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of transient dissolution during the reduction is observed. Pd
and Au, on the other hand, show only a very slight increase in
dissolution rate, which is followed by an immediate decline to
the baseline. When quantifying dissolution after this fast
reduction event, it can be a combination of anodic dissolution
tailing and cathodic dissolution. In any case, this value of
cathodic dissolution will be overestimated. On the other
hand, literature reports of dissolution during cycling voltam-
metry typically show transient dissolution for all these PGM
associated with oxide reduction.[5a, 13b] As a control experi-
ment, we repeated the same 300 s oxidation experiment (see
in Figure S5), followed by a linear sweep (2 mVs@1) to
0.05 VRHE, instead of a step to this potential. Indeed, in this
case, all PGMs dissolve upon reduction within a 200 mV
overpotential to their thermodynamic M/Mox couple. Previ-
ously, we suggested that such dissolution can be due to anodic
processes taking place during the relatively slow reduction of
oxide.[18] Additional research is required to clarify the
discrepancy in Au and Pd dissolution during the reductive
potential step vs. sweep.

The online ICP-MS investigation of nine d-block metals
during oxidation and reduction has revealed similarities in
their transient dissolution behavior. To quantify the dissolu-
tionQs extent, the corresponding dissolution rates were
integrated over time, and the resulting dissolution amounts
were used to identify dissolution stability descriptors for
transient metals. Further, by comparing the dissolution
amounts to the descriptors summarized in Figure 1, we
establish periodic dissolution dependences shown in Figure 3.
In alkaline media, the dependence of transient anodic
dissolution spans over all d-block metals. The same trend is
observed in the acidic environment for 4 and 5d metals, while
due to severe corrosion (Figure S2), 3d metals are excluded.

Figure 3A presents an exponential dependence of tran-
sient dissolution during oxide formation on Ecoh. Here, results
from alkaline (solid circles) and acidic (hollow squares)
electrolytes show similar trends suggesting that the same
intrinsic properties govern the stability of metals in the
studied media.

Metals with higher Ecoh, like Ru and Ir, tend to dissolve
less than that with lower Ecoh, like Au and Pd. Another
important finding is that transient anodic dissolution at
a given overpotential is not governed by the nobility of
atoms. In fact, the noblest element, Au, dissolves most. With
this, we unambiguously demonstrate that there is indeed
a correlation between dissolution and metal-metal bond
energy, suggested by Vijh and B8langer.[10] There are no
literature data on descriptors for dissolution taking place
during the reduction of oxide. Now we turn our attention to
cathodic dissolution.

As shown in Figure 3B, the transient cathodic dissolution
scales exponentially with another descriptor, that is, DHO,ads.
The adsorption energy of oxygen was considered by P. Marcus
as a parameter governing formation of 3D oxides and, hence,
metals passivation. Besides, EM-M was proposed to influence
the activation barrier of metal-metal bond breaking. He
classified metals with high M-M bond strength as dissolution
blockers due to a high barrier to the formation of 3D oxides
from adsorbed oxygen overlayers. Metals with low M-M bond

strength but a high O adsorption energy (DHO,ads) were
considered as surface passivation promoters.[12] Our data
demonstrate that by considering both descriptors we can
reveal correlations in both anodic and cathodic dissolution in
acidic and alkaline electrolytes. Note, depending on the metal,
sulfate anions can adsorb on the surface and influence
dissolution. Nevertheless, since the dissolution is initiated by
the irreversible oxidation of the metal surface at relatively
high coverages of oxygen species,[19] such influence should be
minimal. Indeed, as was previously shown for Au and Pt,
dissolution of these metals in sulfuric and perchloric acid
electrolytes is comparable.[20]

A schematic representation of possible surface processes
during metal oxidation and reduction is given in Figure 4. As
the most studied, the Pt(111) surface is considered. Fuchs
et al. have recently resolved the Pt atomsQ exact motions for
this most stable Pt surface during an oxidation and reduction
event.[19] The hypothesis is that after monolayer oxidation
(transition from Figure 4 A to B), the crystal lattice has to
rearrange and incorporate O atoms via a place-exchange or
other mechanism involving oxygen incorporation into the
crystal lattice.[3a,17b, 21] The rearrangement during oxidation
requires the breaking of M@M bonds (represented by Ecoh),
which governs the rate of oxide formation (transition from

Figure 3. Correlation of the integrated mass of dissolved metals
(alkaline, 0.05 M NaOH: solid circles; acidic, 0.1 M H2SO4 : hollow
squares) to their common descriptors gathered from the literature.
A) Dissolution during oxidation plotted as a function of Ecoh and
B) dissolution associated with the reduction from Figure S5, plotted as
a function of DHO,ads. The linear fit added as a guide to the eye,
visualizes the correlation in both alkaline (solid line) and acidic
(dotted line) electrolytes.
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Figure 4B to C). During place-exchange, undercoordinated
Md+ atoms are exposed to the solvent. These atoms can now
either undergo incorporation into the oxide layer or be prone
to solvation by electrolyte species and dissolve as Mn+

(Figure 4C). Note, since DHO,ads, representing the M-O
interactions, scales inversely with the Ecoh (Figure 1), cations
of metals with high Ecoh should be less prone to solvation. The
solvation of a metal cation and its dependence on metal-
electrolyte interaction is relatively poorly investigated in
electrochemistry but has been addressed in other research
fields.[22] Hence, interdisciplinary research initiatives would be
beneficial in understanding the effect of cations solvation on
the overall dissolution stability of electrocatalysts. As trends
are similar for acidic and alkaline electrolytes, however, we
anticipate that the role of solvation is not dominating here.

Through the described mechanism, the dissolution rate is
tied to the rate and extent of oxide formation, which both
depend on the ease of M@M bond breaking. At low bond
strength, breaking of M@M bonds is easier, reflected in
a higher rate of oxide formation and high dissolution through
a stronger M@O interaction. During oxide layer growth, its
passivation effect increases, while both the oxide formation
and M@M bond breakage decrease.[20] The passivation is
reflected in the dissolution rateQs slow decay over the applied
300 s of oxidative potential. For example, a combination of
high Ecoh values and lower DHO,ads in Ir results in very fast
passivation during oxidation. Low Ecoh and high DHO,ads in Au,
on the other hand, result in a substantial dissolution rate even
after 5 min of oxidation.

When reducing the oxidic passivation layer (Figure 4D),
a large number of oxygen species leave the surface leading to
formation of undercoordinated metal sites. When solvated by
the electrolyte, these metal cations can be released from the
surface (Figure 4E). The extent of cathodic dissolution should

depend on both the amount of oxide present (influences the
number of undercoordinated metal sites) on the electrode and
the interaction of metal cations with the solvent. In the first
place, the overall dissolved amount during reduction is
related to the oxide layer thickness. The latter, however, is
difficult to estimate precisely. We have previously suggested
that the thickness of native oxides on PGMs is a function of
the time PGMs are exposed to air, and it governs the
dissolution amount during their reduction. It was shown that
cathodic dissolution was increasing with time (see Figure 2 in
ref. [16]). Comparing the dissolution amount of different
metals at a given time (especially at shorter intervals) and
considering the descriptors from Figure 1, we reveal here
a clear increase in dissolution with DHO,ads. The rationale
behind this is that metals with high DHO,ads form thicker
oxides, resulting in higher dissolution. In the current study,
however, the oxidation overpotential and time were the same
for all metals so that the dissolved amount during reduction is
only dependent on the material properties.

Surprisingly, in step experiments (Figure 2 and Figure S6),
we find that there is an opposite trend to what was observed
for the oxides formed in the air—dissolution decreases with
DHO,ads, but only for Ru, Rh, Ir and Pt, while dissolution of Pd
and Au is lower than the trend suggests. When the reductive
step is replaced with a slow potential sweep, however,
(Figure S5 and Figure 3 B) a fairly linear dependence of
dissolution vs. DHO,ads is observed for all metals. Obviously,
next to the total amount, the rate of oxide reduction plays an
important role. Metals with high DHO,ads have higher activa-
tion barrier towards oxide reduction. This implies, that when
a reductive step is applied, due to sluggish reduction,
uncoordinated sites stay longer on the surface and dissolve.
For metals with low DHO,ads it is opposite—due to fast oxide
reduction (and redeposition of possibly dissolved species), the

Figure 4. Schematic of surface processes on Pt(111), governing anodic (A–C) and cathodic (D–F) transient dissolution. Pt (gray), O (blue), and H
(red).
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overall dissolution is low. During slow oxide reduction,
however, in sweep experiments, we control the rate of oxide
reduction and, hence, dissolution. Here, dissolution is gov-
erned by the strengths of M-M bond—higher dissolution for
lower Ecoh. Last, after complete reduction, some of the
undercoordinated metal sites are incorporated into the metal
structure (Figure 4 F).

In our schematic, the ideal case scenario of Pt(111) surface
oxidation and reduction at potentials below 1.2 VRHE, where
the undercoordinated Pt atom undergoes place-exchange in
its original position,[19] is considered. On other surfaces and at
higher overpotentials, the place-exchange and incorporation
can be less reversible.[19] Here, the surface mobility of
adatoms play a role during both oxidation and reduction.[9]

Moreover, the oxidation mechanism of other metals can be
very different from that observed at Pt single crystals.[17b]

Unfortunately, none of the metals have been studied in such
detail. Hence, while we use this Scheme as a first approach to
visualize the trends in metalsQ dissolution, it is not complete.
Further in situ operando measurements on model single-
crystal surfaces, complemented with advanced theoretical
models, are required to fully understand oxidation and
dissolution of each of the studied metals.

Thermodynamic values, as well as intrinsic material
properties used herein, were mostly calculated for bulk
materials. However, electrochemical processes happen at
the electrode surface, which is known to show diverging
properties than those of the bulk material. The M@M bond
strength depends on the coordination number of a metal,
which can drastically differ at the surface and defect sites.
Nevertheless, we argue that the periodic tableQs trends, for
example, d-band filling, electronegativity, hydration energy of
cations, ionic radii, etc. would govern the properties at the
surface in reasonable correlation to bulk materials. Even
though absolute values might differ for surface sites and
defects, the order in which it changes between elements would
be the same as the data presented here. Therefore, we
strongly believe that our dissolution data would still scale
exponentially also in such optimized calculations.

The described above correlations can be considered
a starting point in predicting dissolution stability of electro-
catalysts (not only for the investigated metals but also metal
alloys), for example, stability descriptors. It has been pro-
posed previously that the introduction of heteroatoms by
alloying influences factors such as electrocatalytic activity, the
Ecoh and the DHO,ads, and therefore the passivation and
dissolution properties.[4b, 12] The presented descriptors are
extractable from theory even for more complex alloyed
systems. We believe that these descriptors extend base metal
catalysts and are also valid for alloys, nanoparticulate
materials, and possibly even single-atom catalysts, which rely
on the interaction with ligating species in a substrate.[3a, 23] On
the other hand, additional considerations are required when
the stability is influenced by electrochemical reactions other
than surface oxidation/reaction. A representative example is
OER, which, depending on the mechanism, can lead to
significant surface destabilization and dissolution.[5a,b, 13b]

Conclusion

The presented data shows that intrinsic metal properties
like M@M and M@O bond energies can be used as descriptors
for stability of d-metals in acidic and alkaline electrolytes. By
quantifying the amount of dissolved metal during oxidation
and subsequent reduction, we can directly correlate them to
thermodynamic values for Ecoh and DHO,ads, respectively. We
attribute this relationship to the following main processes.
During oxidation, the incorporation of oxygen atoms into the
crystal lattice leads to the breaking of M@M bonds. If this
requires little energy, the tendency of dissolution increases
through the formation and dissolution of formed under-
coordinated metal sites. During reduction, dissolution de-
pends on the amount of formed oxide (governed by both M@
M and M@O interactions) and the rate of oxide reduction
(mainly M@O). These descriptors give researchers a clear
metric of stability that can be calculated for many materials
and help future catalyst development. Moreover, since there
is a clear exponential dependence of M@M on M@O, at least
for the considered metals, it is likely that either of these
descriptors can be considered.
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