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ABSTRACT: Cathodic corrosion of metals discovered more than 120 years
ago remains a poorly understood electrochemical process. It is believed that
the corrosion intermediates formed during cathodic polarization are
extremely short-lived species because of their high reactivity. Together
with the concurrent vigorous hydrogen evolution, this makes it challenging
to investigate the reaction mechanism and detect the intermediates
experimentally. From a computational standpoint, the process also presents
a serious challenge as it occurs at rather low negative potentials in
concentrated alkaline solutions. Here, we use density-functional-theory
calculations to elucidate the identity of reaction intermediates and their
reactivity at the Pt(111)/electrolyte interface. By controlling the electrode
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potential in an experimentally relevant region through constant Fermi-level molecular dynamics, we reveal the formation of alkali
cation-stabilized Pt hydrides as intermediates of cathodic corrosion. The results also suggest that the found Pt anions could discharge
at the interface to produce H, by reacting with either surface-bound hydrogen species or solution water molecules.

he phenomenon of metal corrosion appears to be as old
as electrochemistry itself.' ~ Corrosion of metal surfaces
is most commonly associated with an anodic process. During
anodic corrosion a metal is oxidized at positive potentials
triggering materials dissolution in the form of metal cations.
Such anodic corrosion of metallic systems has previously been
the primary focus of both experimental and theoretical
investigations.é_m In contrast, cathodic corrosion is a far less
understood electrochemical process. One reason for the
limited attention to this phenomenon in the past is the
discovery of cathodic protection first described by Davy back
in 1824.° It has been implicated that cathodically protected
metals become immune to corrosion. If this were true, then the
most reduced form of metal ions would be neutral species.
Although presently available Pourbaix diagrams for metals in
aqueous media indeed contain neutral metals as the most
reduced species, it is known that metals can be stabilized as
anions such as in Zintl phases."’~*' It has been thus proposed
in the literature that analogous metal anions of yet unknown
composition could be formed at the electrochemical interface
during cathodic corrosion.””™** The cathodically generated
corrosion intermediates were hypothesized to be rapidly
consumed by reacting with water. This process leads to the
recovery of the original neutral metal that precipitates at the
surface, changing its morphology.25 However, such corrosion
intermediates have never been detected directly in experi-
ments, which is presumably due to their short lifetime at the
interface.
It is established that cathodic corrosion of metals can occur
under both mild conditions (pH 7 and —1 V vs NHE) and
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very harsh conditions (e.g,, 10 M NaOH electrolyte and —10 V
vs NHE). For example, dissolution of Pt was observed even at
moderately negative potentials during the oxygen reduction
reaction (ORR) in water.”®™*® In concentrated electrolytes
such as 10 M NaOH, cathodic corrosion of Pt was observed to
commence already at —0.4 V vs RHE, while in 1 M NaOH, the
corrosion onset potential was measured at —0.6 V vs RHE.”**’
It is also known that cathodic corrosion is both electrode- and
electrolyte-specific. In experiments, the presence of alkali
cations from the electrolyte was revealed to be critical for
promoting cathodic corrosion. It was demonstrated on the
examples of Pt, Au, and Rh that metal corrosion becomes more
pronounced when going from LiOH to NaOH and KOH
solution.>® However, it remains unknown how the atomic-scale
mechanism and kinetics of cathodic corrosion vary across
different electrode materials, electrolytes, and reaction
conditions.

Despite a common perception of metal corrosion as a
detrimental process, it can also be utilized in favorable ways.
Specifically, cathodic corrosion has been shown to be a
promising approach to rapidly synthesize metal and metal-
oxide nanoparticles with homogeneous shape and size without
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Figure 1. Supercell of 1 ML H,,q covered Pt(111) with explicit and implicit water regions employed in this study to identify reaction intermediates
of Pt cathodic corrosion. The slab with explicit solution was used to model Pt dissolution. The implicit solvent region was added to simulate the

bulk water in the postprocessing to estimate the electrode potential (Ugyg) via the hybrid scheme.
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the use of surfactants or capping agents.””*”*" One may also

envision that corrosion intermediates could be exploited as
highly reactive reducing species for a variety of electro-
catalytical reactions.” Yet, to achieve desirable outcomes going
beyond trial-and-error experimentation, a fundamental under-
standing of the cathodic corrosion process is warranted. Given
the challenges associated with experimental characterizations
of cathodically corroding interfaces, the application of DFT
approaches can bring valuable atomistic insights.

The standard theoretical framework to analyze reactions at
electrochemical interfaces does not involve explicit consid-
eration of applied bias potential. For example, the common
approach in first-principles computational electrochemistry®**
is to compute the total energy of the system assuming the
values of Ugyg = 0 V and pH = 0 for the electrode potential
and solution pH, respectively, and then introduce a posteriori
corrections as

AG(Usyg, ay) = AGy + eUgyp — kgT Inay+

where AG, is the total energy of the system at U =0V and pH
= 0, kg is the Boltzmann constant, T is the temperature, and
ay' is the activity of the protons. However, the electronic-
structure properties of interfacial species depend on applied
bias potential as it determines the amount of excess charge at
the interface. Also, the overall structure of the electrical double
layer and solvation of reaction intermediates at the interface
are functions of electrode potential.**™** An ideal approach
would be to perform constant-potential calculations similar to
experimental conditions. Despite several proposed computa-
tional schemes,®*™*" at present there is no universally
accepted grand-canonical theoretical framework for controlling
the electrode potential in first-principles simulations.

All simulations in this work are performed within the VASP
34 using the revised Perdew—Burke—Erznzerhof
(RPBE) exchange-correlation functional**® in conjunction
with PAW potentials (Pt, O, H, Li_sv). The D3 approach
within the Grimme’s formalism is used to correct for nonlocal
van der Waals interactions.””*® AIMD simulations are carried
out at the I" point of the Brillouin zone using a 1.0 fs time step
and the hydrogen mass of 3 amu. The temperature is kept
around 300 K using the Nose—Hoover thermostat. A plane-
wave cutoff energy of 400 eV along with a smearing width of
0.1 eV within the first-order Methfessel-Paxton scheme are
employed. The Pt(111)/water interface is modeled by
considering a slab with 3 Pt layers and 8.32 X 9.6 A surface
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cell as shown in Figure 1. To simulate Pt dissolution under
constant-potential conditions, we employ the constant Fermi-
level AIMD approach®** in combination with the blue moon
ensemble method.”””" To evaluate an electrode potential, we
use the hybrid scheme according to which an implicit water
region is added to the explicitly treated water layer.""~* We
note that other frameworks to evaluate the electrode potential
from first-principles simulations were proposed, such as, for
example, an intrinsic referencing scheme.”® However, it
remains unclear what computational scheme should be
preferred. Since the main goal of the present study is to
identify the nature of the corrosion intermediates under low
cathodic potentials and how their reactivity changes with the
potential, we believe that the use of the hybrid scheme is
justified. All further computational details are presented in the
Supporting Information.

Here, we focus on the Pt(111) surface as a model system to
identify Pt corrosion intermediates under cathodic polar-
ization. It was previously proposed in experimental liter-
ature”®*” that alkali cations may play a key role in cathodic
corrosion process by stabilizing metastable corrosion inter-
mediates at the interface. Therefore, we consider here the
atomistic models involving one and four Li ions embedded in
water substituting one and four underpotential deposited
hydrogen (H,,q) species, respectively. This is because it is
known from prior computational studies that Li cations would
compete with H,,q on Pt under low potentials.”>* Here, we
pick the system with four Li cations as a model in which each
cation has the first solvation shell of water molecules at the
interface to represent a high concentration of alkali species at
the interface.>”

Figure 2 shows the time evolution of the system charge (Q)
and instantaneous Fermi level (Ep) in constant Fermi-level
AIMD during pre-equilibration stage for the exemplary case of
the perfect Pt(111) facet with one solvated Li ion. The
trajectory is split into two regions corresponding to constant-
charge (S ps) and subsequent constant-potential (2 ps)
simulations. AQ in Figure 2 is defined as the difference
between the total number of electrons in the system with extra
charge (Q) and the one with no added electrons (Queuar)
normalized per the total number of Pt atoms in the slab (np,).
It can be seen that the deviation of the Fermi level values from
the average is quite substantial in the constant-charge region,
whereas it is under control within the preset interval of +0.05
eV (Ae) in the constant-potential region.
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Figure 2. Time evolution of the total electronic charge Q relative to 5 4 o)
the charge of the neutral system Q. given per number of Pt atoms > 5 w
np, (upper panel) and instantaneous Fermi level Ep (bottom panel) 5 00 & 0 9
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AIMD simulations, E was allowed to vary within the preset range of i
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After the systems are pre-equilibrated, we commence the
constant-potential AIMD simulations of Pt dissolution from
the surface using the thermodynamic integration approach.
This method allows us to monitor the evolution of Pt
dissolution intermediates along each dissolution trajectory.
Figure 3 shows the forces and energies along two dissolution
profiles: (a) with one Li and (b) with four Li cations at the
surface. It can be seen from the figures that the energy reaches
a plato in both cases at around 3 A distance between the
dissolved Pt species and the surface. This corresponds to a
sizable drop in atomic forces that is significantly higher for the
four Li case, indicating a more substantial stabilization of the
Pt corrosion intermediate in a highly concentrated electrolyte.

Atomic structures of the observed dissolution intermediates
are shown in Figure 4. First, it is seen that under such low
cathodic potentials Li cations are partially desolvated and
specifically adsorbed on the Pt surface. Upon Pt dissolution
into the electrolyte, Li cations remain in the first coordination
shell of the dissolving Pt species. The composition of the
identified corrosion intermediate in state 1Li@Pty, for the
case of one Li cation at the interface is LiPtH, (see Figure 4b).
In this configuration, the interatomic distances between Li and
dissolved Pt is 2.56 A, while the Pt—H distances are 1.57 and
2.03 A. When dissolving Pt is pushed even deeper into the
electrolyte (beyond state 1Li@Pty,, in Figure 3a), the
dissolution barrier increases further. This process is associated
with destabilization of the Pt hydride as it looses its
coordination with the surrounding Li ions. In the case of the
four Li system, PtH, in state 4Li@Pty;,, (Figure 4) is bonded
to three Li cations at the interface with an average Pt—Li
distance of 2.90 A, while the average Pt—H bond length is 1.98
A

Table 1 lists the computed Bader charges on atoms at both
the pristine surface and the one with dissolved Pt
corresponding to the atomic structures shown in Figure 4.
The charges are presented for both the one and four Li systems
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Figure 3. Free-energy profiles for Pt dissolution into the electrolyte
with one (a) and four (b) Li species at the interface computed using
constant-potential thermodynamic integration AIMD simulations.
The estimated electrode potentials are Ugyy = —2.49 V (a) and Ugyg
—2.68 V (b). Both initial (at 0 A) and final (at 3 A) Pt dissolution
states are depicted by arrows, while the corresponding atomic
structures are presented in Figure 4.
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Figure 4. Side and top views of the optimized surface structures with
the dissolving Pt species corresponding to different AIMD snapshots
from the dissolution pathways shown in Figure 3 with one and four Li
cations at the interface. The color coding is as follows: dissolving Pt -
dark gray, slab Pt - light gray, Li - green, O - red, and H - white.

as a function of electrode potential. First of all, the analysis
reveals negative oxidation states of both Pt and H atoms in the
dissolved PtH, species, while Li cations retain their positive
charge of about 0.9 across all the cases. Moreover, it is seen
that both Pt and H species are gaining more negative charge
when the applied bias potential becomes more cathodic. This
effect is especially pronounced for the dissolved Pt hydrides
that accumulate more negative charge than the surface Pt

https://doi.org/10.1021/acs.jpclett.1c04187
J. Phys. Chem. Lett. 2022, 13, 3047—-3052
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Table 1. Bader Atomic Charges for Different Pt Dissolution States Shown in Figure 4 as a Function of Electrode Potential

a
USHE
Pt Hp, Hour Pt Hp, Hour Pt Hp: Hut
U=—-030V U=-111V U=-133V
1Li@Pt, ¢ —0.07 —0.08 —0.12 —0.09 —0.14 —0.1
1Li@Pt -0.15 —0.17 —0.03 —0.24 —-02 —0.04 —-0.34 —0.25 -0.05
U=-107V U=-176V U=-237V
4Li@Pt, ¢ —-026 -0.08 -0.27 —0.09 —0.29 —0.08
4Li@Pty,, —0.52 —0.26 —0.04 -0.57 026 —0.05 —0.67 —-0.25 —0.06

“Pt stands for the dissolving Pt species, Hp, - two H atoms belonging to dissolving Pt (the average value is provided), and Hg, - surface H.

atoms. On the other hand, the charge on the H,,q species is
much less sensitive to the changes in electrode potential. We
note that negative oxidation states of Pt are uncommon for the
aqueous Pt chemistry, but were previously detected in certain
solid state compounds."’

Having identified the cathodic corrosion intermediates, we
next quantify their reactivity toward H, generation at the
interface. This reaction was previously proposed as a sink of
corrosion intermediates by which the negatively charged Pt
species are discharged to regain their neutral oxidation state
and precipitate back to the surface.”” > To this end, we
analyze the thermodynamics of the H, formation catalyzed by
corrosion intermediates reacting at the interface with either
electrolyte H,O or surface-bound H,p4:

Li Pt7H, + H,0 —» LiPt**"YH + H, + OH™ (1)

Li PtH, + H,, — Li,Pt*VH + H, )

where x is the number of Li cations in the system and z is the
Pt charge number.

The computed reaction free energies are plotted as a
function of applied bias potential in Figure 5. Here, we analyze

1.5
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2 00
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é s =B - 4Li@Ptaiss-Ha(n,0)
~1.0L® . ‘ ‘
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Electrode Potential (V)

Figure S. Free energies of the discharge reactions (1) and (2) as a
function of applied bias potential for the 4Li@Ptg, dissolution state
shown in Figure 4d. Both initial and final atomic configurations for
each reaction were optimized at a given electrode potential after being
extracted from AIMD trajectories.

the corrosion intermediate in the 4Li@Pty;, dissolution state
(Figure 4d). It can be seen that the reaction between the Pt
hydride and H,O from the electrolyte is thermodynamically
more favorable than the reaction pathway involving adsorbed
hydrogen species. Also, as the electrode potential is decreased,
the thermodynamic driving force to produce H, becomes
much greater. This reactivity trend is consistent with larger
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negative Bader atomic charges gained by the Pt hydrides at
more cathodic potentials.

In summary, we employed the constant Fermi-level
molecular dynamics in conjunction with the blue moon
approach to simulate Pt cathodic dissolution under the
conditions of constant electrode potential. We reveal the
formation of alkali cation-stabilized Pt hydrides as cathodic
corrosion intermediates, thus supporting a previous hypothesis
put forward in experimental literature. Our computational
study thus provides the first direct evidence for the
electrochemical generation of Pt anions in concentrated
aqueous electrolytes similar to the previously detected
negatively charged Pt species in solid state compounds. We
note, however, that further investigations are warranted to
achieve a complete understanding of the overall atomistic
mechanism of cathodic corrosion. On the basis of the
computed reaction free energies, we find that these Pt hydrides
may discharge at the interface to generate H, by reacting with
either adsorbed hydrogen species or water molecules from
solution. We also determine that the corrosion intermediates
become more reactive toward H, production under more
cathodic polarizations as they are gaining more negative charge
at the electrode. Overall, our computational results provide
new atomic-scale insights into the interfacial electrochemistry
of Pt under cathodic polarizations.
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