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4 | Alkali Metal Cation Effects on Cathodic Corrosion of Pt, Rh & Au

Alkali Metal Cation Effects in
Structuring Pt, Rh and Au Surfaces

through Cathodic Corrosion

Cathodic corrosion is an electrochemical etching process which alters metallic surfaces by
creating nanoparticles and a variety of etching features. Because these features typically
have a preferential orientation, cathodic corrosion can be applied to modify and nano-
structure electrode surfaces. However, this application of cathodic corrosion is currently
limited by an insufficient chemical understanding of its underlying mechanism. This in-
cludes the role of alkali metal cations, which are thought to be crucial in both enabling
cathodic corrosion and controlling its final facet preference. This work addresses this
knowledge gap by exploring the cathodic corrosion of Pt, Rh and Au in LiOH, NaOH and
KOH through both experimental and theoretical methods. These methods demonstrate
that cations are adsorbed during cathodic corrosion and play a major role in controlling
the onset potential and final surface morphology in cathodic corrosion. Interestingly, an
equally significant role appears to be played by adsorbed hydrogen, based on calcula-
tions using literature density functional theory data. Considering the significance of both
hydrogen and electrolyte cations, it is hypothesized that cathodic corrosion might pro-
ceed via an intermediate ternary metal hydride. This fundamental insight leads to both
metal-specific recommendations and more general guidelines for applying cathodic cor-

rosion to structure metallic surfaces.

41 Introduction

Cathodic corrosion is an enigmatic etching process that decomposes metallic cathodes
at potentials where they are typically assumed to be cathodically protected. This de-

composition leads to striking changes in the electrode surface, including the formation

This chapter is based on Hersbach, T. J. P, McCrum, I. T., Anastasiadou, D., Wever, R., Calle-Vallejo, F. &
Koper, M. T. M., ACS Applied Materials & Interfaces 10, 39363-39379 (2018).
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Introduction

of nanoparticles and geometric etch pits. Though these remarkable changes were al-
ready observed in the early 20" century” and briefly studied in the 1970s,2 most funda-
mental studies of cathodic corrosion have been conducted relatively recently.>™ From
these studies, it has been hypothesized that cathodic corrosion proceeds by forming
an unknown metastable metal-containing anion,® instead of being caused by physical
processes like contact glow discharge.” However, the exact nature of this (anionic) ca-
thodic corrosion intermediate remains unclear. This limits fundamentally guided ap-
proaches towards applying cathodic corrosion to alter metallic surfaces and produce
shape-controlled nanoparticles that exhibit favorable catalytic properties.® Such

approaches would require more knowledge on the underlying mechanism and the differ-

ent species involved in cathodic corrosion.

Perhaps the most crucial species in enabling cathodic corrosion is the electrolyte
cation: without the presence of cations like Na*, cathodic corrosion does not take place.®
This key role of cations was underscored by several follow-up studies on nanoparticle
production through cathodic corrosion, which reported effects of both the concentration
and identity of the electrolyte cation on the corrosion rate,’ particle size®™" and par-
ticle shape.”™" In terms of particle shape, these experiments found the (100)-to-(110)
facet ratio to increase with increasing cation concentration,”™" and being higher for
particles produced in 10 M NaOH compared to 10 M KOH.™ These observations were
tentatively ascribed to selective stabilization of (100) surface facets by Na* adsorption;™
Na* would mimic the structure-influencing effect that other adsorbates exhibit in tradi-
tional nanoparticle synthesis methods."™ In spite of the pronounced effect of Na*, these
observations were made for alternating current (AC) corrosion experiments, which accel-
erate the effects of cathodic corrosion by introducing periodic anodic corrosion steps.
Though this approach is ideal for nanoparticle production, the convoluted presence of

anodic and cathodic corrosion processes hinders explicit conclusions on the role of Na*.

This ambiguity was alleviated by two subsequent studies on electrodes that were
corroded under constant polarization (Chapter 2 & 3). These studies found that cathodic
corrosion in 10 M NaOH preferentially forms (100) sites on Pt and Rh and (111) sites on
Au. By exploring this difference between Au on the one hand and Pt and Rh on the other
hand with density functional theory (DFT) calculations (Chapter 3), sodium was shown to
adsorb most favorably on the type of step that matches the type of site formed: (100) for
Pt & Rh, and (111) for Au. These results therefore align with the results for AC corrosion

by suggesting a crucial role of the electrolyte cation in determining the facet preference
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for cathodic corrosion. However, a systematic study of the extent of this cation effect on
various metals has previously not been conducted. Such a study would not only provide
fundamental insights on cathodic corrosion, but would also provide concrete guidelines
for using cathodic corrosion as a tool to structurally alter metallic electrodes.

Therefore, this chapter provides such a study by mapping the corrosion behavior of
Pt, Rh and Au in various concentrations of LiOH, NaOH and KOH. The experiments indi-
cate a key role of the electrolyte cations in controlling the corrosion onset potential, as
well as the final surface area and facet distribution of the corroded electrodes. Though
these results do not allow us to determine a single reaction mechanism with certainty,
the calculations do provide strong indications for the presence of adsorbed cations dur-
ing cathodic corrosion. Additional calculations based on literature DFT data indicate an
additional role of adsorbed hydrogen in determining the onset potential of cathodic cor-
rosion. Given the suggested role of both adsorbed hydrogen and adsorbed cations, we
will argue that the elusive cathodic corrosion reaction intermediate might be a ternary
metal hydride.

These results are relevant from both fundamental and applied perspectives. On the
one hand, the suggested existence of ternary metal hydrides provides a concrete starting
point for future fundamental studies and is therefore an important clue towards under-
standing the chemical nature of cathodic corrosion. On the other hand, the exploration
of cathodic corrosion as a function of the corroded metal and the identity and concentra-
tion of electrolyte cations provides valuable guidelines for applying cathodic corrosion

to systematically modify electrode surfaces and create shape-controlled nanoparticles.

4.2 Materials and methods

4.21 Experimental methods

All water used in this study was demineralized and filtered by a MilliQ water system to
reach a final total organic carbon (TOC) content below 5 ppb and a resistivity above
18.2 MQ - cm. To further ensure cleanliness, both organic and inorganic contamina-
tions were removed from the glassware before each experiment. Organic contaminations
were decomposed by storing glassware overnight in an aqueous solution of 1 g - L
KMnO, (Fluka, ACS reagent) and 0.5 M H,SO, (Fluka, ACS reagent). After storage, the
solution was drained from the glassware and any remaining KMnO, was removed with di-

lute H, 0, (Merck, Emprove exp). Finally, the glassware was boiled 5 times in water before
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Materials and methods

being filled with electrolyte solution. All electrolytes were purged from oxygen before
experiments by bubbling argon (Linde, 6.0 purity) through the solution for 30 minutes.
Deoxygenation was maintained during experiments by flowing Ar over the solution. Elec-
trochemical experiments were performed using a Bio-Logic SP-300 potentiostat.

In this study, two types of electrochemical cells were used: a glass cell for electrode
characterization in acidic solution and a fluorinated ethylene propylene (FEP) cell for
cathodic corrosion in alkaline solution. The glass cell contained an internal reversible
hydrogen electrode (RHE) as reference electrode. The counter electrode was either a Pt
spiral for Pt and Rh characterization or an Au spiral for Au characterization. In addition,
a Pt or Au wire was connected to the reference electrode with a 4.7 uF capacitor to fil-
ter high-frequency noise during voltammetry.” Working electrolytes consisted of H,SO,
(Merck, Ultrapur) in concentrations of 0.5 mo/ - L~ " forPtor0.1 mo/-L~" for Rh and Au
characterization. The FEP cell contained a commercial HydroFlex RHE electrode (Gaska-
tel), a Ti spiral counter electrode (Mateck, 99.99%) and aqueous electrolytes of either
dissolved LiOH - H,O (Alfa Aesar, 99.995%), NaOH (Merck, Suprapur) or KOH - H,0 (Fluka,
TraceSelect).

The Ti counter electrode provides the important benefit of not being any of the stud-
ied working electrode materials. As such, the results presented in this work cannot be
attributed to redeposition of dissolved Pt, Rh or Au from the anodically polarized counter
electrode. However, the use of a Ti counter electrode caused a noteworthy complication
for cathodic corrosion, which we found to be very sensitive to the presence of unin-
tended contaminations: for unknown reasons, the Ti counter electrode would occasion-
ally shift the onset potential of cathodic corrosion of platinum to less negative potentials
by as much as 0.3 V from the value reported in Chapter 2. This issue could generally be
solved by performing ten minutes of pre-electrolysis at —1 V' vs. RHE with a Pt elec-
trode (Mateck, 99.99%; @ = 0.1 mm), which was removed under potential control and
discarded. Though this protocol adequately resolved the issue of early and significant
cathodic corrosion, results of Pt corrosion were reproduced with a Pt counter electrode
where necessary to confirm the validity of the presented onset potentials and the proper
functioning of the working setup.

After preparing the working setup, Pt electrodes were prepared by cutting a short
length of wire (Mateck, 99.99%; @ = 0.1 mm) from a spool with clean wire cutters and
flame annealing the electrode. Rh (Mateck, 99.9%; & = 0.125 mm) and Au (Materials
Research Corporation, Marz Purity; @ = 0.125 mm) wires could not be annealed before
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experiments and were cleaned chemically by immersion in a 1:3 volumetric mixture of
35% H,0, (Merck, Emprove exp) and 95-97% H,SO, (Fluka, ACS reagent) for 30 seconds
instead, as was done in Chapter 3. Au wires were then also polished electrochemically by
running 200 cyclic voltammograms (CVs) between O and 1.75 V vs. RHE at a scan rate of
1V - s7"in the characterization cell.®

After preparation, each electrode was immersed in the characterization cell at a
depth that was carefully controlled by using a micrometer screw. In the characteriza-
tion cell, the electrode surface was characterized by running 4 cyclic voltammograms.
Following characterization, the electrode was rinsed and moved into the FEP cell. Here,
an 85% ohmic drop-corrected constant cathodic voltage was applied for 60 seconds, af-
ter which the electrode was removed under potential control. After an additional rinse,
the electrode was moved back into the characterization cell, immersed at the same depth
as during the initial characterization and re-characterized by running 4 CVs. Finally, the
electrode was stored for later characterization using scanning electron microscopy.

Scanning electron microscopy was carried out on a FEI NOVA NanoSEM 200 micro-
scope, using an acceleration voltage of 5 KV and an electron beam current of 0.9 nA. All
samples were mounted to be aligned vertically in the presented micrographs, to within

an error of several degrees.

4.2.2 Theoretical methods

We used density functional theory to examine the specific adsorption of alkali metal
cations (Li, Na, and K) onto the (111), (100), (211), and (553) surfaces of Rh, Pt, and Au in
the presence of near-surface solvation. The Vienna Ab Initio Simulation Package (VASP)
was used to perform the electronic structure calculations,” ™" with a plane-wave basis
set and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.>®*' lon-core
potentials were modeled using the projector augmented wave (PAW) approach.?*?3 The
basis set cutoff energy was 450 eV. Structural optimization was performed until the
forces on the atoms were below 0.02 eV - A", Adsorption was modeled at only one
coverage. The (111) surface was modeled with a 3 X 3 unit cell (with 3 alkali metal cation
adsorbates giving a 1/3 monolayer (ML) coverage), the (100) surface with a 2 X 2 unit cell
(with 1 alkali metal cation adsorbate, 1/4 ML coverage), and the (211) and (553) surfaces
in a2 x 1 unit cell (containing a two-atom-wide step edge, with one alkali metal cation
adsorbate). K-space sampling was performed with a 5 X 5 X 1 Monkhorst-Pack mesh

grid for the (111) surfaces of Rh and Ptand a 7 X 7 X 1 grid for all of the other surfaces
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of Rh and Pt.?* The Au surfaces were sampled with a denser grid, 7 X 7 x 1 for Au(111),
11 x 11 x 1 for Au(100), 15 x 11 x 1 for Au(s53), and 11 x 15 x 1 for Au(211). Adsorption
energies on each surface were converged to within 0.03 eV with respect to the k-space
sampling. Each of the surfaces was modeled with a four-layer slab, with the bottom two
layers frozen at the DFT-calculated lattice constant. Dipole corrections were included in

the surface normal direction.®

Cation adsorption potentials were calculated following methods described previ-
ously, including the effect of near-surface water solvation.2®? For the (111) surface, six
explicit water molecules were included in a bilayer structure; for the (100), (211), and
(553) surfaces, four explicit water molecules were added in a hydrogen-bonded mono-
layer adsorbed on the surface (or step edge, in the case of the stepped surfaces). Only
one water structure was considered on each surface, which was relaxed in the absence
and presence of the alkali metal cation. The initial water structures have been found pre-
viously (on Pt) to be low or minimum energy structures: on the (111) surfaces, a hexagonal
bilayer water structure was used;?®?° on the (100) surfaces, a square-like arrangement of
water molecules was used;*° and on the stepped surfaces, a double-stranded structure
was used.3' Images of these structures, in the absence and presence of an alkali metal
cation, are given in Fig. A1-A.3. Images of the adsorbate structures were rendered using
VESTA.3?

This method approximates effects of solvation, since we can only identify water struc-
tures near the surface and the adsorbed cation that are at a local (but not necessarily
global) minimum in energy, and we neglect translational and rotational entropy of the
near-surface water (considering only vibrational energy and entropy). Our intent is there-
fore to only approximate the effects of near-surface solvation on the alkali metal cation
adsorption energy. In our prior work, we found this energy to reach a plateau after sol-
vating the adsorbed cation with four to six water molecules:?® approximately the number
of water molecules in the solvation shell of bulk, solution-phase alkali atoms, as found
previously using ab-initio molecular dynamics.> We found previously that the addition
of more water molecules causes the absolute alkali metal adsorption energy to fluctuate
by +£0.5 eV per water molecule. We therefore expect our absolute adsorption energy ac-
curacy to not be better than £0.5 eV. The error in the relative adsorption energy trend
between cations is smaller.

Adsorption energies were also calculated in the absence of near-surface solvation

and relative to gas phase, neutral alkali metal atoms, following the method described in
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Chapter 3. These calculations neglect the stabilizing effect of solvent on both the reac-
tant and adsorbed product states. This alters both the absolute adsorption energetics
and the trend between the cations, because the degree of lost solvation upon adsorption
is cation-dependent. These adsorption energies are given in the Fig. A.30-A.31, and al-
low for separate examination of the contribution of the solvation effects on adsorption.
Fig. A.30-A.31 can be compared with the adsorption energetics in this chapter, which are

all calculated using an aqueous solution-phase ion as the initial state.

Cation effects have been explained as being caused by the behavior of cations in
the double-layer or outer Helmholtz plane, near the electrode surface.3* However, we
here examine the conditions under which some of these cations approach the electrode
surface more closely and lose part of their solvation shell. This allows them to be con-
sidered “specifically adsorbed”. Our current and previous calculations therefore support
that such adsorption is favorable at low potentials and high pH,?%35 where alkali cation

adsorption becomes increasingly favorable compared to hydrogen adsorption.

We have also examined the stability of the (111) and (100) surfaces of Rh, Pt, and
Au in the presence of high coverages of adsorbed hydrogen, using bare surface energies
calculated using DFT by Tran et al.,3® as well as hydrogen adsorption energies calculated
using DFT at low coverage (0.25 M L) by Ferrin et al.¥’ To estimate the adsorption energy
of hydrogen at high coverages, we assumed a simple mean-field model using a constant,
repulsive, coverage dependence of the hydrogen adsorption energy of 0.12 eV - ML™!
on the (111) surfaces of Rh, Pt, and Au. This repulsive interaction has been explicitly calcu-
lated on Pt(111);?”38 the same coverage dependence was assumed on Rh(111) and Au(111).
It should be noted that Skilason et al. show a slightly greater repulsion on Au(111) and
weaker repulsion on Rh(111) than on Pt(111).>° Consideration of these differences would
yield a small change in the calculated surface energetics at low potentials (high hydrogen
coverages). However, this change would only emphasize the trend in which (111) surface
is the most stable (Rh > Pt > Au). As such, including these small differences in binding
energy will not affect our conclusions. We also assume that adsorption between low
and high coverage (1 ML) on the (100) surfaces is independent of coverage on Rh(100),
Pt(100), and Au(100), as has been found for Pt(100).2738

Potential-dependent surface energies (with 1 ML hydrogen adsorbed on the sur-
face) were calculated as described previously, by adding the potential-dependent ad-

sorption energy of hydrogen (normalized by surface area) to the surface energy of the
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bare surface.”® This procedure is outlined in Equations 4.1 and 4.2:

AGy,, (URHE, 6+1)
A

Y(URHE, O:H) = Ybare +

AGHads(URHE’ G*H) = BE(G*H = OZSML) + OSAH[/Zrm_'_
AZPVEy,, —TASy

(4.2)
+ n|e|URHE + wQ*H

ads

Here, y(UryE, 6+1) is the surface energy of the hydrogen-covered surface as a func-
tion of potential (on a reversible hydrogen electrode scale, RHE) and hydrogen coverage
(B:1); Ybare is the surface energy of the bare surface;®® A is the area of the surface;
AGy,,.(UrHE, 0-) is the free energy of hydrogen adsorption; BE is the binding en-
ergy of hydrogen on the surface at low coverage (0.25 ML);¥ AH[I‘;”“ is the formation
enthalpy of hydrogen gas at standard state (—4.57 eV);¥” AZPV Ey,,, is the change in
zero point vibrational energy of the hydrogen upon adsorption (—0.008 eV);*® TASy, .
is the change in entropy of the hydrogen upon adsorption (=0.00067 eV - K=1):3 pn
is the number of hydrogen atoms adsorbed in the unit cell at the coverage of interest;
|e|UgrHE is the energy of an electron on the reversible hydrogen electrode scale; and w
is the *H-*H interaction term describing the interaction between adsorbed hydrogen on
the surface (0.12 eV - ML™" for *H on Pt(111), ~ 0 eV - ML™" for *H on Pt(100)).2-38
This difference in interaction energy is consistent with experimental estimates that indi-
cate weaker (but non-zero) H-H interactions for Pt(100) than for Pt(111).44? We assumed
complete electron transfer between the adsorbing proton and the surface, so that all of
the potential dependence arises from the electron being transferred as a reactant on
proton adsorption. Additionally, we neglected the effects of near-surface solvation and
electric field on hydrogen adsorption, since these effects have been shown previously to
be small.3®

As we have found hydrogen adsorption above 1 ML (upto 1.25 ML) on Pt(100) to be
favorable at low but positive potentials (near 0.1 V vs. RHE),*® we have extrapolated and
included these data as well. Besides, we calculated the adsorption energy of hydrogen
at 1.25 ML on Rh(100) using the same methods defined previously for *H adsorption on
Pt(100).%° For this calculation, we used the PBE exchange-correlation functional, as was
used to examine alkali metal cation adsorption. We find that the additional 0.25 ML
hydrogen prefers to adsorb in a bridge site (as do the hydrogen atoms between O and
1 ML) on Rh(100). As hydrogen adsorption is significantly weaker on Au(100) than on
Pt(100) and Rh(100), a higher coverage (1.25 M L) was not considered on this surface.
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While the bare surface energies are particularly sensitive to the functional used and
the level of convergence defined, the relative stability of the (111) and (100) facets of
each metal should be less sensitive. We therefore expect the trend in surface energies

between (111) and (100) to be robust.

4.3 Results and discussion

In the following section, we will first describe the experimentally studied corrosion be-
havior of Pt, Rh and Au in LiOH, NaOH and KOH electrolytes. This description will be
separate for each metal and will focus on the difference in corrosion behavior as a func-
tion of the electrolyte composition. This approach differs slightly from Chapter 2 & 3,
which mainly described the corrosion behavior as a function of the corrosion potential.
However, an electrochemical impression of the corrosion behavior as a function of the
applied potential can be gained from Fig. A.4 through Fig. A15 in Appendix A, which cor-
respond to the figure format used in Chapter 2 & 3. Similarly, Fig. A16 through Fig. A.27
display scanning electron micrographs of the electrodes as a function of the applied po-
tential. Since Fig. A.4 through Fig. A.27 are designed to complement the figures in this
chapter, the interested reader is referred to these supporting figures for a more com-
plete impression of the experimental results on the corrosion behavior of the studied
systems. These figures in the appendix are also accompanied by additional discussion of
the presented results and conclusions.

After describing the experimental results, we will proceed by presenting our comple-
mentary theoretical results on the adsorption of Li, Na, K and H on Pt, Rh and Au. The
experimental and theoretical results will be further interpreted and connected in the

Discussion section.

4.31 Results

Experimentally determined corrosion behavior

The corrosion behavior of Pt, Rh and Au was studied through both cyclic voltammetry (CV)
and scanning electron microscopy (SEM). As in the previous chapters, the metallic elec-
trodes were treated by applying a constant cathodic voltage versus an internal reversible
hydrogen electrode (RHE) for 60 seconds in a concentrated alkali metal hydroxide solu-
tion. Before and after this cathodic polarization, the electrodes were characterized by

cyclic voltammetry in a sulfuric acid solution to monitor changes in the structure of the
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electrode surface. Additionally, the electrodes were imaged by SEM after corrosion to
identify etching features in the surface.

In these experiments, the applied corrosion potentials are purposefully spaced by
0.1 V steps: the smallest interval at which we believe that differences in corrosion be-
havior can reliably be assessed with the current methodology. Given this potential spac-
ing, our resolution in determining corrosion onset potentials is 0.1 V. Strictly speaking,
this means that the ‘true’ corrosion onset potential will lie between the most negative
potential where no corrosion can be detected and the least negative potential where cor-
rosion can be detected. For consistency, however, we will follow Chapter 2 & 3 in defining
the corrosion onset potential as the least negative potential where corrosion can be de-

tected. This detection will rely predominantly on cyclic voltammetry.
Platinum

For platinum, the use of cyclic voltammetry is well established as a quick and reliable
method for characterizing electrode surfaces. This characterization relies on the so-
called ‘hydrogen region’, which in 0.5 M H,SO, contains the following anodic features

that are important for this work:*3

1. Apeakat0.13 V vs. RHE, corresponding to the substitution of *H by *OH on (110)-

type sites.444

2. Apeakat0.27 V vs. RHE, corresponding to (100)-type step sites near terrace bor-

ders. k45

3. A broader feature between 0.3 and 0.4 V vs. RHE, corresponding to (100) terrace

sites.

4. A broad feature between 0.06 and 0.3 V vs. RHE, corresponding to hydrogen de-
sorption on (111) terraces. This feature is accompanied by a broad feature between
0.4 and 0.55 V vs. RHE, for (bi)sulfate adsorption on (111) terraces.

Since these features depend strongly on the presence and abundance of their corre-
sponding surface sites, the use of cyclic voltammetry is extremely sensitive to small
changes in the electrode structure. As such, CV measurements, complemented by SEM
images, will be the primary method for quantifying the differences between corrosion in

different electrolytes.
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Uncorroded
Corroded in 1 M NaOH
Corroded in 5 M NaOH

s ' L s s L
0.1 0.2 0.3 0.4 0.5 0.6 0.7

E (V vs. RHE)

Fig. 41 | Cyclic voltammograms of Pt corroded in NaOH of various concentrations, at —1.0 V' vs.
RHE. Voltammograms were recorded in 0.5 M H,SO0,, at a scan rate of 50 mV - s~

Electrolyte concentration

The differences are first explored as a function of cation concentration for NaOH elec-
trolytes: in Fig. 4.1, voltammograms of electrodes corroded at —1 V vs. RHE in 1, 5 and
10 M NaOH are displayed in increasingly darker colors, with the uncorroded electrode
displayed in dark blue. The comparison of these voltammograms reveals higher mea-
sured currents in the voltammograms of electrodes corroded in higher NaOH concentra-
tions. This higher current corresponds to a larger hydrogen desorption charge, which in
turn corresponds to more exposed surface area.*® For the presented samples, this repre-
sents surface area increases of 28, 32 and 74% after corrosionin 1, 5and 10 M NaOH,
respectively. Higher electrolyte concentrations therefore induce more electrode rough-
ening.

This increased roughness with increasing concentration correlates well with the cor-
rosion onset potential. For Pt corrosion, this onset was shown in Chapter 2 to be signified
by a decrease in (110) features at 0.13 V vs. RHE, which is accompanied by a minor in-
crease in (100) features at 0.27 V vs. RHE. As can be seen in Fig. A.5 & A.8, these changes
occur respectively after polarization at —0.6 V' vs. RHE (—1.4 V'vs. NHE) and —0.5 V vs.
RHE (—1.4 V vs. NHE) in 1 and 5 M NaOH. These onset potentials are more negative
than the —0.4 V vs. RHE (—=1.3 V vs. NHE) observed in Chapter 2 for 10 M NaOH. This
onset trend and the less substantial roughening in more dilute solutions indicate that
the extent of corrosion correlates strongly with NaOH concentration.

Based on this trend as a function of concentration, one might expect the facet distri-
bution to also change monotonically with regard to concentration. This is indeed the case
for (100) features: both (100) step sites (0.27 V vs. RHE) and terrace sites (0.3-0.4 V vs.
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1M NaOH 10 M NaOH

5M NaOH

\ B/

Fig. 4.2 | Scanning electron micrographs of Pt electrodes corroded at —1 V vs. RHE in T M NaOH
(a, d), 5 M NaOH (b, e) and 10 M NaOH (c, f). Triangular features are highlighted in yellow.

RHE) increase with electrolyte concentration. However, the amount of (110) sites first de-
creases between 1 and 5 M NaOH, to then increase when corroding in 10 M NaOH. This
indicates an interesting feature of cathodic corrosion in 10 M NaOH: the newly created
surface area appears more disordered than that created at lower electrolyte concentra-

tions, as is motivated in Appendix A.

Further indications of a rougher and more disordered surface follow from microscopy-
based examination of the corroded electrodes, presented in Fig. 4.2. In this figure, Pan-
elsaand d display an electrode corroded in T M NaOH at —1.0 V vs. RHE. As can be seen
in Panel a, which features the boundary between two crystal grains, the electrode ap-
pears predominantly roughened on the nano-scale, without the presence of well-defined
etching features. However, small sections of the electrode feature triangular etch pits,
which are (100)-oriented pits in (111)-like facets, as explained in Chapter 2 (model etch
pit: Fig. A.28).

More severe corrosion features are present after cathodic treatment at —1 V vs. RHE
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in 5 M NaOH (Fig. 4.2 b, e). This treatment causes the appearance of etch lines (Fig. 4.2 b)
on large sections of the electrode and areas containing etch pits with more subtle rough-
ening between them (Fig. 4.2 e). Many of these pits contain ~90-degree angles and are
assigned to (100)-type sites. This assignment is based on Chapter 2, but is also illustrated
here by a model etch pit (Fig. A.28).

Finally, when increasing the NaOH concentration to 10 M (Fig. 4.2 ¢, f), the etch fea-
tures increase further in size, thus indicating higher roughness. These features (Fig. 4.2 f)
contain edges that are less straight than those after corrosion in less concentrated solu-
tions. As such, the SEM images support the electrochemical observation that the increase
from 5to 10 M NaOH induces the formation of more disordered sites on the nano-level.
Similarly, the SEM results corroborate the electrochemically observed roughness increase

with cation concentration.
Cation identity

Besides being sensitive to the cation concentration, cathodic corrosion also responds
strongly to the cation identity. This is illustrated in Fig. 4.3, which explores Pt corrosion
as a function of cation type for electrolyte concentrations of 1 M (Panel a, b) and 5 M
(Panel ¢, d). This exploration is further subdivided in mildly negative potentials (Panel a,
¢) and more negative corrosion potentials (Panel b, d).

At mildly negative potentials, the electrolyte cation appears to barely affect the facet
preference after corrosion. At these potentials, the cyclic voltammograms for corroded
Pt overlap quite well: the amount of created (100) terraces is similar for all electrolytes
of similar concentrations. This overlap is particularly noteworthy because the corrosion
onset potentials, derived from Fig. A.4—A.9, are not the same for all types of cations. For
1 M KOH, the onset potential is —0.5 V' vs. RHE (=1.3 V vs. NHE), while itis —0.6 V vs.
RHE (—=1.4 V vs. NHE) for T M NaOH and LiOH. Similarly, for 5 M electrolytes, the onset
potential is —0.4 V vs. RHE (—1.3 V vs. NHE) for KOH and at —0.5 V vs. RHE (—1.4 V vs.
NHE) for NaOH and LiOH. This indicates that, at mildly negative potentials, the final facet
distribution does not necessarily correlate with the cation-influenced onset potential,
but rather with the applied electrode potential.

This observation contrasts with the behavior at more negative potentials, which de-
pends strongly on the nature of the electrolyte cation. For 1 M corrosion electrolytes
(Fig. 4.3 ¢), this dependence shows a clear trend between cations: larger cations remove

more (110) sites and create more (100) step and terrace sites. This facet preference trend
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Fig. 4.3 | Cyclic voltammograms of Pt corroded in LiOH, NaOH and KOH at concentrations of 1T M
(a, b) and 5 M (c, d), at —0.6 V vs. RHE (a, ¢) and —1.0 V vs. RHE (b, d). Voltammograms were
recorded in 0.5 M H,SO,, at a scan rate of 50 mV - s~

is accompanied by a modest tendency for more surface area creation as the cation size

increases.

The trend in surface area formation is sustained in more concentrated solutions, as
can be seen in Fig. 4.3 d: at —1 V vs. RHE, most surface area is created in KOH solutions,
followed respectively by NaOH and LiOH. Similarly, the facet preference trend is almost
sustained in 5 M solutions. As in more dilute solutions, slightly more (100) terraces
are created in NaOH electrolytes than in LiOH electrolytes. However, compared to these
electrolytes, KOH causes an increase in (110) and (100) step sites and small decrease in
(100) terraces. This increased step site formation is similar to that observed between 5
and 10 M NaOH. One can therefore also argue that moving from 5 M NaOH to 5 M KOH

produces a more disordered surface after corrosion.

These electrochemical results can be analyzed in the light of scanning electron mi-

croscopy characterization. For 1 M electrolytes, SEM detects differences between cations,
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5M LiOH

5 M NaOH _ 5 M KOH

1

Fig. 4.4 | Scanning electron micrographs of Pt electrodes corroded at —1 V' vs. RHE in 5 M LiOH
(a, d), 5 M NaOH (b, e) and 5 M KOH (c, f). Triangular features are highlighted in yellow.

with larger cations inducing more corrosion (Fig. A16-A.18). This qualitatively matches the
results in more concentrated electrolytes. As can be seen in Panels a and d of Fig. 4.4,
corrosion in 5 M LiOH causes the formation of (100)-type triangular etch pits. These pits
are present on small areas of the electrode; in other areas, any corrosion features are
beyond the resolution of the SEM (Fig. A19).

This differs significantly from corrosion in 5 M NaOH (Panels b and e of Fig. 4.2 and
4.4): etch lines are widespread and rectangular etch features can be seen in Fig. 4.2 e,
underneath the grain boundary in Fig. 4.2 b and in Fig. A.20 e. In addition, the electrodes
show significant corrugation that contains triangular features (Fig. 4.4 e), which resemble
the triangular pits observed for less severe corrosion. These pits could serve as therefore
initiation sites for more severe etching features, as is illustrated in Appendix A.

Finally, corroding in 5 M KOH creates rougher and less well-ordered features than
those observed for LiOH and NaOH: large troughs are found along grain boundaries
(Fig. 4.4 €) and significant roughness without straight features is found on crystal grains
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(Fig. 4.4, f).

These SEM and voltammetry results create a coherent impression of cathodic corro-
sion. Corrosion in LiOH creates the least amount of surface area. This area is only slightly
smaller than that created in NaOH electrolytes, while the electrodes appear markedly
different in SEM. This indicates that corrosion in LiOH electrolytes creates roughness
on scales below the SEM resolution. Corrosion in NaOH electrolytes then causes more
macroscopic roughness. This roughness contains well-developed electrochemical (100)
terrace features that correspond with the formation of straight, long-distance features in
SEM. Such well-ordered sites are mostly absent from electrodes corroded in 5 M KOH,
which appear the roughest and most disordered in both voltammetry and electron mi-
croscopy.

As such, a clear effect of the cation is present for both studied electrolyte concen-
trations. At low concentrations, the cation predominantly affects the surface facet dis-
tribution, causing most (100) sites to be formed in KOH, followed respectively by NaOH
and LiOH. At higher concentrations, corrosion in NaOH and LiOH induces well-developed
(100) features, with KOH leading to an increased amount of step sites. Corrosion further-

more produces more surface area with increasing cation size.
Rhodium

In contrast with platinum voltammograms, rhodium voltammograms only feature one set
of ‘hydrogen’ peaks.” Of this set, the cathodic peak corresponds to (bi)sulfate desorp-
tion, accompanied by hydrogen adsorption. Accordingly, the anodic peak corresponds
to hydrogen desorption, accompanied by (bi)sulfate adsorption. The position of these
peaks varies, depending on the exposed electrode facets. For the three basal planes,

this yields the following peak positions in 0.1 M H,S0,:

1. Rh(111) contains a sharp cathodic peak at 0.105 V' vs. RHE and a sharp anodic peak
at0.122 V vs. RHE.

2. Rh(100) contains a sharp cathodic peak at 0.149 V vs. RHE and a sharp anodic
peak at 0.157 V vs. RHE.

3. Rh(110) contains a broad cathodic peak at 0.107 V vs. RHE and a broad anodic
peak at 0.120 V vs. RHE.
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In line with our Chapter 3, we will primarily focus on the anodic peaks. The peaks are
located around 0.121 V vs. RHE for the (111) and (110) facets, but situated approximately
35 mV more positive for the (100) facet. We used this peak position difference in Chap-
ter 3 to determine the onset potential of rhodium: at the corrosion onset of —0.4 V vs.
RHE (—1.3 V vs. NHE), the anodic hydrogen peak shifts positively by 2 mV. This pos-
itive shift signifies the formation of (100) sites. Because this peak shift is more abrupt
than the gradual increase in electrode surface area, the same shift will be used here to
determine the corrosion onset. We will focus exclusively on the effect of the cation iden-
tity in 5 M electrolytes, because cathodic corrosion of Rhin T M electrolytes is subtle
and the spread in the data is too large to reliably establish onset potentials and facet

preferences.
Cation identity

For 5 M electrolytes, the peak shift and surface area increase (as determined from the
hydrogen desorption charge) after 60 seconds of cathodic polarization are presented in
Fig. 4.5. In this figure, the anodic peak shift (Panel b) is approximately 2 mV in absence of
cathodic corrosion. Though this ‘baseline’ shift is slightly higher than the < 1 mV shiftin
Chapter 3, itis reproducible for the presently studied electrolytes. The first electrolyte to
exhibit a shift larger than 2 mV is 5 M KOH, for which a4 mV peak shift marks the onset
of cathodic corrosion at —0.4 V vs. RHE (—1.3 V vs. NHE). In agreement with Chapter 3,
this 4 mV change represents an approximate 2 mV shift from the baseline change in
peak position. Similar 3-4 mV total shifts occur at —0.5 V' vs. RHE (—1.4 V vs. NHE) for
LiOH and NaOH. These onset potentials match those for Pt corrosion, with corrosion in
5 M KOH starting at less negative potentials than corrosion in 5 M NaOH and LiOH.

Another similarity with Pt is that the initial surface area increase (Fig. 4.5 a) is simi-
lar at mildly negative potentials and starts diverging at approximately —0.7 V' vs. RHE.
However, the trend in surface area formation differs from platinum: most surface area
is formed in NaOH, followed respectively by KOH and LiOH. Though the cause of this
differing trend is unclear, it does match the observed peak shifts for Rh corrosion: the
shift is highest for NaOH, with LiOH and KOH producing shifts that are 2 to 4 mV smaller,
depending on the exact corrosion potential.

Such differences between cations in both surface area and peak shift are consistent
with SEM characterization results, which are shown for the three electrolytes in Fig. 4.6.

The electrolyte for which Fig. 4.5 a indicates the smallest surface area increase is 5 M
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Fig. 4.5 | Relative rhodium surface area increase after cathodic polarization (a) and shift of the
anodic hydrogen peak (b), as a function of the applied polarization potential in 5 M LiOH, 5 M
NaOH and 5 M KOH. Each data point is the average of at least 3 independent experiments. Error
bars represent one standard deviation; if an error bar is not visible, it falls within its corresponding
data point.

LiOH. In electron microscopy (Fig. 4.6 a, d), Rh electrodes corroded in this electrolyte
typically exhibit no signs of cathodic corrosion: with the exception of one electrode
(Fig. A.22 c), the electrodes only contain ridges and cracks that align with the electrode,
which Chapter 3 showed to not be caused by cathodic corrosion.

More signs of corrosion are visible for rhodium electrodes corroded in 5 M KOH
(Fig. 4.6 ¢, f), which is the electrolyte that ranks second in surface area creation. Interest-
ingly, this electrolyte does not cause the formation of large etch pits, but instead creates
a high coverage of small particles that are attached to the surface.

Finally, small particles can be observed after corrosion in 5 M NaOH (Fig. 4.6 b, e)
and large quasi-rectangular pits are found after corrosion at and below —0.9 V' vs. RHE.
These pits match those created in 10 M NaOH, and are assigned to (100) site formation
(Chapter 3). They therefore match the CV peak shift ((100) preference) in Fig. 4.5 being
highest for corrosion in NaOH. Additionally, the etch pits are the largest features observed
for rhodium in this study, which correlates well with the electrochemical surface area
increase being largest for 5 M NaOH.
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5M LiOH

5M NaOH 5 M KOH

Fig. 4.6 | Scanning electron micrographs of Rh electrodes corroded at —1 V' vs. RHE in 5 M LiOH
(a, d), 5 M NaOH (b, e) and 5 M KOH (c, f).

Summarizing, both electrochemistry and electron microscopy indicate the surface
area increase to be smallest for LiOH, followed respectively by KOH and NaOH. Besides,
electrochemistry indicates the largest amount of (100) sites to be formed in NaOH, which
matches the occurrence of large, quasi-rectangular etch pits. Although these observa-
tions from CV and SEM lack the clear trends observed for platinum, both techniques

produce mutually consistent results for the corrosion behavior of rhodium.
Gold

For gold, the change in surface orientation will be studied by using the oxide region in the
cyclic voltammogram. This region is situated approximately between 1.35and 1.75 V vs.
RHE and contains several overlapping peaks corresponding to the following three basal
planes:“&4

1. Au(111) produces a peak at 1.58 V' vs. RHE.

2. Au(100) produces a peak at 1.42 V vs. RHE.
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3. Au(110) produces a peak at 1.46 V vs. RHE.

Peaks correspondingto (100) and (111)/(110)-oriented steps are found respectively at 1.39
and 1.43 V vs. RHE.*® Though some of the peaks are situated rather close to each other,
they are reliable indicators of the amount of exposed basal planes.™ The peaks will there-
fore be used to assess changes in the electrode surface after cathodic corrosion. As with
rhodium, these changes are not reported for concentrations of 1 M; corrosion in these
concentrations did not produce changes that were significant enough to reliably identify

onset potentials and etching preferences.
Cation identity

Larger changes are observed for experiments in 5 M alkali metal hydroxides. For corro-
sion in these electrolytes, voltammograms before and after 60 seconds of corrosion at
—1.5V vs. RHE are shown in Fig. 4.7. The figure shows both the first (Panel a) and fourth
(Panel b) voltammetric cycles after cathodic corrosion, because the electrode surface
changes between cycles due to repetitive oxidation and reduction.” Such changes could
obscure the difference between cations if only the fourth cycle were used for compar-
ison. In addition, the displayed CVs are shown for a more negative corrosion potential
(—1.5 V vs. RHE) than those shown for rhodium and platinum. This is because corrosion
is significantly milder for gold, which causes smaller differences between the cations at
less negative potentials; voltammograms of electrodes polarized around the corrosion
onsets and at —3.0 V' vs. RHE are available in Fig. A13-A.15.

At —1.5 V vs. RHE, corrosion in all three electrolytes creates some extent of (111) fea-
tures. These features, which are visible around 1.58 V vs. RHE, can be used to identify
the onset potential of gold corrosion (Chapter 3). This analysis is presented in Fig. A.29,
and indicates the onset potentials to be —0.9 V vs. RHE (—1.8 V vs. NHE) for 5 M LiOH
and —0.8 V/ vs. RHE (—1.7 V vs. NHE) for 5 M NaOH and KOH. As for platinum and rho-
dium, these potentials are 0.1 to 0.2 V more negative than the corrosion onset potential
found in Chapter 3 for 10 M NaOH: —0.7 V vs. RHE (—=1.6 V vs. NHE). This indicates a
later onset of cathodic corrosion for all three cations in more dilute electrolytes.

When the facet preference of the cations is compared, several interesting features
stand out. These features are most clearly visible in the first cycle after corrosion (Fig.4.7 a).
From this cycle, one can observe that LiOH induces the creation of only a small amount

of (111) facets. Instead, the most-developed peak is the (100) peak at 1.41 V' vs. RHE.
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Fig. 4.7 | Cyclic voltammograms of Au, corroded in 5 M LiOH,5 M NaOH and 5 M KOHat—1.5V vs.
RHE. CVs shown are the first cycle (a) and the fourth cycle (b) after cathodic corrosion. Voltam-
mograms were recorded in 0.1 M H,SO,, at a scan rate of 50 mV - s~

This also holds true after 4 cycles (Fig. 4.7 b), with only small changes occurring between
cycles.

The corrosion behavior in 5 M LiOH is not matched by NaOH, which induces a strong
development of (111) sites (1.58 V vs. RHE) in both the first and fourth characterization
cycles. An additional difference with respect to LiOH is the amount of created surface
area, which can primarily be assessed by the size of the oxide reduction peakat 1.16 V vs.
RHE.>® A larger peak after corrosion in 5 M NaOH indicates significantly more surface area
formation than corrosion in 5 M LiOH.

Finally, the created surface area in 5 M KOH displays interesting behavior with re-
spect to the other two electrolytes. During the first cycle after corrosion, it appears that
virtually no surface area has been created: the oxide reduction peak is similar in height
to the peak of a pristine electrode. Interestingly, this peak grows in size during charac-
terization after cathodic corrosion, leading to a CV similar to that after corrosion in 5 M
LiOH, but with slightly more surface area, step sites, (110) terrace sites and (111) sites.
Though these changes are discussed in more detail in Appendix A, the current analysis
already indicates a strong difference in corrosion behavior for different cations.

As for Pt and Rh, these voltammetric changes correspond to changes observed with
SEM. Scanning electron micrographs are shown for corrosion at —3.0 V' vs. RHE in Fig. 4.8.
This potential was chosen for SEM comparison because no corrosion could be detected
by SEM for gold in 5 M LiOH at —1.5 V vs. RHE (Fig. A.25). For this electrolyte, corrosion
features were only visible near the tip of the electrode. These features consist predomi-

nantly of etch pits, of which a particularly interesting example is shown in Panel a. This
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5M LiOH 5M NaOH 5M KOH

Fig. 4.8 | Scanning electron micrographs of Au electrodes corroded at —=3 V' vs. RHE in 5 M LiOH
(a, d), 5 M NaOH (b, e) and 5 M KOH (c, f). Images in Panels d-f were taken at the tip of the
electrode, whereas images in Panels a—c were taken further away from the tip. Representative

etch pits have been highlighted in yellow.

type of etch pit is highlighted in yellow: it has outlines that appear to have roughly 90-
degree angles and pit walls that slant inwards. This type of pit is therefore indicative
of a (111)-type pit in a (100)-type surface, as can be rationalized using a model etch pit
(Fig. A.28). In addition to these (111) sites, triangular and rectangular (100) pits are also
visible in Fig. A.25 c and Fig. 4.8 d.

Pits are also observed after corrosion in 5 M NaOH, as is shown in Fig. 4.8 b. These
features are larger than those seen for corrosion in 5 M LiOH, but match the orientation
of (111)-type pits in (100)-type surfaces. The pits are accompanied by less well-defined
roughness (Fig. A.26), but also by large, quasi-octahedral particles close to the tip of the
electrode. These well-defined particles were previously observed after corrosionin 10 M
NaOH and are strong indicators of the formation of (111) sites, as seen in Chapter 38

Well-defined particles and pits are absent for 5 M KOH. Corrosion in this electrolyte

predominantly causes the etching of crystal grains, leading to the disordered features in
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Fig. 4.8 ¢. In addition, cathodic corrosion creates disordered particles (Fig. 4.8 f); these
particles are exclusively present at the tip of the electrode, where it is cut from the spool.
As such, the presence of these small, disordered particles and etch pits supports the
suggestion that corrosion in 5 M KOH causes the formation of a more disordered type
of gold surface.

Thus, SEM imaging reinforces the electrochemical observations for gold corrosion,
indicating the following behaviors for the three electrolytes. Firstly, 5 M LiOH is shown
in both electrochemistry and electron microscopy to be the electrolyte in which the least
surface area is created. When pronounced changes are present, both techniques can at-
tribute them the formation of (triangular & rectangular) (100) sites and a small amount
of (rectangular) (111) sites. Secondly, 5 M NaOH is shown electrochemically to create the
most new surface area, consisting predominantly of (111) sites. This agrees well with the
(111)-type etch pits and quasi-octahedral particles observed in SEM. Finally, 5 M KOH
induces the formation of slightly more surface area than 5 M LiOH. This surface area
appears to be disordered, as is indicated by the lack of well-defined oxide features in
the first cycle after corrosion. The observed disorder is reflected in the SEM by the for-
mation of many small etch pits and the presence of small nanoparticles at the tip of the
electrode. As such, the combination of CV and SEM characterization paints a consistent
picture of the corrosion behavior of gold in 5 M LiOH, NaOH and KOH.

Computationally derived adsorption and surface energies

After having experimentally mapped the corrosion behavior of Pt, Rh and Au, we exchange
our experimental viewpoint for a computational perspective. From this perspective, we
will first focus on the specific adsorption of alkali metal cations, followed by the surface

energies of hydrogen-covered metals.
Specific adsorption of cations

We will focus first on the specific adsorption of Li*, Na* and K* on Pt, Rh and Au. This
approach extends from the work in Chapter 3 on sodium adsorption and initially consid-
ered adsorbed cations in vacuum, without including explicit solvation. However, explicit
near-surface solvation was previously shown to significantly affect cation adsorption.?
Explicit solvation was therefore included in the results in this chapter, whereas calcu-
lations without explicit solvation are shown for comparison in Fig. A.30-A.31. The pre-

sented calculations allowed us to calculate equilibrium adsorption potentials for cation

72



Results and discussion

Pt Rh Au

0.0 . . a . . . b . . c
o -02 [ 1L 1L ]
T L ]l L 1 1 J
Z 04 | I F 1L ]
2 .06 Nills 14 F 4
i, 08 [ N L 1L - ]
S o[ I 1L N Q
é 12 [N N i 1t 1
Q 14 [ 1 L N\ 1L
§ 16| I N NI
8 L I I \
5 18 [ ¥ ¥
% |y B L 4 -
< 20p 1 AN i

(1) (100) (553) (211) (1) (100) (553) (211) (1) (100) (553)  (211)
Facet Facet Facet
Cations: Li I Na NN K

Fig. 4.9 | Equilibrium adsorption potentials for adsorption of Li, Na, and K on the (111), (100), (553)
and (211) surfaces of Pt (a), Rh (b), and Au (c) from a 1 M solution of alkali metal cation.

adsorption, facilitating a direct comparison with the experimentally determined onset
potentials.

Calculated equilibrium adsorption potentials for Li*, Na*, K" onto the (111), (100), (553)
and (211) facets of Pt, Rh and Au are displayed in Fig. 4.9. In this figure, cation adsorption
is energetically favorable at potentials below the indicated equilibrium adsorption po-
tential, as is signified by the bars covering the entire cation adsorption potential range.
Though the cations transfer only a small part of their charge to the surface upon adsorb-
ing, they do lose part of their solvation shell and interact directly with the metal surface.
This therefore means that, within the context of this work, the cations are specifically
adsorbed in the range covered by the bars in Fig. 4.9.

Importantly, the adsorption range starts at less negative potentials than the onset
potential of cathodic corrosion for most of the metal facets. Therefore, the cations are
favorably adsorbed to the metal surface at potentials where cathodic corrosion occurs. As
such, the results in Fig. 4.9 support the importance of cation specific adsorption during
cathodic corrosion. However, further assessment of the role of cations requires closer
examination of adsorption trends across the different metal surface facets and between

each of the alkali metal cations.

The trend in adsorption between facets is strongest for platinum, see Fig. 4.9 a: cation
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adsorption is weakest on (111)-type sites. This follows from the adsorption potential be-
ing most negative on the (111) and on the (553) facet.” This relatively weak binding to
(111)-type sites is contrasted by adsorption on (100)-type sites: the least negative ad-
sorption potentials are found for the (100) facet and the (211) facet.” This strong binding
on (100) sites vs. (111) sites might be related to the more open nature of (100)-type sites,
which causes stronger binding for a variety of adsorbates.” >3 Interestingly, this would
imply an even stronger binding on step sites versus terrace sites, which is not observed.
This apparent discrepancy is caused by a difference in cation coverage, as is discussed in
more detail in Appendix A. Nonetheless, both Pt steps and terraces bind cations favorably
to (100)-type sites, which correlates well with the experimentally observed preference for
the creation of (100) sites on platinum.

While the adsorption energies for platinum show a clear trend that favors adsorption
on (100) sites, there is no straightforward facet trend for Rh and Au (Fig. 4.9 b, ¢). Although
these metals match Pt in exhibiting a strong preference for adsorption on (100) terraces
over (111) terraces, they generally lack the significant difference between (553) and (211)
that Pt exhibits.

Similarly, Pt is the only metal to exhibit clear trends in the calculated differences be-
tween cations. For Pt, steps and terraces behave oppositely; on terraces, Li adsorbs most
strongly, followed respectively by Na and K. In contrast, Pt steps adsorb K most strongly,
followed respectively by Na and Li. This difference between terraces and stepped sur-
faces arises from the different relative coverages of the cations on each surface, as is
explained in Appendix A.

The trends with respect to cation identity for platinum are only partly upheld for Rh
and Au: only the Rh(100), Rh(211), Au(553) and Au(211) trends behave similarly to their Pt
counterparts. This absence of a calculated trend matches the experimental absence of a

clear facet trend between cations for both Rh and Au.
Energies of hydrogen-covered surfaces

In addition to examining alkali metal cation adsorption, we explored high coverages of
adsorbed hydrogen which may be present on Pt, Rh and Au at cathodic corrosion po-

tentials. We did so by calculating the surface energies of the (111) and (100) facets of

" (553) facets contain 5-atom long (111) terraces and (111) steps to which cations adsorb.

T (211) facets contain 3-atom long (111) terraces and (100) steps to which cations adsorb.
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Pt, Rh and Au in the absence and presence of a monolayer (ML) of adsorbed hydrogen.
These calculations were performed using values from literature DFT studies.3*3 For (100)
surfaces, we additionally found previously that the adsorption of as much as 1.25 mono-
layers of hydrogen is favorable at potentials near O V vs. RHE.*° This data was therefore
included, and the surface energy extrapolated to lower potentials in Fig. 410 a. Similarly
high coverages were calculated in the current work for Rh(100) and included in Fig. 410 b,
since the hydrogen binding strength of Rh is similar to that of Pt. Because the calcula-
tions for 1.25 ML coverage on Pt(100) and Rh(100) used different protocols than the
calculations of Ferrin et al., our results were added to the graph as separate lines. Inter-
estingly, our DFT data in Fig. 410 (dark purple) and calculations using literature values
(pink) appear similar. This agreement inspires confidence in using Fig. 4.10 as a first-order

approximation of the stabilizing effect of adsorbed hydrogen.

Fig. 410 indicates that, at potentials positive of hydrogen adsorption, the surface en-
ergy is constant as a function of potential. This constant energy is a result of ignoring
electrolyte species like water or hydroxyl, which may adsorb to strongly-binding surfaces
and lower the overall surface energy at positive potentials. At more cathodic potentials,
adsorbed hydrogen is calculated to be stable. These potentials generally correspond with
hydrogen adsorption features in the blank cyclic voltammograms of platinum and rho-
dium and initiate a decrease in surface energy in Fig. 4.10. This linear energy decrease
is driven by hydrogen adsorption. This adsorption is increasingly favorable at lower po-
tentials, which lowers the total energy of the system. Eventually, this constant decrease
causes the surface energy to drop below zero eV A2, as compared to bulk metal. When
this happens, the creation of more surface area to facilitate hydrogen adsorption is en-
ergetically more favorable than the breaking of Pt-Pt bonds that such creation of surface

area would require.

Importantly, this surface energy transition occurs at potentials that match the ex-
perimental corrosion onset potentials: approximately —0.4 to —0.5 V' vs. RHE for Pt and
Rh, and —0.7 V vs. RHE for Au. (Exact potentials are given in Table A1) Though it is
important to emphasize that we calculated the curves in Fig. 410 using literature data
that was obtained using different DFT methodologies,3®% the curves match our experi-
mentally determined onset potentials rather well. As such, Fig. 4.10 indicates that high
hydrogen coverages may be an energetic driving force for surface area creation and could

therefore strongly affect the onset of cathodic corrosion.
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4.3.2 Discussion

Onset potential

In the current chapter, we established onset potentials for cathodic corrosion of Pt, Rh
and Au in various concentrations of LiOH, NaOH and KOH. Additionally, we explored the
role of cation and hydrogen adsorption through theoretical calculations. Though this
combination of theory and experiment does not unambiguously explain the nature of
cathodic corrosion, it does provide valuable new clues towards elucidating this puzzling
(electro)chemical phenomenon. Perhaps the most concrete of these clues are related to

the onset potential of cathodic corrosion.

The onset potential depends strongly on the electrolyte concentration: corrosion
takes place at less negative potentials as the concentration increases. This trend is valid
for Pt, Rh and Au, as can be seen by comparing the current results with those in Chapter 2
& 3 for more concentrated electrolytes. The corrosion onset is similarly sensitive to the
nature of the electrolyte cation: it generally starts at the least negative potentials for K,
followed respectively by Na* and Li*.

Though these experimental trends appear robust, they cannot conclusively be ex-
plained by the corresponding DFT results on cation adsorption. We therefore restrict this
comparison of theory and experiment to two observations. First of all, larger cations
are calculated to bind stronger to step edges. This could matter if cathodic corrosion
were initiated at high-energy defect or step sites on the electrodes. Secondly, we calcu-
late that larger cations retain more of their charge upon adsorption. This could shift the
onset potential if cations were required to electrostatically stabilize an anionic reaction
intermediate. Though speculative in nature, these computational suggestions parallel
the observed effects of cations on the corrosion onset potential. These suggestions are

therefore worthy of consideration in further mechanistic studies of cathodic corrosion.

In addition to the influence of cations on the corrosion onset, a similar role might be
played by hydrogen: hydrogen is adsorbed on most metal surfaces at potentials where
cathodic corrosion occurs. Exploring the effect of adsorbed hydrogen on the potential-
dependent surface energy (Fig. 4.10), we found an energetic driving force for the creation
of surface area. This driving force appears at potentials that correspond remarkably well
with the experimental cathodic corrosion onset potentials. Importantly, this agreement
was established without making any kinetic or mechanistic assumptions: it simply indi-

cates a thermodynamic driving force for creating more surface area around the corrosion
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onset potential.
The onset potential of cathodic corrosion therefore appears to depend on three ma-

jor actors:
1. The corroded metal.

2. The electrolyte cation, which also affects various other factors of corrosion (Chap-
ter2 & 3).98

3. Adsorbed hydrogen.

Given the pronounced effect of each of these actors on the location of the corrosion
onset, itis likely that each of them isinvolved in creating the elusive intermediate species
that underlies cathodic corrosion. A possible class of species that contains all three
actors and has been observed experimentally is ternary metal hydrides.

In brief, ternary metal hydrides are compounds with the general formula AxM, H,,
where A is an alkali or alkaline earth metal and M is a transition metal.>* In the solid
state, these compounds contain anionic [MH,1%~ clusters, which are stabilized by sur-
rounding cations.>® As such, these hydrides contain both ionic (or coulombic) interac-
tions between the cation and the anionic cluster, and covalent (or coordination) bonds
between the metal center and the hydrogen atoms.*® A variety of these hydrides with Pt
and Rh centers have been synthesized and fully characterized.>>” Though similar solid-
state examples of ternary gold hydrides are unavailable, their existence is not unlikely:
AuH,”and AuH,~ have been generated with laser ablation,”® and theoretical calculations
suggest that such AuH, ™ clusters could be stabilized by alkali metal cations.> Given these
examples of ternary hydrides of Pt, Rh and Au, such compounds might be the elusive in-
termediate that underlies cathodic corrosion.

The presence of these species would match the suggested simultaneous importance
of the corroded metal, electrolyte cations and adsorbed hydrogen. However, ternary
metal hydrides are extremely sensitive to moisture and air,>*®° which would make them
highly unstable in our working electrolyte. Interestingly, this instability is consistent with
current and previous experimental results. After all, during cathodic corrosion, only the
reacting material (e.g. Pt, Rh, Au) and produced material (e.g. corroded Pt, Rh & Au
surfaces and nanoparticles) have explicitly been identified: the intermediate species is

highly unstable and has, as of now, escaped direct detection and chemical isolation.
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In short, these hydrides are unstable enough to explain their elusiveness during ex-
periments, yet have been studied and characterized to such an extent that their existence
is plausible in our system. Additionally, they require the presence of a metal center, hy-
drogen and a stabilizing cation. As such, these hydrides are, in our opinion, prime targets

for future mechanistic studies of the reaction intermediates of cathodic corrosion.

Electrode area and facet distribution

Besides considering these mechanistic insights, it is instructive to evaluate the role of
cations in the final surface structure of the corroded electrodes. This role is relatively
clear when considering cation concentration: higher concentrations lead to more severe
changes in the facet distribution and the amount of created surface area for Pt (Fig. 4.1 &
4.2). Rh and Au behave similarly in that corrosion is rather mild at lower cation concen-
trations.

These effects of cation concentration appear to be thermodynamic in nature, mean-
ing here that prolonged corrosion in dilute electrolytes is not likely to produce similar
results as shorter corrosion in more concentrated electrolytes. This is illustrated by the
corrosion of electrodes in 5 M NaOH for various amounts of time (Fig. A.32): the dif-
ference between 1 and 10 minutes of corrosion is minimal, if at all present. As such, the
presented corroded electrodes appear to have reached a stable state and the differences
in Fig. 4.1 are strictly a consequence of the cation concentration.

Similar to the cation concentration, the cation identity also affects the final state of
the corroded electrodes. However, this effect appears to vary with the applied potential.
At the most negative potentials, both the facet distribution and surface area creation are
strongly affected by the cation identity for all three metals.

The strongest trend in facet preference is observed for the corrosion of Pt: a mono-
tonic (100) preference is observed when increasing the cation size in 1 M electrolyte con-
centrations. This trend is captured well by our DFT results, which indicate the strongest
binding on (100)-type steps ((211) facets) for K, followed by Na and Li. This trend is
matched by (110)-type steps ((553) facets), which might explain why more step sites and
more general surface area are produced in 5 M KOH, compared to LiOH and NaOH. As
such, the DFT results for cation adsorption agree well with the experimental corrosion
behavior of Pt.

However, the calculated cation adsorption strengths match less well with the corro-

sion behavior of Rh and Au: they do not explain the observed facet distributions or why
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most area is created in NaOH. At best, the absence of a clear trend in DFT resembles the
absence of a clear trend in experimental facet distribution. The lack of overlap between
experiment and theory can be attributed to the calculations in Fig. 4.9 only capturing
cation adsorption. Other factors, like hydrogen adsorption, are not captured in these
calculations. Cation adsorption therefore only partly determines the corrosion behavior
at more negative potentials and hydrogen co-adsorption might improve the predictions.

At milder negative potentials, the cation identity appears unimportant in determin-

ing the electrode structure for all three metals:

- For Pt, the CVs of electrodes corroded at mildly negative potentials show great sim-
ilarity (Fig. 4.3), especially when comparing the amount of created (100) terraces.
In addition, close comparison of the micrographs in Fig. 4.2, Fig. 4.4 and Fig. A16-
A.21 reveals that the earliest indications of corrosion are typically (100)-oriented
triangular etch pits, regardless of the identity and concentration of the electrolyte

cation.

- For Rh, both the surface area increase and hydrogen desorption peak shift (Fig. 4.5)
are similar for all three electrolytes at mildly negative potentials (approximately

—0.6 V vs. RHE) before diverging at more negative potentials.

- For Au, the facet distribution after corrosion (Fig. A.29) is virtually identical for
corrosion in both 5 M NaOH and KOH.

These observations suggest that the cation is of limited relevance in determining the
electrode structure at mildly negative potentials, but of large significance at more neg-
ative potentials. This might be due to an increased adsorbed cation coverage at more
negative potentials, as is explained in Appendix A. Such a coverage dependence might
imply an interplay between both adsorbed cations and adsorbed hydrogen. This would

be consistent with our mechanistic hypothesis regarding ternary metal hydrides.

Implications for electrode structuring

Regardless of the exact mechanisms that underlie the final structure of corroded elec-
trodes, the current work provides a detailed characterization of the cathodic corrosion
behavior of various combinations of electrode materials and electrolyte alkali metal

cations. These results are particularly relevant when employing cathodic corrosion to
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alter the surface of metallic electrodes. Hence, we will end our discussion with recom-
mendations for structuring electrodes by cathodic corrosion. The first three sets of rec-

ommendations are metal-specific:

- Platinum generally prefers forming (100) sites during cathodic corrosion. However,
the extent of this preference can be significantly tuned by varying both the identity
and concentration of the alkali metal cations in the electrolyte. The strongest pref-
erence for forming well-defined (100) terraces without creating steps is found for
corrosion in 5 M NaOH. If LiOH is used instead, the corroded electrodes appear
smoother in SEM (Fig. 4.4, Fig. A16 and Fig. A19) and expose slightly less (100) ter-
races in voltammetry. Accordingly, changing the cation to K* induces the formation

a rougher and (at 5 M concentrations) more disordered surface.

- Rhodium exhibits a minor (100) preference, which is strongest in NaOH. NaOH is
also the electrolyte of choice when a large surface area increase is desired. If less
surface area and (100) preference are required, LiOH and KOH are more appropri-
ate working electrolytes: corrosion in LiOH creates surfaces that appear in SEM to
retain most of their original morphology, while KOH induces nano-sized corruga-
tion and slightly more roughness on the electrode.

- For gold, cathodic corrosion should be carried out at more negative potentials than
for platinum and rhodium. When doing so, corrosion in LiOH creates electrodes
with moderate roughening, exhibiting some well-defined (100) and (111) etch pits.
More severe roughening is present after corrosion in NaOH, which creates most
roughening and large (111)-oriented particles. Newly formed (111) sites are most
clearly expressed in 10 M NaOH, where the (111) oxide peak can be quite well-
defined (Chapter 3). Finally, corrosion in KOH creates intermediate degrees of sur-

face area, accompanied by corrugation along grain boundaries.
Finally, we will conclude our recommendations with three more general notes:

- Both this chapter and Chapter 2 & 3 indicate crystallographic preferences in ca-
thodic corrosion: clear facet preferences can be identified and corrosion appears
most pronounced around grain boundaries and, in case of un-annealed Rh & Au
electrodes, in areas close to where the electrodes were cut from the spool with
wire cutters. This parallels previous findings in nanoparticle synthesis through ca-

thodic corrosion, which achieved the most well-defined nanoparticles after pro-
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longed annealing of the parent electrode.™ The extent of corrosion may therefore
vary, depending on the initial state of the electrode: more or less corrosion than
found in the current work may be observed if mechanical stress is reduced by an-

nealing or introduced by methods like mechanical polishing.

- Our recommendations are strictly valid in the studied potential range. Though
more negative potentials will likely just emphasize the findings in the current work,
exploring such potentials is encouraged when aiming to create an optimal surface
structure. Similarly, if the target surface structure requires less corrosion, lower
potentials can be chosen by consulting Fig. A.4 through Fig. A.27.

- Though the current work focuses on using pure alkali metal hydroxides to avoid
overcomplicated analyses, different electrolytes might generate different and in-
teresting results. Mixing cations to combine or balance their effects might be effec-
tive, as well as using entirely different cations. However, care should be taken not
to choose cations that electrodeposit under the chosen corrosion conditions, in

order to avoid the possible formation of metal overlayers or even alloy phases.®'

4.4, Conclusions

The current work has explored the cathodic corrosion behavior of Pt, Rh and Au in LiOH,
NaOH and KOH, in order to systematically assess the effect of the electrolyte cation. In
doing so, it was found experimentally that both the concentration and identity of the
cation can strongly affect the surface area and facet distribution of corroded electrodes,
as well as the cathodic corrosion onset potential. These experimental results led to a set
of concrete recommendations for employing cathodic corrosion to modify the structure
of metallic electrodes for a specific purpose.

In addition to producing guidelines, we rationalized our experimental results by using
first-principles calculations of cation adsorption. Importantly, the calculations indicate
that cations are adsorbed at potentials where cathodic corrosion occurs. Though the
calculations also satisfactorily reproduce the trend for (100) site formation for Ptin 1 M
LiOH, NaOH and KOH, they do not conclusively explain other trends in the onset potential,
facet distribution and surface area increase after cathodic corrosion. More mechanistic
information on cathodic corrosion is therefore required to explain the strong effect of

cations on these factors.
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Equally relevant for the onset of corrosion is perhaps the adsorption of hydrogen;
an analysis of literature hydrogen adsorption values indicates a thermodynamic driving
force for the creation of surface area. Importantly, this driving force matches the ex-
perimental trend in onset potentials between metals, without making any mechanistic
assumptions.

By combining the observed relevance of hydrogen, electrolyte cations and the cor-
roded electrode material, we postulate that the key reaction intermediate of cathodic
corrosion might be a ternary metal hydride. Though the current work provides no di-
rect evidence for such metal hydrides, their solid-state properties have been extensively
studied and their occurrence would match several experimental observations. Notably,
ternary metal hydrides would explain the importance of cations that has been explored
in previous work and reaffirmed in the presented research. Ternary metal hydrides are
therefore plausible reaction intermediates, which could serve as a starting point for fur-
ther mechanistic studies of cathodic corrosion.

In conclusion, the current work on cathodic corrosion provides recommendations
for electrode surface structuring, extensive information on the role of cations during
DC cathodic corrosion and a testable hypothesis for the nature of the elusive cathodic
corrosion reaction intermediate. As such, the work presented here is an essential step in

both understanding and applying cathodic corrosion.
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