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2 | Etching of Pt at the Onset of Cathodic Corrosion

Anisotropic Etching of Platinum

Electrodes at the Onset of Cathodic

Corrosion

Cathodic corrosion is presumed to occur through anionic metallic reaction intermediates,

but the exact nature of these intermediates and the onset potential of their formation

is unknown. Here we determine the onset potential of cathodic corrosion on platinum

electrodes. Electrodes are characterized electrochemically before and after cathodic po-

larization in 10M sodium hydroxide, revealing that changes in the electrode surface start

at an electrode potential of −1.3V versus the normal hydrogen electrode. The value of

this onset potential rules out previous hypotheses regarding the nature of cathodic corro-

sion. Scanning electron microscopy shows the formation of well-de�ned etch pits with a

speci�c orientation, which match the voltammetric data and indicate a remarkable aniso-

tropy in the cathodic etching process, favoring the creation of (100) sites. Such anisotropy

is hypothesized to be due to surface charge-induced adsorption of electrolyte cations.

2.1 Introduction

Cathodic corrosion is a phenomenon in which metal electrodes undergo degradation un-

der cathodic conditions. This process has puzzled scientists since its discovery by Haber

around 1900 because of the unexpected changes that are induced on the electrode sur-

face at negative potentials.1 Besides leading to extensive roughening of the surface, ca-

thodic corrosion also generates nanoparticles as a corrosion by-product at strong ca-

thodic polarization. This nanoparticle production can be enhanced by introducing an

alternating anodic potential. These observations have led researchers to hypothesize in-

corporation and subsequent leaching of electrolyte protons or alkali metals as an expla-

nation for cathodic corrosion.1–3 This process would weaken the structure of the metal

This chapter is based on Hersbach, T. J. P., Yanson, A. I. & Koper, M. T. M., Nature Communications 7, 12653
(2016).
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lattice, leading to degradation of the surface and formation of nanoparticles. Another

possible mechanism suggested for the formation of these particles was ‘contact glow

discharge’, a phenomenon induced by high currents, which has the potential to rapidly

degrade electrodes.4

However, we demonstrated that cathodic corrosion even takes place if the electrolyte

cations are organic instead of alkali metals, if anodic potentials are not applied, and if

the measured currents are far below those required for contact glow discharge.5 Another

important observation from our previous work was that cathodic corrosion does not take

place if protons are the only cations in solution. These observations rule out the afore-

mentioned hypotheses and instead point exclusively to cathodic chemical reactions be-

ing the main reason for corrosion. On the basis of these observations, we suggested

cathodic corrosion to occur via metastable metallic anions, which are stabilized by non-

reducible electrolyte cations. The exact nature of these corrosion intermediates and the

exact cathodic corrosion onset potential are, however, still unknown; most recent studies

on cathodic corrosion have employed a practical approach towards nanoparticle synthe-

sis,6–11 rather than a fundamental approach towards understanding cathodic corrosion.

Additionally, these studies often did not employ reference electrodes and generally ap-

plied high-amplitude AC voltages, thereby impairing the ability to draw clear conclusions

on the exclusive role of cathodic potentials.

In pursuit of elucidating the processes underlying cathodic corrosion, this work fo-

cuses on studying the onset of cathodic corrosion at platinum electrodes by detailed

electrochemical and structural characterization. The electrodes are subjected to various

constant cathodic potentials in a 10 molar sodium hydroxide solution and are subse-

quently characterized by cyclic voltammetry (CV). This CV analysis reveals a remarkable

anisotropic etching with an onset potential only a few hundreds of millivolts negative of

the onset of hydrogen evolution. These �ndings of anisotropic etching are supported

by scanning electron microscopy (SEM), which reveals the formation of well-oriented

etch pits. Our results match well with the previously observed preferred orientation of

nanoparticles prepared by cathodic corrosion. This matching preferred orientation is

hypothesized to be caused by the speci�c interaction of electrolyte cations, which are

known to be crucial actors in the cathodic corrosion process.5 Furthermore, the strategy

employed in this work seems suitable for studying cathodic corrosion on other metals.
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2.2 Materials and methods

2.2.1 Electrochemistry

Electrochemical experiments were performed with an Autolab PGSTAT12, which is equip-

ped with a linear scan generator. All water used for rinsing and preparing electrolyte

solutions was demineralized and ultra�ltered by a Millipore MilliQ system (resistivity >

18.2MΩ · cm−1,TOC < 5 ppb). All electrolyte solutions were deoxygenated before

experiments by purging with argon (Linde, 6.0 purity). Argon was kept �owing over the

solution during experiments.

Platinum wires (Mateck, 99.99%;� = 0.1mm) were used as working electrodes. Be-

fore experiments, the electrode was carefully rinsed with water and subsequently �ame-

annealed for 60 s and cooled down in air. Next, it was inserted into a standard three-

electrode cell containing 0.5 M H2SO4 (Merck, Ultrapur), using a platinum wire as the

counter electrode and a reversible hydrogen electrode (RHE) as a reference electrode.

The immersion depth of the working electrode was carefully controlled, using a microm-

eter screw. After immersion, the electrode was characterized using CV.

After CV characterization, theworking electrodewas rinsed and transferred to a home-

made �uorinated ethylene propylene cell containing a 10 M NaOH (Fluka, Traceselect)

solution, which was out�tted with a titanium counter electrode and a HydroFlex RHE

(Gaskatel). Following electrode immersion, a constant cathodic potential was applied

for 60 s , after which the electrode was removed under potential control. Next, the elec-

trode was rinsed, transferred back to the H2SO4 cell and characterized again using CV.

After electrochemical characterization, electrodes were removed from the cell, rinsed

and stored for later examination using SEM.

2.2.2 Scanning Electron Microscopy

Micrographs were obtained on a FEI NOVA NanoSEM 200 SEM, using an acceleration volt-

age of 5 kV and a beam current of 0.9 nA. Storage time before SEM imaging did not

a�ect the electrode, as similar images could be obtained after both several days and

several months of storage.
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2.3 Results and discussion

2.3.1 Surface changes observed by cyclic voltammetry
To determine the onset potential of cathodic corrosion, we followed the following proto-

col. Platinum work electrodes were polarized cathodically at a given constant potential

for 60 s in a 10M NaOH solution. These cathodic potentials were applied versus an in-

ternal reversible hydrogen electrode (RHE). Before and after polarization, the electrodes

were characterized by CV in the hydrogen adsorption/desorption region to determine

whether the electrode surface had changed. CV is a quick and versatile technique for

characterizing platinum electrodes, since potential-induced adsorption and desorption

of hydrogen on platinum in sulfuric acid are extremely sensitive to the orientation of the

atoms on the electrode surface. Therefore, di�erent surface sites produce di�erent peaks

in the voltammogram. Speci�cally, (100) sites near terrace borders produce a relatively

sharp peak at 0.27 V vs. RHE, whereas (100) terrace sites are responsible for a broad

signal between 0.3 and 0.4V vs. RHE.12 In addition, (111) sites give a broad featureless

signal between 0.06 and 0.3V vs. RHE due to hydrogen desorption, along with another

broad feature between 0.4 and 0.55V vs. RHE due to sulfate desorption. Finally, (110)

sites generate a peak at 0.13V vs. RHE. These peaks will be visible and distinguishable

in the voltammogram if their corresponding surface sites are present on the electrode.

Voltammograms for several studied platinum electrodes are displayed in Fig. 2.1.

As can be seen in Fig. 2.1 a, treating platinum at a potential of−0.3V vs. RHE leads to

voltammograms that overlap almost perfectly before and after polarization. Only a small

increase in the (110) peak at 0.13V vs. RHE and a minor decrease in the (100) peak at

0.27V vs. RHE are observed after treatment, but these changes are minimal and occur

consistently for all tested potentials above and including −0.3V vs. RHE.

Equally subtle, yet reproducible changes in the voltammogram occur when the elec-

trode is treated at −0.4 V vs. RHE. These changes are observable in Fig. 2.1 b and are

marked by a small decrease in the (110) peak, accompanied by a small increase in the

(100) peak. Moreover, a marginally higher current is observed between 0.3 and 0.4V vs.

RHE. These changes in the voltammogram imply an increase in the number of (100)-type

sites.

This surface modi�cation towards (100) sites is much more apparent after the elec-

trode has been polarized at −0.5 V vs. RHE, as visualized in Fig. 2.1 c. The number of

(100)-type sites has increased dramatically and (110) sites have almost completely disap-
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Fig. 2.1 | Cyclic voltammograms of platinum 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), −0.5V vs. RHE
(c) and −1.0 V vs. RHE (d). Voltammograms were recorded in 0.5 M H2SO4, at a scan rate of
50mV · s−1.

peared; virtually all current at 0.13V vs. RHE originates from the broad feature between

0.06 and 0.3 V vs. RHE, which corresponds to atoms arranged in a (111)-type fashion.

The abundance of these (111)-type sites has increased slightly, as can be derived from

the clearly increased (bi)sulfate adsorption feature between 0.4 and 0.55V vs. RHE.

All changes described for −0.5 V vs. RHE polarization are even further enhanced

if platinum is polarized at −1.0 V vs. RHE (Fig. 2.1 d). Most notably, the (100) peak at

0.27V vs. RHE has grown strongly and a peak corresponding to wide (100)-type terraces

has developed at 0.38V vs.RHE. In addition, the amount of (111)-type sites has increased,

as is indicated by an increase in the broad current features corresponding to these sites.

Finally, the total charge corresponding to both the cathodic and anodic CV signals has

increased by a factor of 1.6. This correlates with a factor 1.6 surface area increase,13 which

indicates signi�cant roughening of the electrode surface.
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2.3.2 Scanning Electron Microscopy

Since the CV data indicate changes in the arrangement of atoms on the surface and rough-

ening of the electrode, one would expect to observe a change in surface morphology

from inspection of the surface. The surface can be imaged by, for example, in-situ scan-

ning tunnelling microscopy (STM) or by ex-situ SEM. Although STM is capable of achiev-

ing atomic resolution on well-de�ned surfaces in electrochemical systems,14,15 obtain-

ing such resolution during cathodic corrosion is prohibited by a variety of factors. Most

notably, vigorous evolution of hydrogen during corrosion prevents imaging of the elec-

trode.16 In addition, a wide range of challenges is posed by the switching between 0.5M

H2SO4 and 10M NaOH electrolyte that would be required to characterize the electrode

before and after cathodic treatment. To our best knowledge, resolving these challenges

is currently beyond the state-of-the-art.

Therefore, ex-situ SEM is a more easily accessible technique, which provides valu-

able information in addition to CV characterization. Typical SEM images are shown in

Fig. 2.2, which displays micrographs of electrodes treated at various potentials between

−0.2 and −0.8V vs. RHE. It is vital to realize that these micrographs have a lower res-

olution than STM and cannot visualize the smallest conceivable electrode roughness.

Though nanoscale corrugation is present on even the most well-de�ned single crystals,17

observing such height di�erences is beyond the practical resolution of the employed mi-

croscope. Still, the images in Fig. 2.2 show excellent consistency with the conclusions

from the CV measurements, as will be discussed in the next paragraphs.

The SEM image in Fig. 2.2 a shows a platinum surface polarized at −0.2V vs. RHE,

displaying only barely visible degrees of roughness in the bottom right quadrant. Apart

from the three intersecting crystal grain boundaries, the depicted area can therefore be

considered to be mostly �at from an SEM point of view. This matches with the observa-

tions made in CV, in which electrodes look identical when freshly annealed and polarized

at or above −0.3V vs. RHE. Similarly, no observable roughening of the electrode can be

seen after polarizing it at −0.4V vs. RHE (Fig. 2.2 b). Even when decreasing the poten-

tial to −0.5V vs. RHE (Fig. 2.2 c), where voltammetry detects a clear change in surface

morphology, only a barely distinguishable roughening can be observed.

Signi�cantly more roughening is observed after polarization at potentials of −0.6V

vs. RHE or lower; the micrograph in Fig. 2.2 d clearly depicts increased corrugation, both

at the crystal grains and their boundaries. Such corrugation is present on most parts of

the electrode, which agrees well with an electrochemically determined roughness factor
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Fig. 2.2 | Scanning electron micrographs of platinum electrodes treated at −0.2 V vs. RHE (a),
−0.4V vs. RHE (b); −0.5V vs. RHE (c); −0.6V vs. RHE (d, e) and −0.8V vs. RHE (f). In e, f, three
etch pits have been outlined in yellow to illustrate shape and orientation similarities. Scale bars
are 300 nm (a, b, d–f). Scale bar is 100 nm in Panel c.

of 1.1 for the electrode in Fig. 2.2 d, e and 1.2 for the electrode in Fig. 2.2 f.

Interestingly, this general increase in corrugation is accompanied by the formation

of well-de�ned etch pits on parts of the electrode. One type of etch pit is triangular, as

shown in Fig. 2.2 e. Three of these pits have been outlined in yellow. Notably, all pits are

oriented identically if they are on the same crystal grain.

The second type of pit is depicted in Fig.2.2 f and exclusively possesses 90° angles.

Because of their shape, the pits can be seen as quasi-rectangular; similar pits have been

observed previously in AC corrosion.18 These pits are also oriented identically when they

are formed on the same grain, as can readily be seen by comparing the three highlighted

pits. The pits and corrugation described here are likely the only cause of the electro-

chemically observed surface area increase, since no cathodically formed nanoparticles

were observed.
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2.3.3 Discussion

The CV data presented in Fig. 2.1 show that the electrode surface structure remains un-

changed when platinum wires are polarized at potentials of −0.3V vs. RHE or higher in

a 10 M NaOH solution. However, the surface structure is modi�ed when the electrode

is polarized at potentials of −0.4V vs. RHE and below. We can therefore conclude that

the onset potential of cathodic corrosion of platinum lies between −0.3 and −0.4V vs.

RHE. Since determining the exact onset potential requires an even greater accuracy than

the current experimental setup provides, we suggest a tentative cathodic corrosion onset

potential of −0.4V vs. RHE for platinum in a 10M NaOH solution. This corresponds to

approximately −1.3V versus the normal hydrogen electrode (NHE).

This experimentally determined onset potential presumably has a thermodynamic

character because it is determined by the stability of the elusive metastable corrosion

intermediate. However, this onset potential is not a standard equilibrium potential, such

as those listed in the electrochemical series;19 in order to de�ne an equilibrium potential,

one would require accurate knowledge of the concentration and nature of the involved

reactants. Since this knowledge is currently unavailable due to the elusive nature of the

cathodic corrosion reaction intermediates, the reported onset potential is simply the

least negative potential at which cathodic corrosion can be detected. We can therefore

not exclude that longer corrosion times would slightly shift the determined onset po-

tential to less negative values, leading to the conclusion that this potential is also partly

kinetic in nature.

Still, the value of the onset potential can be compared with tabulated equilibrium

potentials. For example, the onset potential lies only 0.4V below the thermodynamic

onset of hydrogen evolution in alkaline media, which is surprisingly mild. This potential

of −1.3 V vs. NHE de�nitively rules out the incorporation of sodium ions as the rea-

son for cathodic corrosion; the Na+/Na couple has a standard equilibrium potential of

−2.71V vs. NHE.19

The CV data also indicate that cathodic corrosion is accompanied by the preferential

formation of (100)-type sites. This implies that etching by cathodic corrosion is highly

anisotropic. These observations are con�rmed by the shape and orientation of the etch

pits created by cathodic corrosion, displayed in the micrographs in Fig. 2.2 e, f. These

shapes and orientations can be rationalized by the simplemodels shown in Fig. 2.3, which

will be used to illustrate how the SEM data support the (100) etching preference observed

in electrochemistry.
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Fig. 2.3 | A triangular etch pit with (100)-type sides in a (111)-type surface with a (110)-type step (a)
and a rectangular etch pit with (100)-type sides in a (100)-type surface with a (111)-type step (b).

Figure 2.3 a displays a (111)-type surface with a (110)-type step. Etching a hole in

this surface that exposes (100) sites requires the hole to be triangular. This model etch

pit shape matches the shape of the etch pits in Fig. 2.2 e. Moreover, Fig. 2.3 a indicates

that all etch pits should have the same orientation, as dictated by the orientation of the

underlying crystal grain. This is indeed apparent from the identically oriented outlines in

Fig. 2.2 e. Finally, the model in Fig. 2.3 amatches the electrochemically observed decrease

in (110) sites: if an etch pit is created in a surface section with a (110)-step, part of this

step will be removed. Thus, the model in Fig. 2.3 a is able to unify the electrochemical

and microscopic observations.

A similar analysis can be performed on (100)-type surfaces, displayed in Fig. 2.3 b.

When exposing (100) sites in this surface, one is required to create holes with a rectan-

gular shape of which the orientation is again dictated by the crystal grain. Furthermore,

all angles within the hole must be 90°. These identically aligned rectangles match well

with those in Fig. 2.2 f, as is emphasized by the orientation of the highlighted rectangles.

Any deviation from the model rectangular shape has to add new rectangles to the ex-

isting pit in order to exclusively create (100) sites, thus creating quasi-rectangles such

as the bottom left pit in Fig. 2.2 f. In addition, any (110) sites will be removed from the

surface in which an etch pit is grown. Thus, the rectangular model pits are also in good

agreement with both the electrochemical and microscopic data.
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One should bear inmind that the presentedmodel pit shapes are only meant to illus-

trate how pit shape and voltammetry are consistent, and that the actual etching process

through which the pits are generated most likely occurs through an interplay of complex

mechanisms, much alike surface growth by atom deposition.20 For example, one could

imagine hole initiation by corrosion of a (110)-step site, from which the hole grows over

the surface. The complexity of the corrosion kinetics is explicitly suggested by the occur-

rence of corrugation that does not resemble the model pit shapes presented in Fig. 2.3,

such as the type depicted in Fig. 2.2 d. This type of roughness on grains and grain bound-

aries is abundant on the electrode, as is the occurrence of complex etching grooves.

These features are to be expected, since metallic surfaces possess elaborate reconstruc-

tions that are typically invisible to SEM, such as step bunching. Such reconstructions are

much more complex than the idealized (111)- and (100)-type surfaces employed in our

model. Explaining corrugation on these non-ideal areas of the electrode will thus re-

quire more complex kinetic models, which will be the focus of future studies of cathodic

corrosion. Nonetheless, the presentedmodel etch pits are able to unify the electrochem-

ical and SEM data and emphasize the strong (100) etching preference of platinum.

This preference for (100) sites is remarkable, since (100)-type surfaces typically have

higher surface energies than (111)-type surfaces and even (100) steps have a higher free

energy than (111) steps on a (111) surface.21,22 In addition, the preference for (100) sites is

present for both the observed etch pits and the orientation of nanoparticles created by

cathodic corrosion.7,8 Any consistent explanation for this preference will therefore have

to address both the anisotropy in cathodic etching and the preferential nanoparticle

orientation. The preferential selection of a certain facet can be surface charge-driven

(global) or adsorbate-driven (local).

A global explanation involving surface charge-induced reconstruction is less likely,23

since such a hypothesis would only explain the etching anisotropy. This hypothesis does

not take into account the anisotropic particle growth, which necessarily occurs through

coalescence of uncharged intermediates. Any anionic intermediates will have to be ox-

idized before coalescence, since coulombic repulsion should prevent charged particles

from colliding. Similarly, global hypotheses based on the potential-dependence of the

free energy of di�erent step types will only explain the etching anisotropy,24 because

nanoparticle growth is thought to occur in solution and should be largely una�ected by

the electrochemical potential of the electrode.

Since global explanations typically only seem to explain the etching anisotropy, a
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local hypothesis involving stabilization by adsorbing electrolyte cations seems more ap-

propriate.25 These positively charged ions are expected to interact strongly with the elec-

trode surface at the negative potentials and surface charges relevant for cathodic cor-

rosion. Therefore, these cations are likely able to restructure the platinum surface; it

is well known that adsorbates can a�ect the structure of metallic surfaces by lowering

the surface free energy of facets that would not be preferred under adsorbate-free condi-

tions.26–28 Furthermore, it is known that these cations are essential to cathodic corrosion,

since they are required to stabilize the anionic corrosion intermediates.29 This impor-

tance of cations parallels the role of adsorbates in traditional nanoparticle synthesis, in

which cationic, anionic and molecular adsorbates are able to both restructure existing

nanoparticles and control particle shape during formation by preferentially adsorbing to

speci�c crystal facets.30–32

The above mechanism would imply a strong dependence of the anisotropy in ca-

thodic corrosion on both the concentration and nature of the electrolyte cations, which

has indeed been observed in previous studies: the (100) nanoparticle orientation pref-

erence decreases with decreasing cation concentration8,18,25 and is less pronounced in

potassium hydroxide than in sodium hydroxide.8 On the basis of these experimental

observations and the general tendency of adsorbates to restructure nanoparticles and

bulk electrodes, we hypothesize that the speci�c interaction of cations is the most likely

cause of both the preferential orientation of cathodically prepared nanoparticles and the

anisotropic etching observed in the current work.

Finally, it is interesting to compare the surface modi�cations observed in cathodic

corrosion to other electrochemical surface modi�cations. For example, Díaz et al. ob-

served striking changes in the voltammetric pro�le of platinum after cathodic polariza-

tion in sulfuric acid solutions, which they attributed to the formation of ‘superactive’

platinum states.33,34 Although experiments in ultraclean sulfuric acid demonstrated that

these observations are not caused by cathodic corrosion,5 these changes further illus-

trate the pronounced modi�cations that can occur at metallic electrodes after cathodic

polarization.

The signi�cance of the changes caused by cathodic corrosion is emphasized by com-

paring them to modi�cations caused by repeatedly cycling at predominantly anodic po-

tentials.35–37 These latter cycling procedures can modify electrode surfaces by repeatedly

oxidizing and reducing platinum in experiments that typically last 5–10 min. These oxi-

dation/reduction cycles are a strict requirement for modi�cation in these experiments,
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because platinum is quite stable under constant anodic polarization due to protection

by a thin oxide layer.38 By contrast, cathodic corrosion is able to induce similar or even

more dramatic changes by polarizing the electrode just 0.5 V below the thermodynamic

onset of hydrogen evolution for only a minute. This leads to the surprising and coun-

terintuitive conclusion that cathodic corrosion can, in some electrolytes, be much more

detrimental to platinum electrodes than anodic corrosion, suggesting that the concept

of cathodic protection is relative.

2.4 Conclusions

Summarizing, we have determined the onset potential of cathodic corrosion of platinum

in 10M NaOH at −1.3V vs. NHE. In addition, cathodic corrosion was shown to involve

highly anisotropic etching, favoring the creation of (100) terraces and steps and the re-

moval of (110) sites. Accordingly, SEM revealed well-oriented etch pits, con�rming the

anisotropic etching that was determined electrochemically. Our current understanding

of the phenomenon suggests that this anisotropy is likely induced by strong interaction

of electrolyte cations with the highly negative surface charge of the electrode. The fact

that cathodic corrosion starts only 0.4V below the thermodynamic onset of hydrogen

evolution in alkaline media also leads to the surprising conclusion that cathodic pro-

tection is a relative concept, and that cathodic corrosion can be more detrimental to

platinum surfaces (and noble metals in general) than anodic corrosion.

References

1. Haber, F. The Phenomenon of the Formation of Metallic Dust from Cathodes. Transactions of the American Electro-
chemical Society 2, 189–196 (1902).

2. Kabanov, B. N., Astakhov, I. I. & Kiseleva, I. G. Formation of crystalline intermetallic compounds and solid solutions
in electrochemical incorporation of metals into cathodes. Electrochimica Acta 24, 167–171 (1979).

3. Leontyev, I., Kuriganova, A., Kudryavtsev, Y., Dkhil, B. & Smirnova, N. New life of a forgotten method: Electrochemical
route toward highly e�cient Pt/C catalysts for low-temperature fuel cells. Applied Catalysis A: General 431-432, 120–
125 (2012).

4. Gangal, U., Srivastava, M. & Sen Gupta, S. K. Mechanism of the Breakdown of Normal Electrolysis and the Transition
to Contact Glow Discharge Electrolysis. Journal of The Electrochemical Society 156, F131–F136 (2009).

5. Yanson, A. I. et al. Cathodic Corrosion: A Quick, Clean, and Versatile Method for the Synthesis of Metallic Nanopar-
ticles. Angewandte Chemie International Edition 50, 6346–6350 (2011).

6. Rodriguez, P., Tichelaar, F. D., Koper, M. T. M. & Yanson, A. I. Cathodic Corrosion as a Facile and E�ective Method To
Prepare Clean Metal Alloy Nanoparticles. Journal of the American Chemical Society 133, 17626–17629 (2011).

23



2 | Etching of Pt at the Onset of Cathodic Corrosion

7. Yanson, A., Antonov, P., Yanson, Y. & Koper, M. Controlling the size of platinum nanoparticles prepared by cathodic
corrosion. Electrochimica Acta 110, 796–800 (2013).

8. Duca, M., Rodriguez, P., Yanson, A. I. & Koper, M. T. M. Selective Electrocatalysis on Platinum Nanoparticles with
Preferential (100) Orientation Prepared by Cathodic Corrosion. Topics in Catalysis 57, 255–264 (2014).

9. Lu, F., Ji, X., Yang, Y., Deng, W. & Banks, C. E. Room temperature ionic liquid assisted well-dispersed core-shell tin
nanoparticles through cathodic corrosion. RSC Advances 3, 18791–18793 (2013).

10. Najdovski, I., Selvakannan, P. & O’Mullane, A. P. Cathodic Corrosion of Cu Substrates as a Route to Nanostructured
Cu/M (M=Ag, Au, Pd) Surfaces. ChemElectroChem 2, 106–111 (2015).

11. Bennett, E. et al. A Synthetic Route for the E�ective Preparation of Metal Alloy Nanoparticles and Their Use as Active
Electrocatalysts. ACS Catalysis 6, 1533–1539 (2016).

12. Solla-Gullón, J., Rodríguez, P., Herrero, E., Aldaz, A. & Feliu, J. M. Surface characterization of platinum electrodes.
Phys. Chem. Chem. Phys. 10, 1359–1373 (2008).

13. Vidal-Iglesias, F. J., Arán-Ais, R. M., Solla-Gullón, J., Herrero, E. & Feliu, J. M. Electrochemical Characterization of
Shape-Controlled Pt Nanoparticles in Di�erent Supporting Electrolytes. ACS Catalysis 2, 901–910 (2012).

14. Pobelov, I. V., Li, Z. & Wandlowski, T. Electrolyte Gating in Redox-Active Tunneling Junctions—An Electrochemical STM
Approach. Journal of the American Chemical Society 130, 16045–16054 (2008).

15. Yanson, Y. I. & Rost, M. J. Structural Accelerating E�ect of Chloride on Copper Electrodeposition. Angewandte Chemie
International Edition 52, 2454–2458 (2013).

16. Kim, Y.-G., Baricuatro, J. H., Javier, A., Gregoire, J. M. & Soriaga, M. P. The Evolution of the Polycrystalline Copper
Surface, First to Cu(111) and Then to Cu(100), at a Fixed CO2RR Potential: A Study by Operando EC-STM. Langmuir 30,
15053–15056 (2014).

17. Kibler, L., Cuesta, A., Kleinert, M. & Kolb, D. In-situ STM characterisation of the surfacemorphology of platinum single
crystal electrodes as a function of their preparation. Journal of Electroanalytical Chemistry 484, 73–82 (2000).

18. Yanson, A., Antonov, P., Rodriguez, P. & Koper, M. In�uence of the electrolyte concentration on the size and shape
of platinum nanoparticles synthesized by cathodic corrosion. Electrochimica Acta 112, 913–918 (2013).

19. Vanýsek, P. in CRC Handbook of Chemistry and Physics (ed Haynes, W. M.) 96th ed., 5–80 – 5–89 (CRC Press, Boca
Raton, FL, 2015).

20. Meakin, P. Fractals, scaling and growth far from equilibrium (Cambridge University Press, 1998).

21. Vitos, L., Ruban, A. V., Skriver, H. L. & Kollár, J. The surface energy of metals. Surface Science 411, 186–202 (1998).

22. Ikonomov, J., Starbova, K., Ibach, H. & Giesen, M. Measurement of step and kink energies and of the step-edge
sti�ness from island studies on Pt(111). Physical Review B 75, 245411–1 – 245411–8 (2007).

23. Lozovoi, A. Y. & Alavi, A. Reconstruction of charged surfaces: General trends and a case study of Pt(110) and Au(110).
Physical Review B 68, 245416–1 – 245416–18 (2003).

24. Dieluweit, S. & Giesen, M. Determination of step and kink energies on Au(100) electrodes in sulfuric acid solutions
by island studies with electrochemical STM. Journal of Electroanalytical Chemistry 524-525, 194–200 (2002).

25. Yanson, A. I. & Yanson, Y. I. Cathodic corrosion. II. Properties of nanoparticles synthesized by cathodic corrosion.
Low Temperature Physics 39, 312–317 (2013).

26. Kolb, D. Reconstruction phenomena at metal-electrolyte interfaces. Progress in Surface Science 51, 109–173 (1996).

27. Somorjai, G. A. & McCrea, K. Roadmap for catalysis science in the 21st century: A personal view of building the future
on past and present accomplishments. Applied Catalysis A: General 222, 3–18 (2001).

28. Chen, Q. & Richardson, N. V. Surface facetting induced by adsorbates. Progress in Surface Science 73, 59–77 (2003).

29. Yanson, Y. I. & Yanson, A. Cathodic corrosion. I. Mechanism of corrosion via formation of metal anions in aqueous
medium. Low Temperature Physics 39, 304–311 (2013).

30. Somorjai, G. A. & Borodko, Y. G. Research in nanosciences - Great opportunity for catalysis science. Catalysis Letters
76, 1–5 (2001).

24



References

31. Peng, Z. & Yang, H. Designer platinum nanoparticles: Control of shape, composition in alloy, nanostructure and
electrocatalytic property. Nano Today 4, 143–164 (2009).

32. Liao, H.-G. et al. Facet development during platinum nanocube growth. Science (New York, N.Y.) 345, 916–919 (2014).

33. Díaz, V. & Zinola, C. F. Catalytic e�ects on methanol oxidation produced by cathodization of platinum electrodes.
Journal of Colloid and Interface Science 313, 232–247 (2007).

34. Díaz, V., Real, S., Téliz, E., Zinola, C. & Martins, M. New experimental evidence on the formation of platinum super-
active sites in an electrochemical environment. International Journal of Hydrogen Energy 34, 3519–3530 (2009).

35. Visintin, A., Triaca, W. & Arvia, A. Changes in the surface morphology of platinum electrodes produced by the appli-
cation of periodic potential treatments in alkaline solution. Journal of Electroanalytical Chemistry and Interfacial
Electrochemistry 284, 465–480 (1990).

36. Teliz, E., Díaz, V., Faccio, R., Mombrú, A. W. & Zinola, C. F. The Electrochemical Development of Pt(111) Stepped Surfaces
and Its In�uence on Methanol Electrooxidation. International Journal of Electrochemistry 2011, 1–9 (2011).

37. Gómez-Marín, A. M. & Feliu, J. M. Pt(111) surface disorder kinetics in perchloric acid solutions and the in�uence of
speci�c anion adsorption. Electrochimica Acta 82, 558–569 (2012).

38. Cherevko, S. et al. Dissolution of Noble Metals during Oxygen Evolution in Acidic Media. ChemCatChem 6, 2219–2223
(2014).

25




