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6 | Enhanced Oxygen Reduction on Mildly Cathodically Corroded Pt(111)

Enhancement of Oxygen Reduction
Activity of Pt(111) through Mild

Cathodic Corrosion

The oxygen reduction reaction (ORR) is a crucial half-reaction of fuel cells. Effectively pro-
moting the ORR is therefore of prime importance in developing commercially viable fuel
cells. Unfortunately, many common ORR catalysts have activities that are well below the
theoretically predicted optimum. This is due to many catalysts binding reaction interme-
diates like adsorbed hydroxide (*OH) too strongly. In the current chapter, we explore a
new approach to optimizing *OH binding on existing catalysts: catalyst pretreatment with
cathodic corrosion. We do this by mildly cathodically corroding a Pt(111) single crystal,
in an effort to create catalytic sites with optimized *OH binding strength. Electrochemi-
cal characterization of the corroded Pt(111) electrode reveals the creation of step sites on
the surface. These sites appear more active towards the ORR than ‘normal’ stepped sites.
They are therefore likely concave sites with optimized *OH binding properties. This result
presents cathodic corrosion as a method to optimize existing catalysts for the ORR and

other structure-sensitive reactions.

64 Introduction

Anthropogenic climate change has stimulated large-scale efforts to shift from fossil to
renewable sources of energy."? A prominent approach for achieving this shift is the ‘hy-
drogen economy’, in which renewable energy is used to generate hydrogen from water.3*
This hydrogen could be stored, transported and later oxidized in fuel cells to generate
electricity where it is needed. Unfortunately, the performance of fuel cells is currently
severely limited by the counter reaction of hydrogen oxidation: the oxygen reduction

This chapter will form the basis of a manuscript that will be submitted to a peer-reviewed scientific

journal.
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Introduction

reaction (ORR).> Catalyzing this reaction with high current densities and at low overpo-
tentials is therefore an important focus area in electrochemistry.

The most active metallic ORR catalysts are platinum group metals.® However, even
these active catalysts are typically limited in their performance, because they bind reac-
tion intermediates like adsorbed oxygen (*0) and adsorbed hydroxide (*OH) too strongly.®
For example, theoretical calculations indicate the binding of *OH on the (111) facet of plat-
inum to be too strong by approximately 0.1 eV.” This would suggest that the activity of
platinum-group metals can be enhanced by weakening the *OH binding strength.®

The *OH binding strength can be weakened by creating alloy catalysts:® model alloys,
like Pt;Ni(111) and PtCo(111), show strongly improved activity with regard to Pt(111)."°™™
However, translating these model catalysts into their industrially relevant nanoparticle
equivalents is not straightforward, with many alloy nanoparticles being unstable and
changing their composition under ORR conditions.*”"3" |t might therefore be more pru-
dent to generate active ORR catalysts from single elements like platinum.

This approach would rely on tuning the catalyst’s surface structure, since the plat-
inum ORR activity is sensitive to the exposed surface sites: in HClO,, the three Pt basal
planes increase in activity in the order (100) < (111) < (110)."™ Even more active are stepped
surfaces.’® ™ Though steps contain strongly *OH-binding sites at the top of the step, they
also contain concave sites at the bottom of the step which bind *OH weaker than Pt(111)."
Notably though, most of these concave sites bind *OH slightly too weakly and thus over-
shoot the activity optimum for the ORR.?° Instead, optimal activity can be achieved by
removing atoms from flat platinum surfaces to create sites that bind *OH nearly opti-
mally.>°

Atom removal to optimize *OH binding may be achieved by cathodic corrosion, since
Chapter 2 and 4 identified the creation of etch pits during cathodic corrosion. Though
these roughly 30 nm-wide pits are larger than the optimal 1 nm-wide pits,?° the afore-
mentioned chapters also indicate the presence of smaller etching features that are unde-
tectable in scanning electron microscopy. In an effort to generate these smaller sites with
optimal ORR reactivity, the current chapter focuses on modifying Pt(111) through mild ca-
thodic corrosion in T M NaOH. As will be demonstrated, this approach indeed enhances
the ORR activity of Pt(111); this enhancement is likely caused by creating sites with more
optimal *OH binding. These results present cathodic corrosion as a viable method to en-
hance the activity of monometallic platinum electrocatalysts. As such, the present work

opens up strategies for modifying commercial catalysts to generate optimum binding
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sites with superior catalytic activity."

6.2 Materials and methods

6.21 Cleaning and sample preparation

All water used in this work (resistivity > 18.2 MQ-cm, TOC < 5 ppb) was purified with a
Millipore MilliQ system. All glassware was cleaned from organic contamination by soaking
overnightin an aqueous solutionof 1 g-L~" KMnO, (Fluka, ACS reagent) and 0.5 M H,SO,
(Fluka, ACS reagent). Before experiments, this solution was drained and residual MnO,~
was decomposed by immersing the glassware in dilute H,0, (Merck, Emprove exp). This
solution was subsequently drained and all glassware was boiled in water six times to
remove inorganic contaminations, including (bi)sulfate from the cleaning solution.

After cleaning, two three-electrode glass cells were prepared: one cell for sample
characterization and one cell for ORR catalysis. These cells were filled with 0.1 M HCIO,
(Fluka, TraceSelect) and each contained a Pt counter electrode (Mateck, 99.9%) and an
internal reversible hydrogen electrode (RHE) which used a constant hydrogen (Linde,
6.0 purity) flow. The RHE was connected to an auxiliary Pt electrode in the main cell
compartment with a 4 yF capacitor, in order to reduce high-frequency noise during elec-
trochemical experiments.”!

In addition to these two glass cells, a third single-compartment cell made of fluo-
rinated ethylene propylene (FEP) was used for cathodic corrosion. This cell was filled
with 1 M NaOH (Merck, Suprapur), contained a commercial ‘Hydroflex’ RHE (Gaskatel)
and a dimensionally stable anode counter electrode, provided by Magneto Special An-
odes. This staff-shaped anode consisted of titanium, coated with a porous iridium mixed
metal oxide. Before use, this electrode was cleaned by rinsing it with H,0,, since it could
not be cleaned by flame-annealing or soaking in the KMnO, cleaning solution; annealing
would destroy the electrode, whereas soaking led to KMnO, being absorbed into the ox-
ide. This KMnO, could not be removed by boiling the electrode and would therefore be
expelled into the working solution when experiments induced oxygen evolution on the
counter electrode. Fortunately, the H,0, rinsing procedure proved adequate in cleaning
the electrode, since no onset shifts like those observed in Chapter 4 were observed.

Prior to each experiment, working electrodes were prepared by flame-annealing them
with a propane torch for approximately 20 seconds. The electrodes were then cooled

down in a glass cooler in a reducing H,/Ar (Linde, 6.0 purity) atmosphere. After cooling,
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Materials and methods

the electrodes were protected with a droplet of deoxygenated water from the cooling
flask and transferred to one of the electrochemical cells. The electrodes used in this study
were a home-made 2.3 mm diameter bead-type polycrystalline Pt electrode (Pt(poly));
a 2.1 mm diameter bead-type Pt(100) electrode (iCryst); a 2.5 mm diameter bead-type
Pt(110) electrode (iCryst); and a 3 mm diameter, 2 mm high cylindrical Pt(111) crystal
(Surface Preparation Laboratory). Cyclic voltammograms for these electrodes are shown

in Fig. Ca.

6.2.2 Electrochemistry
Electrochemical experiments were performed with a Bio-Logic VSP-300 potentiostat. Af-
ter setting up the glassware, cyclic voltammograms were run in both glass cells to ensure
the cleanliness of the working solutions. Specifically, each cell was deaerated by purg-
ing the electrolyte with argon (Linde, 6.0 purity) for at least 30 minutes. Then, 4 cyclic
voltammograms (CVs) of the Pt(111) electrode were recorded in hanging meniscus config-
uration at a scan rate of 50 mV - s~', between 0.06 and 0.9 V vs. RHE, while maintaining
deaeration by flowing argon over the working electrolyte. Special attention was paid to
the presence of (bi)sulfate, which significantly affects the oxygen reduction activity."®"
(Bi)sulfate can easily be detected in Pt(111) voltammograms, since it causes a distinct re-
ductive feature between 0.45 and 0.55 V/ vs. RHE at concentrations as low as 1076 M .22
If no signs of (bi)sulfate were present and the voltammograms did not change shape be-
tween cycles, the cells were considered to be clean. After establishing cleanliness, the
argon flow in the catalysis cell was replaced by O, (Linde, 6.0 purity), which was bubbled
through the working electrolyte for at least 10 minutes to ensure oxygen saturation.
Each experiment started by running 4 Pt(111) CVs in the characterization cell as de-
scribed above, to validate the cleanliness and ordering of the surface. The Pt(111) elec-
trode was then rinsed and immersed for at least 1 mm in the corrosion cell. In this cell,
the cell resistance was determined through impedance spectroscopy at 0.5 V' vs. RHE,
ata 100 kH z frequency and a 20 mV sine wave amplitude.?® This resistance value was
used to subsequently apply a 85% IR-corrected potential to the electrode for 60 seconds,
in order to modify the electrode through cathodic corrosion. Following modification, the
electrode was removed under potential control, rinsed and moved to the characteriza-
tion cell. In this cell, the state of the electrode surface was characterized by running 4
cyclic voltammograms between 0.06 and 0.7 V' vs. RHE. The 0.7 V potential bound was
chosen as a safe upper limit where none of the cathodically produced sites would be
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removed through oxidation of the surface.

After characterization, the ORR activity of the modified electrode was assessed in
the hanging meniscus rotating disk (HMRD) configuration.?* To this end, the electrode was
mounted in a home-made electrode holder that was subsequently screwed into the shaft
of a Pine rotator. The electrode was lowered into the catalysis cell, where the oxygen now
flowed over the electrolyte solution to maintain oxygen saturation during experiments.
In this cell, a meniscus was made between the electrode and the electrolyte while po-
larizing the electrode at 0.06 V' vs. RHE. After making contact, the cell resistance was
determined through impedance spectroscopy at 0.9 V vs. RHE. The electrode potential
was then held at 0.06 V' vs. RHE for 5 seconds before testing the catalytic activity of the
electrode with cyclic voltammetry; two CVs were run between 0.06 and 0.9 V vs. RHE, at
a scan rate of 50 mV - s~'. The electrode rotation rate was then automatically changed
by the potentiostat to 200 rpm, the current was allowed to stabilize for 5 seconds at
0.06 V vs. RHE and two CVs were run between 0.06 and 0.9 V vs. RHE. This step was
repeated to obtain additional CVs at rotation rates of 400, 900, 1600 and 2500 rpm.

6.3 Results and discussion

In this chapter, we assess the effect of mild cathodic corrosion and the subsequent
change in ORR activity for Pt(111) as follows. First, as in previous chapters, blank cyclic
voltammograms (CVs) of corroded and uncorroded Pt(111) were recorded. These CVs are
presented first. Then, the activity activity of the Pt(111) electrode was studied in the hang-
ing meniscus rotating disk (HMRD) configuration.?* The proper functioning of the HMRD
setup will be discussed briefly, followed by the recorded ORR activity and discussion of

the presented results.

6.31 Cathodic corrosion of Pt(111)

Blank CVs of Pt(111), before and after cathodic polarization in 1 M NaOH are presented
in Fig. 6.1. As can be seen, the uncorroded Pt(111) electrode contains the characteristic
hydrogen adsorption and desorption features between 0.06 and 0.4 V vs. RHE, followed
by the double layer region and subsequent adsorption and desorption of OH between
0.5and 0.9 V vs. RHE.® Importantly, no peaks are visible at 0.13 and 0.29 V vs. RHE. This
indicates that no electrochemically observable peak sites are present on the electrode

before cathodic polarization.?®
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Fig. 61 | Cyclic voltammograms of Pt(111) before (blue trace) and after (red trace) cathodic polar-
izationin T M NaOH at —0.5 V vs. RHE (a) and —0.6 V' vs. RHE (b). Voltammograms were recorded
in 0.1 M HClO,, at a scan rate of 50 mV - s,

Similarly, no additional peaks are present after polarizing Pt(111) at —0.5 V' vs. RHE
in T M NaOH. This indicates no change in the electrode structure when polarizing it be-
fore the cathodic corrosion onset potential. In contrast, pronounced changes are visible
after polarizing the electrode at the onset potential found in Chapter 4: —0.6 V vs. RHE.
This treatment causes the formation of both (110) steps (0.13 V' vs. RHE) and (100) steps
(0.29 V vs. RHE). These changes appear to be largely independent of the corrosion po-
tential, as is illustrated in Fig. C.2 Additionally, the onset of OH adsorption has shifted
positively by about 0.02 V/, which indicates a slightly weakened *OH adsorption strength
on the (111) terrace of the corroded surface.® Such weakened binding should promote

the ORR activity for the corroded electrode.

6.3.2 HMRD configuration
The ORR activity is assessed in the HMRD configuration.?* This configuration differs from
the conventional rotating disk electrode (RDE) configuration, because the working elec-
trode is not encased in a shaft and submerged into the working solution. Instead, the
bead- or cylinder-type crystal is mounted in a modified RDE rotator and contact with the
side of the electrode is prevented by elevating the electrode into a hanging meniscus
configuration. Though this configuration allows for the convenient use of standard sin-
gle crystal electrodes, care has to be taken to make sure that the HMRD behaves like a
classical RDE electrode.

Specifically, the height of the electrode has to be controlled carefully:* if the elec-
trode were too low, wetting of the side would occur and the catalytic activity of sites other

1M1
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than the desired facet would be probed. This would cause an increased absolute slope
in the Levich plot. In contrast, if the electrode were too high, the meniscus would be
constrained. This would lead to reduced mass transport and an offset in the ORR Levich
plots.

Levich plots were therefore constructed for each electrode to verify the validity of
the HMRD setup for the investigated system. A set of ORR voltammograms used for these
Levich plots is displayed in Fig. C.3. Additional exemplary Levich plots are displayed for
each electrode in Fig. C.4. All reported data were measured on electrodes with zero or
near-zero Levich plot offsets and Levich slopes within several percent of the theoretically
expected value, based on literature parameters for the solubility and diffusion coefficient
of oxygenin 0.1 M HCIO,.*” A notable exception to this statement is the employed Pt(110)
electrode, which consistently had lower Levich slopes. We attribute this to an unexpected
decrease in the effective electrode surface area, which is compensated for in the following
normalized ORR activity assessment. With the exception of this electrode, all electrodes
behaved as expected, such that the HMRD setup can be used to accurately assess the

ORR activity of the corroded Pt(111) electrodes.

6.3.3 ORR enhancement by cathodic corrosion

The ORR activity for a corroded Pt(111) electrode, a polycrystalline electrode and the three
basal planes of platinum is displayed in Fig. 6.2. In this plot, all currents are normalized by
the absolute limiting current density for each electrode. This normalization accounts for
minor variations in the limiting current due to small variations in the meniscus height™®
and small deviations in the alignment of the electrode.” The normalization therefore
allows for objective comparison of the ORR activity in the HMRD configuration.™

As can be seen in Fig. 6.2, the ORR activity at 0.9 V vs. RHE follows the order Pt(100) <
Pt(111) < Pt(110). This activity trend is in good agreement with both experimental results
and recent density functional theory calculations.”>'®2%2 A similar activity is achieved
for Pt(poly), which has comparable activity to Pt(111). However, the corroded Pt(111) elec-
trode is more active than any of the other studied crystals. This indicates that cathodic
corrosion is indeed able to enhance the ORR activity of a Pt(111) electrode.

The activity enhancement through cathodic corrosion is more readily apparent from
the quantitative activity assessment in Fig. 6.3. In Fig. 6.3, the absolute normalized cur-
rent at 0.9 V is plotted for each electrode. In Panel b of this figure, the activity of both
Pt(111) and (100) show excellent quantitative agreement with well-prepared electrodes
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Fig. 6.2 | Cyclic voltammograms for oxygen reduction on Pt(111), Pt(100), Pt(110), Pt(poly) and
Pt(111) which was corroded at —0.6 V vs. RHE in 1 M NaOH. The electrode rotation rate was

1600 rpm. Voltammograms were recorded in oxygen-saturated 0.1 M HCIO,, at a scan rate of
50mV - s,

from the work from Feliu et al.?® A more qualitative agreement is obtained for Pt(poly)
and Pt(110), which are respectively more and less active than similar previously studied
electrodes.?®*?° The increased Pt(poly) activity can be ascribed to a slightly different state
of the surface, which can be expected for different polycrystalline electrodes. Similarly,
the reduced activity of Pt(110) is caused by the crystal's high sensitivity to reconstructed
1%x2 domains on the surface: if less reconstructed domains are formed during the cooling
of the crystal, the ORR activity is reduced as well.3° This remarkable sensitivity of Pt(110)
to variations in the crystal cooling conditions is also responsible for the slightly larger
error bar for Pt(110) in Fig. 6.3 b. From Panel b, it therefore appears that all electrodes are

as active as expected from literature.

With all uncorroded single crystals behaving in accordance with previous literature,
the activity of cathodically treated Pt(111) can be assessed quantitatively (Fig. 6.3 a). In
Fig. 6.3 a, it can be seen that the activity of Pt(111) is not enhanced if the polarization po-
tential is below the onset potential that was established in Chapter 4. However, the Pt(111)
ORR activity at 0.9 V vs. RHE increases sharply after cathodic treatment at or below the
onset potential of —0.6 V' vs. RHE: the normalized activity improves from 0.22 to 0.38.
This improvement corresponds to an increase in the kinetic current density (j¢) from 2.8
t0 6.6 mA - cm~2, as can be seen in Fig. C.5. This enhancement of both jx and the nor-
malized activity decreases slightly at more negative corrosion potentials, but increases
again t0 0.37 (6.4 mA - cm™2) at —1.0 V vs. RHE. It therefore appears that electrode
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Fig. 6.3 | Normalized ORR activity of corroded Pt(111) (blue squares), as function of the polarization
potential (a) and of uncorroded electrodes (yellow circles) (b). Rotation rate: 1600 rpm. Each
data point is the average of 3 or more experiments. Error bars represent one standard deviation.

pretreatment with cathodic corrosion can strongly enhance the oxygen reduction activity
of Pt(111).

6.3.4 Discussion

Though the data in Fig. 6.3 and Fig. C.5 indicate that cathodic corrosion can more than
double the kinetic ORR current density of Pt(111), it is instructive to rationalize the exact
cause of this improvement. Specifically, one might wonder whether the improvement
is simply caused by the creation of step sites or by the formation of sites with optimal
generalized coordination numbers.

The presence of step sites on Pt(111) is known to enhance the ORR activity."®" If the
presence of ‘normal’ (110) and (100) sites were the cause of the presently reported activity
enhancement, the enhancement should therefore correlate roughly to the amount of
steps.” However, the corroded step sites appear to have much higher activities than
most stepped single crystals:?® only crystals with very high step densities surpass the
normalized activity of the corroded electrodes. For example, our most active electrodes
are as active as Pt(332), which has one (110) step for every five (111) terrace atoms*' and
a normalized activity of 0.38.2% By qualitatively comparing the CVs of Pt(332) and other
stepped single crystals with those in Fig. 6.1, one can conclude that the stepped crystals
possess a much higher step density than the corroded (111) electrodes.3"3? Each step on
a stepped single crystal therefore has a lower ORR activity contribution than a step on
corroded Pt(111).

This reduced contribution of steps on stepped single crystals is likely due to those
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steps binding *OH too weakly and thus overshooting the per-step ORR activity opti-
mum.?° Since these steps are less active than those created in the current work, it ap-
pears that the current steps possess a more optimized *OH binding strength. In fact, the
cathodically created steps are approximately as active as optimal binding sites that can
be created through anodic cycling.?® Through such cycling, a 15 % surface area increase
through active site formation led to a current densities of approximately 7.4 mA - cm™2.
Such area increases and current densities are comparable to those presented here. It is
therefore highly likely that both the previously reported anodically created sites?® and
the cathodically created sites presented here have similar concave geometries with op-
timized *OH binding.

A final argument for this conclusion is that optimized concave pits are rather small,*°
being approximately 3 atoms (~ 0.9 nm)3* wide and having the optimally coordinated
atom at the bottom of the pit. Such sites should only be present after mild cathodic
corrosion, where no etch pits are detectable in SEM yet. Accordingly, more pronounced
corrosion will create overlapping etch pits, which contain less optimally coordinated Pt
atoms per square nanometer. Such strongly corroded electrodes should then have a
lower ORR activity than those in Fig. 6.3. This is demonstrated in Fig. C.6, which displays
exploratory experiments of Pt(111), corroded in 10 M NaOH. As the figure shows, corro-
sion at —0.4 V' vs. RHE creates a surface that is similar to those created in 1 M NaOH.
This surface also has a comparable normalized activity of 0.32. However, a monotonic
activity decrease is observed for more pronounced cathodic corrosion at —0.5 V vs. RHE
and below. This indicates that the creation of more step sites through cathodic corrosion
does not necessarily correlate to an enhanced activity, since Chapter 2 and 4 indicate this
corrosion to create large sites overlapping sites that are not beneficial to the overall ORR
activity.

Based on the aforementioned considerations, it appears that cathodic corrosion is
a suitable technique for creating active ORR sites. This opens possibilities for creating
active sites on nanocatalysts such as (111)-oriented nano-octahedra that could benefit
from the presence of additional concave sites."" Though modifying nanocatalysts will
require overcoming challenges like ensuring nanoparticle adhesion during cathodic cor-
rosion, such modification might be a viable strategy for producing industrially relevant
ORR catalysts. This reasoning is supported by encouraging recent results, where cathodic
corrosion in methanol was shown to improve the distribution of various types of metallic

nanoparticles.3*
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Cathodic corrosion as a catalyst enhancement strategy is not limited to oxygen re-
duction on platinum. The current approach can easily be extended to structure-sensitive
reactions like glycerol oxidation and ammonia oxidation,?>3® or to different metal cata-
lysts. These applications of cathodic corrosion can further be directed by the guidelines
in Chapter 4.

6.4 Conclusions

Summarizing, the current chapter has demonstrated that the oxygen reduction activ-
ity can be significantly enhanced by cathodic corrosion. This enhancement is likely not
caused by the creation of ‘normal’ step sites, but instead by the formation of active con-
cave sites on the Pt(111) surface.?® These results strongly support the notion that cathodic
corrosion can be used to pre-treatreat metallic nanoparticles to improve catalytic activity
and selectivity. As such, cathodic corrosion may play a vital role in future electrocatalyst

improvement.
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