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3 | Etching of Au and Rh at the Onset of Cathodic Corrosion

Anisotropic Etching of Rhodium and

Gold as the Onset of Nanoparticle

Formation by Cathodic Corrosion

Cathodic corrosion alters metallic electrodes under cathodic polarization. Though these

alterations can be dramatic, the exact mechanisms underlying cathodic corrosion are still

unclear. This work aims to improve the understanding of cathodic corrosion by studying

its onset on rhodium and gold electrodes in 10M NaOH. The electrodes are studied be-

fore and after cathodic polarization, using cyclic voltammetry and scanning electron mi-

croscopy. This allows to de�ne a corrosion onset potential of −1.3V vs. NHE for rhodium

and−1.6V vs. NHE for gold. Furthermore, well-de�ned rectangular etch pits are observed

on rhodium. Combined with rhodium cyclic voltammetry, this indicates a preference for

forming (100) sites during corrosion. In contrast, a (111) preference is indicated on gold by

voltammetry and the presence of well-oriented quasi-octahedral nanoparticles. We sug-

gest this di�ering etching behavior to be caused by adsorption of sodium ions to surface

defects, as is corroborated by density functional theory calculations.

3.1 Introduction

All metals undergo oxidation under su�ciently anodic (positive) polarization, as can

readily be deduced from the electrochemical series.1 This oxidation lies at the basis of

a variety of processes, such as formation of catalytically active metal oxides,2 reorgani-

zation of the metallic surface3 and corrosion and dissolution of material.4 In contrast,

metals are generally considered to be chemically stable under cathodic (negative) polar-

ization; reduction of metals is not listed in the electrochemical series, Pourbaix diagrams

generally consider uncharged metallic species to be most stable at low potentials,5 and

metals are commonly polarized cathodically to prevent anodic corrosion.6

This chapter is based on Hersbach, T. J. P., Mints, V. A., Calle-Vallejo, F., Yanson, A. I. & Koper, M. T. M.,

Faraday Discussions 193, 207–222 (2016).
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Introduction

However, cathodic potentials are able to induce remarkable changes that are similar

to those observed anodically, such as the generation of catalytically active undercoordi-

nated sites7 and reorganization of the surface.8,9 In fact, it is even possible to degrade

metallic electrodes in a process called cathodic corrosion.10–12 This process etchesmetal-

lic electrodes and is capable of forming nanoparticles by applying cathodic potentials,

possibly by generating anionic metal intermediates. Though this process has typically

been studied using strongly negative potentials,13 Chapter 2 has demonstrated that the

cathodic corrosion of platinum starts at the relatively mild potential of−0.4V versus the

reversible hydrogen electrode (RHE) in 10M NaOH. Furthermore, this chapter showed a

strong preference for the creation of (100) sites during corrosion. In order to gain more

insight into cathodic corrosion, it is important to explore the onset potential and etch-

ing preference of other metals. However, a key factor in determining these properties

for platinum was the ability to create a reproducible electrode surface by �ame anneal-

ing using a standard butane-oxygen burner,14 which is not possible for all metals. Two

of these metals are rhodium and gold: rhodium is rapidly covered by its oxide during

annealing,15 whereas gold electrodes of the required size melt almost immediately after

reaching their glowing temperature.

In this study, we circumvent this problem by replacing the annealing step by a chem-

ical cleaning step in which organic contaminants are removed from the electrodes us-

ing a 3:1 mixture of sulfuric acid and hydrogen peroxide. This procedure yields a highly

polycrystalline, yet clean and reproducible electrochemical response for rhodium. A re-

producible gold surface can also be created if repeated cyclic voltammograms (CVs) are

performed in dilute sulfuric acid after chemical cleaning. After this preparation proce-

dure, both rhodium and gold can be studied using the protocol from Chapter 2: elec-

trodes are characterized using cyclic voltammetry in 0.1 M H2SO4, after which they are

treated cathodically in 10 M NaOH. Subsequent cyclic voltammetry in H2SO4 will then

reveal any changes in the electrode surface, allowing to pinpoint tentative cathodic cor-

rosion onset potentials and detecting anisotropic etching preferences for both metals.

Further study using scanning electron microscopy (SEM) reveals well-de�ned etch pits

on rhodium and crystallites on gold, which are in excellent agreement with the electro-

chemically observed etching anisotropy. This etching anisotropy is explored further using

density functional theory (DFT), which suggests the etching preference to arise from the

speci�c adsorption of sodium ions to surface defects.

These results demonstrate that cathodic corrosion can occur as readily as anodic
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3 | Etching of Au and Rh at the Onset of Cathodic Corrosion

corrosion, since both rhodium and gold etch anisotropically at mild cathodic potentials.

Furthermore, this study provides a protocol for investigating cathodic corrosion on other

metals that cannot be �ame annealed, which is a crucial step in expanding cathodic

corrosion studies.

3.2 Materials and methods

3.2.1 Electrochemistry
Electrochemical experiments were performed with an Autolab PGSTAT12. All water used

in this study was demineralized and ultra�ltered by a Millipore MilliQ system (resistivity

> 18.2MΩ · cm ,TOC < 5 ppb) before use. Working electrolytes were deoxygenated

by purging argon (Linde, 6.0 purity) for at least 30 minutes prior to starting experiments.

Deoxygenation was maintained by �owing argon over the solution during experiments.

Short lengths of Au (Materials Research Corporation, März Purity; � = 0.125 mm)

and Rh (Mateck, 99.9%; � = 0.125 mm) wire were used as working electrodes. Each

working electrode was rinsed with water, dipped in a 3:1 mixture of H2SO4 and H2O2
to remove organic contaminations and rinsed again before transfer into a standard 3-

electrode cell �lled with 0.1 M H2SO4 (Merck, Ultrapur). This cell contained an Au or Pt

spiral counter electrode for Au and Rh experiments, respectively. A reversible hydrogen

electrode (RHE) was used as reference electrode and connected to an Au or Pt wire using

a 4.7 µF capacitor in order to �lter noise during voltammetry. After careful immersion of

the working electrode, which was controlled using a micrometer screw, gold electrodes

were treated electrochemically by running 200 cyclic voltammetry cycles between 0 and

1.75 V vs. RHE at a scan rate of 1V · s−1, in order to obtain a stable cyclic voltammo-

gram (CV).16 Such a cycling procedure was not necessary for rhodium. Next, the working

electrodes were characterized by measuring four CVs at a scan rate of 50mV · s−1.

Following characterization, the working electrodes were transferred to a home-made

�uorinated ethylene propylene cell containing10M NaOH (Fluka, Traceselect), a Ti count-

er electrode and a HydroFlex RHE (Gaskatel). After immersion of the working electrodes,

a constant cathodic potential was applied for 60 s . This cathodic potential was not IR

corrected, but ohmic drop estimates will be included in the text when relevant. Follow-

ing polarization, working electrodes were removed from the electrolyte under potential

control, rinsed and transferred back to the H2SO4 cell. In this cell, the electrodes were

recharacterized using cyclic voltammetry. Finally, the working electrodes were taken out
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of the cell, rinsed and stored for later analysis using scanning electron microscopy.

3.2.2 Scanning Electron Microscopy
Scanning electron micrographs were measured with a FEI NOVA NanoSEM 200 micro-

scope, using an acceleration voltage of 5 kV and a beam current of 0.9 nA.

3.2.3 Density Functional Theory
Density Functional Theory (DFT) calculations were performed using VASP,17 the PBE

exchange-correlation functional18 and the projector augmented-wave (PAW) method.19

The (111), (100), (211) and (553) surfaces contained fourmetal layers: the two topmost ones

and the adsorbates were free to relax in all directions, while the two bottommost layers

were �xed at the optimized bulk interatomic distances. The relaxations were performed

with the conjugate-gradient scheme and a cut-o� of 450 eV for the plane-wave basis

set, until the maximum force on any relaxed atom was below 0.01 eV · Å−1. 6 × 6 × 1

k-point meshes were used for the 2 × 2 (111) surfaces; 6 × 8 × 1 k-point meshes were

used for the 3 × 2 (100) surfaces; 6 × 4 × 1 k-point meshes were used for the 2-atom-

wide (211) surface; and 5 × 3 × 1 k-point meshes were used for the 2-atom-wide (553)

surfaces. The distance between periodically repeated slabs was larger than 14 Å in all

cases and dipole corrections were applied. For the calculations, kBT = 0.2 eV was

used, and the energies were extrapolated toT = 0 K . Na was calculated in cubic boxes

of 15 Å × 15 Å × 15 Å , using a gamma point distribution and an electronic temperature

of 0.001 eV . The following reaction was used to assess the adsorption energies of Na:

∗ + N a(g ) →
∗N a (3.1)

where ∗ is a free adsorption site. Thus, the adsorption energies were calculated as:

∆EN a = E∗N a − E∗ − EN a (3.2)

3.3 Results and discussion

In an attempt to formulate coherent corrosion models for rhodium and gold, each metal

will be discussed separately. First, we will discuss the electrochemical characterization

of rhodium, which is followed by the corresponding scanning electron microscopy. These
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observations will then be combined into a consistent corrosion model. Gold will be dis-

cussed in the same manner. Finally, we will draw parallels and highlight important dif-

ferences between the corrosion characteristics of both materials, while also comparing

them to the results for platinum from Chapter 2. The most notable di�erence, which is

the di�erent etching preference of these metals, will be explained with the aid of density

functional theory calculations.

3.3.1 Rhodium

Electrochemical characterization

Rhodium electrodes were characterized using cyclic voltammetry. By measuring cyclic

voltammograms in H2SO4 before and after the application of a constant cathodic poten-

tial in NaOH, we are able to detect changes in the electrode surface. Rhodium voltammo-

grams feature two regions of particular interest. The �rst region lies above approximately

0.4V vs. RHE and corresponds to the formation and reduction of surface rhodium ox-

ide.20 Though the shape of this region depends on the presence of various surface facets,

the lack of sharp peaks impairs assessment of the relative distribution of surface sites.

This distribution can be assessed more reliably using the second CV region of inter-

est, which lies below 0.3 V vs. RHE. Cathodic peaks in this region are attributed to a

combination of hydrogen adsorption and (bi)sulfate desorption, whereas anodic peaks

correspond to hydrogen desorption and (bi)sulfate adsorption. The location of these

peaks relates directly to the distribution of surface sites. For this study, we will focus on

the anodic peak, which is located respectively at 0.122V , 0.157V and 0.120V vs. RHE

for (111), (100) and (110) surfaces.20

Cyclic voltammograms of rhodium before and after cathodic polarization are dis-

played in Fig. 3.1. As can be seen in Panel a, several small changes are visible after ca-

thodic polarization at −0.3V vs. RHE. Firstly, a small shoulder develops on the anodic

and cathodic peaks between 0.15 and 0.19V vs. RHE. Secondly, the main cathodic and

anodic peaks are slightly more well-de�ned after cathodic treatment. Though the exact

reason for these changes is unclear, they appear consistently after polarization at and

above −0.3V vs. RHE. Finally, it is important to note that polarization at these poten-

tials does not shift the location of the anodic peak by more than 1 mV (Fig. 3.2 b): it

lies at approximately 0.121V vs. RHE before and after treatment in NaOH. This position

indicates a high abundance of (111) and (110) sites.

More prominent changes are visible after polarization at −0.4V vs. RHE (Fig. 3.1 b):
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Fig. 3.1 | Cyclic voltammograms of rhodium electrodes before (blue trace) and after (red trace)
cathodic polarization in 10 M NaOH at −0.3V vs. RHE (a), −0.4V vs. RHE (b), −0.7V vs. RHE
(c) and −1.4 V vs. RHE (d). Voltammograms were recorded in 0.1 M H2SO4, at a scan rate of
50mV · s−1.

the shoulder between 0.15 and 0.19 V vs. RHE is more pronounced and the charges

corresponding to all oxidative and reductive surface reactions have increased. These

changes, which become more prominent if the cathodic potential is lowered to −0.5 and

−0.6 V vs. RHE, indicate an increase in the electrode area. This area increase is dis-

played as function of the polarization potential in Fig. 3.2 a. Furthermore, the hydrogen

desorption peak shifts positively by approximately 2mV . This shift increases slightly as

the cathodic potential is decreased to −0.5 and −0.6V vs. RHE (Fig. 3.2 b), which points

towards a small increase in the relative abundance of (100) sites. Thus, cyclic voltamme-

try suggests that, after polarization at −0.4V vs. RHE, the electrode is roughened by a

process that favors the creation of (100) sites.

While the relative increase of (100) sites seems to develop only slightly until−0.6V vs.

RHE, a bigger increase in the amount of these sites is visible after treatment at−0.7V vs.

RHE (Fig. 3.1 d).* This is apparent from the position of the hydrogen desorption peak,
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Fig. 3.2 | Relative rhodium surface area increase after cathodic polarization vs. polarization po-
tential, as determined from the charge increase of the hydrogen desorption region (a). Shift of the
hydrogen desorption peak position after cathodic polarization vs. polarization potential (b). Each
data point is the average of 3 measurements and error bars represent one standard deviation. If
no error bar is visible, it overlaps with its corresponding data point.

which shifts positively by roughly 9mV , as is also visible in Fig. 3.2 b. This shift remains

reasonably constant upon further lowering of the cathodic polarization potential. In con-

trast, the electrode area after polarization continues to increasemonotonically (Fig. 3.2 a).

Though no other remarkable changes can be detected electrochemically, an impor-

tant and surprising observation can be made visually: a black streak slowly extends

from the electrode when a potential of −0.9V vs. RHE† or lower is applied, which indi-

cates detachment of nanoparticles from the electrode. This leads to severe roughening

of the electrode, which is readily apparent from the voltammogram after treatment at

−1.4V vs. RHE:‡ the increase in hydrogen desorption charge suggests that the electrode

has 7.6 times more surface area, while the broadening of this peak is likely caused by the

formation of nanoparticles.

* It should be noted that −0.7V vs. RHE is the least negative applied potential for rhodium where ohmic

drop e�ects start approaching the magnitude of the 0.1V potential steps: an ohmic drop of approxi-

mately 0.05V is present here.

† Ohmic drop causes the ‘real’ electrode potential to be −0.8V vs. RHE.

‡ Fully correcting for an estimated 240 mV ohmic drop and rounding to the nearest 100 mV leads to a

‘real’ electrode potential of −1.2V vs. RHE.
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Fig. 3.3 | Scanning electron micrographs of rhodium electrodes treated at −0.7V vs. RHE (a, d),
−0.8V vs. RHE (b, e) and −1.2V vs. RHE (c, f).

Scanning electron microscopy

More information regarding the cathodic corrosion of rhodium can be gained by studying

the polarized electrodes using scanning electron microscopy (SEM). Scanning electron

micrographs of electrodes treated at −0.7, −0.8 and −1.2V vs. RHE are presented in

Fig. 3.3. These wire electrodes were mounted such that they are aligned vertically in the

micrograph within a 5-degree error.

Several features stand out inmicrographs of electrodes treated at or above−0.7V vs.

RHE (Fig. 3.3 a, d). Firstly, electrodes exhibit a high degree of polycrystallinity, since grain

boundaries are visible at high magni�cations. This polycrystallinity is also clearly visible

in Fig. 3.3 as a variety of spots that appear to be darker than others, since grains with

a signi�cantly di�erent orientation have a di�erent contrast in SEM.21,22 The degree of

polycrystallinity is higher than that observed on platinum in Chapter 2, which is likely

due to the platinum wires being �ame-annealed before treatment. Such an annealing

step should allow for merging of smaller grains. Secondly, electrodes typically exhibit
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pits and ridges, such as those presented in Fig. 3.3 d. These ridges are not related to

cathodic corrosion, because they are visible after polarization at all potentials above

−0.7V vs. RHE and on wires that were imaged without prior cathodic polarization. Thus,

they are likely defects that were created during electrode preparation and not removed

by an annealing step. Therefore, they do not seem to be related to cathodic corrosion,

indicating that no signs of corrosion are detectable by SEM on wires that were treated at

potentials of −0.7V vs. RHE and higher.

In contrast, the e�ects of cathodic corrosion are ubiquitous on electrodes polarized

at −0.8 V vs. RHE§ or lower. As can be seen in Fig. 3.3 b, e, nanoparticle clusters of

varying lengths are visible after cathodic treatment. These are the earliest sign of ca-

thodic corrosion on rhodium. Upon decreasing the polarization potential to −0.9V vs.

RHE, rectangular etch pits such as those in Fig. 3.3 c, f start to develop. Though the bor-

ders of these pits are generally decorated with nanoparticles, their sides are o�set by

90 degrees and the pit walls descend straight down. These etch pits can therefore be

considered rectangles in terms of their outline and side-wall orientation, though their

�oor does not necessarily conform to this rectangular shape. Finally, it is interesting to

note that these rectangles are always oriented such that their long sides are parallel to

the wire direction.

Model

By combining the electrochemical and microscopic data, it is possible to formulate a

preliminary model for the cathodic corrosion of rhodium. This process seems to start

at approximately −0.4V vs. RHE, since cyclic voltammetry indicates roughening of the

electrode and the formation of (100) sites after polarization at this potential. However,

more severe corrosion takes place below−0.7V vs.RHE, as is indicated by a 9mV shift of

the hydrogen desorption peak in voltammetry. Though any changes in the surface are too

small to be detected by SEM after polarization at or above −0.7V vs. RHE, nanoparticles

can be seen after treatment at −0.8 V vs. RHE. These particles are accompanied by

rectangular etch pits that are oriented along the wire if the potential is decreased to

−0.9V vs. RHE or lower. At this potential, dispersion of nanoparticles into the working

solution is visible.

Though voltammetry before corrosion suggests that these etch pits are created in

§ The electrode potential is −0.7V vs. RHE after full ohmic drop correction.
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Fig. 3.4 |Model (110) surface with a rectangular etch pit. The bottom left and top right walls of the
etch pit have a (100) orientation, whereas the top left side and bottom have a (110) con�guration.

(111) or (110) surfaces, the shape of these pits rules out (111) surfaces; creating a (100)-

type hole in a (111)-type surface will create triangular etch pits (Chapter 2). In contrast,

creating a (100)-type hole in a (110)-type surface will form a rectangular hole with walls

that are parallel to the [110] direction. These walls have a (100) surface orientation, as

is visualized in the model etch pit in Fig. 3.4. Though the real cathodic corrosion etching

kinetics are likely more complex than the formation of simple rectangles in an ideal (110)

surface, the �rst-order approximation presented in Fig. 3.4 is able to explain important

corrosion features by assuming the preferential formation of (100) sites in a (110)-type

surface.

We will highlight two of these features. First of all, the model clari�es why the etch

pits are rectangular and not square, since electrochemistry indicates that (100) sites are

formed preferentially. Such preferential (100) site formation implies that the correspond-

ing (100) pit walls should elongate at a higher rate than the (110) walls. This leads to the

formation of a rectangular etch pit. Secondly, the model explains the orientation of the

etch pits along the electrode direction, since it is likely that the grains in which they are

formed are not oriented randomly due to the electrode production process.23 Instead, it
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Fig. 3.5 | Cyclic voltammograms of gold electrodes before (blue trace) and after (red trace) cathodic
polarization in 10 M NaOH at −0.6 V vs. RHE (a), −0.8 V vs. RHE (b), −1.4 V vs. RHE (c) and
−2.0V vs. RHE (d). Voltammograms were recorded in 0.1M H2SO4, at a scan rate of 50mV · s

−1.

is reasonable to assume that the [110] crystal axes are aligned with the wire direction: the

voltammetry displayed in Fig. 3.1 suggests a (110) surface preference, while the shape of

grains on non-corroded electrodes in Fig. 3.3 indicates a non-random grain orientation.

Based on the surface mainly consisting of (110) grains with a �ber-like orientation along

the wire, the model in Fig. 3.4 would then dictate that the etch pits should be aligned

such that their long (100) walls lie along the wire direction.

3.3.2 Gold

Electrochemical characterization

In contrast with rhodium, gold does not exhibit any appreciable hydrogen adsorption in

its voltammogram. Instead, its oxide formation region shows sensitivity towards the ori-

entation of the surface.24 CVs of gold electrodes before and after polarization at various

potentials are shown in Fig. 3.5.

Fig. 3.5 a shows the typical behavior of gold electrodes when polarized at −0.6V vs.

38



Results and discussion

RHE or higher. No signi�cant changes are induced by these cathodic potentials; the peak

and shoulder in the voltammogram around 1.4 and 1.5V vs. RHE indicate that the elec-

trodes exhibit features corresponding to (110) and (100) surfaces,24 whereas a sharp fea-

ture corresponding to (111) sites around 1.59 V vs. RHE is absent before and after ca-

thodic treatment. In addition, the electrode surface area remains reasonably constant

after cathodic polarization.

In contrast, a minor increase in surface area is indicated by a small increase in the

charges associated with oxide formation and reduction after polarization at −0.8V vs.

RHE. However, this increase in area is not as reliable for de�ning the corrosion onset

potential as it is for rhodium, since it is relatively small and is sometimes even observed

for electrodes that were polarized above−0.6V vs. RHE. Amore reliable descriptor is the

development of a distinct shoulder at 1.59V vs. RHE, corresponding to the formation of

(111) sites. This development is subtle yet reproducible, so that closer inspection of the

oxide formation region allows us to reveal the start of the formation of this (111) feature.

Such an analysis is performed in Fig. 3.6, which displays voltammograms of the oxide

formation region of electrodes treated between−0.5 and−0.8V vs. RHE. These voltam-

mograms have been normalized by using the charge of the oxide reduction peak to de-

termine the electrode surface area, assuming a speci�c charge of 390 µA · cm−2.25 This

normalization approach emphasizes relative changes in the orientation of the electrode

surface. Fig. 3.6 does not show a (111) peak for electrodes treated at −0.5 and −0.6V vs.

RHE; both voltammograms run parallel at 1.59V vs. RHE. However, a (111) shoulder de-

velops in this region after polarization at −0.7 and −0.8 V vs. RHE. This indicates an

increase in the relative amount of (111) sites after treatment at these potentials.

The amount of (111) sites steadily increases upon lowering the cathodic treatment

potential, as is visible in Fig. 3.5 c.¶ Though the current in all regions of the oxide for-

mation region has increased, the (111) peak at 1.59V vs. RHE is clearly visible. This peak

continues developing as the treatment potential is lowered, which is visible in Fig. 3.5 d;

a well-de�ned (111) peak is visible after corrosion and the increase in charge of the oxide

reduction peak indicates a factor of 2.7 area increase.

¶ For the gold experiments, the ohmic drop becomes signi�cant at −1.0 V vs. RHE, where it shifts the
potential by approximately 0.06V . This causes the ‘real’ electrode potentials to be −1.2 and −1.5V vs.
RHE in Panel c and d of Fig. 3.5, respectively.
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Fig. 3.6 | Voltammograms of the gold oxide formation region after polarization at−0.5V , −0.6V ,
−0.7V and −0.8V vs. RHE. Voltammograms were recorded in 0.1 M H2SO4, at a scan rate of
50mV · s−1.

Scanning electron microscopy

Scanning electronmicroscopy (Fig. 3.7) allows for further analysis of the corrosion of gold.

After polarization at −0.9V vs. RHE or above (Fig. 3.7 a, d), the presence of many small

crystal grains indicates a similar degree of polycrystallinity as rhodium. Another simi-

larity with rhodium is the orientation of the grains, which show a �ber-like arrangement

along the direction of the electrode. Finally, ridges are visible between some grain bound-

aries. As was the case for rhodium, the presence of these features can be attributed to

the inability to �ame anneal electrodes before experiments. No other remarkable fea-

tures are present on the electrodes, indicating that no signs of corrosion are observable

by SEM after polarization at and above −0.9V vs. RHE.

When lowering the treatment potential to −1.0V vs. RHE, no signs of corrosion can

be seen at lower magni�cations (Fig. 3.7 b). However, such signs are visible upon closer

inspection of the crystal grains and ridges between them (Fig. 3.7 e). Along these ridges

and on these grains, bright spots appear in themicrograph. These spots can be attributed

to material budding out of the electrode. This budding becomes more pronounced as

the cathodic potential is lowered. Furthermore, etch lines develop in the direction of the

electrode, as is partly visible in Fig. 3.7 c. These lines indicate etching of gold, whereas

the bright spots indicate redeposition of gold.

Along with etch lines, Fig. 3.7 c displays the formation of crystallites which are several

hundreds of nanometers in size. These particles are �rst observable after polarization
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Fig. 3.7 | Scanning electron micrographs of gold electrodes treated at −0.9 V vs. RHE (a, d),
−1.0V vs. RHE (b, e) and −1.4V vs. RHE (c, f).

at −1.3 V vs. RHE|| and predominantly contain 60° and 120° angles. The amount of

observable particles increases as the cathodic potential is lowered. Their prevalence

also increases towards the tip of the electrode, which is the furthest immersed point

during polarization. This is readily visible when comparing Panel c and f in Fig. 3.7, since

both micrographs were taken at di�erent locations on the same electrode.

Model

These SEM and electrochemical observations lead to the following model of cathodic

gold corrosion, which electrochemistry indicates to start at −0.7V vs. RHE. This process

favors the creation of (111) sites and initially leads to a minor increase in electrode sur-

face area. Because this increase is small, no signs of corrosion are detectable by SEM

until electrodes are polarized at or below −1.0V vs. RHE. After polarization at these po-

tentials, corrosion is initially visible as budding of material from the electrode surface.

|| −1.1V vs. RHE after 100% IR correction.
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Fig. 3.8 | Model octahedral (111) nanoparticle.

Corrosion becomes more pronounced as the potential is lowered to−1.3V vs. RHE, after

which particles are visible.

The shape of these particles strongly suggests their surface to have the (111) orien-

tation, as can be visualized using the model in Fig. 3.8. This model displays an octahe-

dral gold nanoparticle, which exclusively exposes (111) surface sites. Though this is an

ideal, high-symmetry model particle, it allows for the rationalization of the shape of the

observed particles; the angles that should arise from the formation of (111) sites are im-

mediately visible, since the model exclusively contains 60° angles. 120° angles can also

be obtained, by simply merging two model particles through a shared surface. In fact,

merging model particles of various sizes or selectively extending one of the sides of a

model particle allows for a relatively satisfactory description of the particles in Fig. 3.7.

3.3.3 Comparison
After formulating models for the corrosion of rhodium and gold, comparing corrosion on

these metals yields further insights.

Firstly, it is vital to notice the similar corrosion onset potentials for both rhodium

and gold. Upon conversion to the normal hydrogen electrode (NHE) scale, these corro-

sion onset potentials respectively are −1.3 and −1.6V vs. NHE for rhodium and gold,

which is similar to the −1.3V vs. NHE found for platinum in Chapter 2. Such potentials

are relatively mild, especially in alkaline media; indeed, they are not too di�erent from

the potentials applied in reactions such as CO2 reduction.
26 This supports the line of rea-
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Fig. 3.9 | Adsorption energies of Na on various �at and stepped surfaces of Pt, Rh and Au, as a
function of the coordination number of the adsorption sites. Energies are reported with respect
to the adsorption of Na on Au(111).

soning that cathodic corrosion might, in fact, be just as detrimental to metal electrodes

as the much better known phenomenon of anodic corrosion.

An important di�erence between both metals is their surface orientation preference.

Gold favors the creation of (111) sites, whereas rhodium shows a preference for (100)

sites. A similar (100) preference was observed for platinum in Chapter 2 and suggested

to be caused by speci�c adsorption of sodium cations during cathodic polarization. This

hypothesis is explored further in Fig. 3.9, which displays the DFT-calculated adsorption

energy of sodium on the (111), (100), (211) and (553) facets of Rh, Pt and Au. The (211) and

(553) surfaces both contain (111) terraces, but possess di�erent step sites: (211) contains

3-atom-long (111) terraces and (100) steps (denoted [3(111)×(100)]), while (553) contains

5-atom-long (111) terraces and (111) steps (denoted [5(111)×(111)]). The adsorption on (211)

and (533) surfaces was evaluated at these di�erent steps. From Fig. 3.9, it is visible that

sodium adsorbs strongest to platinum, followed respectively by rhodium and gold. This

order is in agreement with the trends observed in scaling relations.27,28 More importantly,

Fig. 3.9 demonstrates that, for a given metal, sodium prefers to adsorb on open sites with

lower coordination numbers; similar behavior has previously been observed for oxygen-

and hydrogen-containing adsorbates.29,30 Such an adsorption preference for steps indi-

cates that adsorbate-induced anisotropies in cathodic corrosion should be caused by
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Fig. 3.10 | Scanning electrode micrographs of nanoparticles on a rhodium electrode treated at
−1.3V vs. RHE (a) and a gold electrode treated at −1.4V vs. RHE (b).

preferential sodium adsorption on steps or defect sites. Importantly, sodium adsorption

is more favorable on (100)-type sites on rhodium and platinum, while it shows a small

preference for (111)-type sites on gold. Thus, the DFT-calculated sodium adsorption en-

ergies are able to explain why platinum and rhodium preferentially expose (100) facets,

while gold favors (111) facets: these sites are selectively stabilized by sodium adsorp-

tion. The minuteness of this stabilization on gold also indicates why the anisotropy at

the onset of corrosion is less pronounced than for the other metals.

A second distinction between rhodium and gold is the size of their etch features and

formed nanoparticles: a comparison of Fig. 3.3 & 3.7 demonstrates that rhodium displays

much larger anisotropic etch features than gold, whereas the comparison of rhodium and

gold nanoparticles in Fig. 3.10 demonstrates that gold forms larger anisotropic nanopar-

ticles. This can tentatively be explained by the di�erent mobility of surface atoms of the

two metals. Since gold has a lower melting point and sublimation energy,31 it is presum-

ablymoremobile than rhodium. This would allow gold to reconstructmore easily in order

to minimize its surface energy, thereby counteracting the formation of etching features.

In contrast, etching features in rhodium are lifted less easily by long-range reordering,

causing the formation of large anisotropic etch pits. Similarly, the lower mobility of rho-

dium would lead to the formation of smaller nanoparticles with a high surface area such

as those in Fig. 3.10 a, whereas gold particles can merge and reconstruct more easily to

form larger particles with less exposed surface (Fig. 3.10 b). Thus, this di�erence in mobil-

ity does not only explain the di�erences observed in SEM, but also the electrochemically

observed higher surface area increase for rhodium, as compared to gold.
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3.4 Conclusions

In this work, we have studied the onset of cathodic corrosion on rhodium and gold. In

doing so, we found tentative corrosion onset potentials of −1.3V vs. NHE for rhodium

and −1.6V vs. NHE for gold in 10 M NaOH. The mildness of these potentials suggests

that cathodic corrosion can be at least as e�ective as anodic corrosion in inducing surface

changes in metal electrodes.

Additionally, we were able to observe di�erent crystallographic corrosion prefer-

ences for both metals: rhodium favors the formation of (100) sites, whereas gold prefer-

entially forms (111) sites. This anisotropy is expressed in the formation of well-oriented

rectangular etch pits on rhodium and quasi-octahedral nanoparticles on gold. The di�er-

ence in anisotropy is attributed to the di�erent adsorption of electrolyte cations on both

metals, whereas the qualitative size di�erences in corrosion features are likely related to

their di�erent surface atom mobility.

Not only are these conclusions essential towards understanding cathodic corrosion,

but the experimental procedure leading to these conclusions also provides a useful frame-

work for studying cathodic corrosion on metals that cannot be �ame-annealed.
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