,d(pH), and if the oxidative potential E(O2/H2O) is more
negative versus NHE than the anodic decomposition of the
semiconductor Ep,d(pH). En,d(pH) and Ep,d(pH) are dependent
on solution pH and can be obtained from either experiments or
thermodynamic calculations. However, the true nonequilibrium
thermodynamic theory of irreversible photoelectrochemical
reactions must involve additional concepts such as the rate of
entropy production and Onsager reciprocal relations.92,93

From the standpoint of first-principles simulations, the
investigation of photoelectrochemical materials represents
serious challenges. In particular, theoretical models have to
provide the proper description of charge localization, mobilities,
and energetics of photogenerated electrons and holes at the
semiconductor−water interface. In the past few years, significant
progress has been achieved in this area94−96 including insights
into charge transfer mechanisms at out-of-equilibrium con-
ditions with the help of approaches such as AIMD simulations
and nonequilibrium Green’s function formalism.97,98 Impor-
tantly, modeling studies demonstrated significant differences
between the properties of bulk and surface charge carriers as the
band edge positions depend strongly on the aqueous interfacial
structure and chemistry.95 Nevertheless, first-principles based
understanding of corrosion mechanisms in photoelectrochem-
ical materials remains very limited,99,100 and future research in
this direction seems particularly promising.
Finally, we also want tomention some approaches intended to

extend the utility of Pourbaix diagrams by including kinetic
parameters through the construction of so-called dynamic or
kinetic potential−pH diagrams.101,102 For instance, in the
approach proposed by Bard102 the extension of thermodynamic
potential−pH maps is done by adding a third axis representing
the rate of the investigated reaction as provided by the potential-
and pH-dependent current density. In this work, the approach
was demonstrated on the example of four OER-active
electrocatalysts (IrO2, Co3O4, Co3O4 electrodeposited in a
phosphate medium, and Pt). This method, however, relies on
the use of experimentally measured current densities as a way to
represent kinetic information. It would be interesting if similar
but computational thermodynamic−kinetic diagrams could be
constructed.

■ SUMMARY AND OUTLOOK

The field of electrochemical corrosion of energy materials has
flourished during the past decade, rapidly transforming from a
research backwater to the mainstream. Equilibrium thermody-
namics-based Pourbaix diagrams remain perhaps the most
general and elegant framework to analyze driving forces of
material (in)stability in aqueous media. However, the need for
more accurate quantitative descriptions of reactive electro-
chemical interfaces under varying conditions of energy
conversion calls for theoretical stability analyses beyond classical
Pourbaix diagrams. Drawing on examples from (photo)-
electrocatalysis, in this Perspective we discussed a number of

aspects that are not covered by conventional Pourbaix diagrams

but are important for deeper understanding of electrochemical

stability of energy conversion materials. We highlighted a few

exemplary atomistic modeling studies aimed to assist exper-

imental investigations in interrogating the effects of potentiody-

namic electrode polarization, strain, interfacial electrochemical

reactions, and surface reorganization as well as thermodynamics

vs kinetics. We also noted some key differences in the electronic-

structure properties of metallic and semiconducting electrodes

that have direct implications for materials stability. Given the

diversity of the factors that can influence the corrosion behavior

of (photo)electrochemical materials, it seems quite challenging

to come up with a universal theoretical framework.
Our objective was not to provide a comprehensive overview of

the factors that might affect the electrochemical stability of

energy materials. Rather, we aimed to outline just a few

directions where, in our opinion, computational modeling can

considerably improve the basic understanding of materials

stability. We also suggest that (i) more joint theory-experiment

efforts should be directed at gaining mechanistic atomic-level

understanding of corroding electrochemical interfaces, (ii)

machine learning approaches can play an invaluable role in

complementing both experiments and ab initio modeling to

embrace the complexity of highly dynamic electrode/electrolyte

interfaces, and (iii) more activities should be devoted to

developing and applying theoretical methods to investigate the

instability of (photo)electrochemical interfaces triggered by

nonequilibrium conditions of energy conversion.
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