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ADSORPTION PROCESSES ON A PD-
MONOLAYER-MODIFIED PT(111)
ELECTRODE

Specific adsorption of anions is an important aspect in surface electrochemistry
in view of its influence on reaction kinetics as either a promoter or an inhibitor.
Perchloric acid is typically considered as an ideal electrolyte for investigating
electrocatalytic reactions due to the lack of specific adsorption of the perchlorate
anion on several metal electrodes. In this work, cyclic voltammetry and
computational methods are combined to investigate the interfacial processes on
a Pd monolayer deposited on Pt(111) single crystal electrodes in perchloric acid
solution. The “hydrogen region” of this PdwPt(111) surface exhibits two
voltammetric peaks: the first “hydrogen peak” at 0.246 V vs RHE involves the
replacement of hydrogen by hydroxyl, and the second “hydrogen peak” Hy at
0.306 V vs RHE appears to be the replacement of adsorbed hydroxyl by specific
perchlorate adsorption. The two peaks merge into a single peak when a more
strongly adsorbed anion, such as sulfate, is involved. Our density functional
theory calculations qualitatively support the peak assignment and show that
anions generally bind more strongly to the Pdwi Pt(111) surface than to Pt(111).

This chapter is based on Chen, X.; Granda-Marulanda, L. P.; McCrum, I. T.;
Koper, M. T. M. Adsorption Processes on a Pd Monolayer-Modified Pt(111)
Electrode. Chem. Sci. 2020, 11 (6), 1703-1713. Also published in Chen, X.
Adsorption and Catalysis on Pt and Pd Monolayer-Modified Pt Single Crystal
Electrodes, PhD thesis, Leiden University, 2019- Chapter 4

All experiments were performed by Xiaoting Chen.



ADSORPTION PROCESSES ON A PD- MONOLAYER-MODIFIED PT(111) ELECTRODE

5.1 Introduction

Improved understanding of electrocatalytic reactions taking place in various
energy storage and energy conversion devices becomes increasingly crucial with
the advent of electrochemical fuel production and fuel-cell technologies. For
many relevant electrocatalytic reactions, such as the hydrogen oxidation reaction
(HOR), the oxygen reduction reaction (ORR), the formic acid oxidation, and the
CO; reduction reaction, not only the surface structure but also the adsorption of
anions/ cations from the supporting electrolyte influence the reactivity through
different interactions of these co-adsorbates with key reaction intermediates."”
For instance, hydrogen (*H) and hydroxyl (*OH) are important surface-bonded
intermediates during the aforementioned reactions. In previous works, we
showed that cations co-adsorb with hydroxyl species on the step sites of Pt
electrodes at low potentials, and that the corresponding cation-hydroxyl
interaction is responsible for the non-Nernstian pH shift, a shift due to the
weakened adsorption of *OH by the cation on the surface, of the step-related
voltammetric peak.*’

Platinum is one of the most important catalysts due to its widespread
application in heterogeneous catalysis and electrochemistry. There have been
plenty of studies on single-crystal platinum electrodes since the preparation
method of clean platinum surfaces introduced by Clavilier.® Palladium is a
platinum-group metal and similar to Pt in many chemical and physical
properties. Interestingly, Pd surfaces show a higher activity toward formic acid
oxidation than Pt, but the most remarkable difference with Pt is the absence of
CO poisoning during formic acid oxidation on Pd.”” Moreover, Pd electrodes
have attracted increasing attention as catalysts for the CO, electroreduction
reaction, as they selectively reduce CO; to formic acid with low overpotential,'!!
implying that Pd is an (almost) reversible catalyst for the conversion of formic
acid to carbon dioxide and vice versa."

To better understand the special reactivity of palladium, detailed investigations
on atomically well-defined Pd surfaces are highly desirable. However, the
electrochemistry of well-defined Pd surfaces is not as well studied as for Pt
surfaces, which arises partially from the difficulty to prepare Pd single crystals
as well as from the effect that palladium absorbs substantial amounts of
hydrogen below 0.2 V vs RHE, masking other reactions taking place on its
surface.” Epitaxially grown Pd layers on a foreign metal are a promising
alternative and have attracted considerable attention, particularly Pt(111)
surfaces modified by a Pd monolayer.'*"” The lattice parameters of both metals
are close, 3.89 A for Pd and 3.92 A for Pt, and it has been pointed out that the
reactivity of the Pd monolayer system is comparable to that of the corresponding
Pd single crystal.’®"

To understand the fundamental aspects of the electrode activity, we need to
consider the adsorption behavior on single-crystal electrodes in acid electrolyte
solutions. Particularly interesting are perchloric and sulfuric acid solutions,
especially in relation to specific anion adsorption. In sulfuric acid, the Pdy Pt(111)
electrode has been studied by spectroelectrochemical experiments, showing that
the majority of species on the surface are hydrogen at low potential and
(bi)sulfate at high potential. Remarkably, a reversible double peak adsorption
state appears in the hydrogen region of the voltammogram of a Pdw Pt(111) in
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0.1 M HCIO.. Previous studies in a low potential window (0.05-0.35 V vs RHE)
have ascribed these peaks to hydrogen underpotential deposition (H.pa) because
a hydrogen coverage of 1 Hupa per Pd corresponds very well to the total charge
under these two peaks (240 u C cm?).?* However, the double-peak nature of
this “hydrogen region” of PdyiPt(111) remains unresolved.

In this Chapter, we use a combination of experimental and computational
methods for the elucidation of the surface species formed on the well-defined
PdwiPt(111) surface in the so-called “hydrogen region”. We argue that in
perchloric acid solution, the “hydrogen region” on the Pd Pt(111) surface is
rather a “hydrogen-hydroxyl-cation-anion region”. We show the existence of
cation and anion effects on the peaks in the “hydrogen region”, showing that OH
and anions interact much more strongly with the Pdy Pt(111) surface than with
the Pt(111) surface.

These results improve our fundamental understanding of anion, cation and OH
adsorption on well-defined, single-crystal palladium surfaces, which will be
important for interpreting and tuning the catalytic activity of palladium-based
electrochemical interfaces.

5.2 Experimental Details

Cyclic voltammetry measurements were carried out in standard electrochemical
cells using a three-electrode assembly at room temperature. Experiments were
performed in a fluorinated ethylene propylene (PEP, Nalgene) electrochemical
cell for hydrofluoric acid, whereas a glass cell was used for the other electrolytes.
All glassware was cleaned in an acidic solution of potassium permanganate
overnight, followed by rinsing with an acidic solution of hydrogen peroxide and
repetitive rinsing and boiling with ultrapure water. A Pt(111) bead-type
electrode, with a diameter of 2.27 mm, was used as working electrode. Prior to
each experiment, the working electrode was prepared according to the Clavilier
method.® A platinum wire was used as counter electrode and a reversible
hydrogen electrode (RHE) was employed as the reference electrode, in a separate
compartment filled with the same electrolyte, at the same pH as the electrolyte in
the electrochemical cell. All potentials are reported versus the RHE. The
electrochemical measurements were performed with the single-crystal electrode
in the hanging meniscus configuration. The potential was controlled with an
Autolab PGSTAT302N potentiostat. The current density shown in the manuscript
represents the measured current normalized to the geometric area of the working
electrode.

The Pd monolayer in this study was prepared using a method similar to the one
reported before.””? The freshly prepared Pt(111) electrode was immersed into the
Pd* containing solution at 0.85 V vs RHE , where no Pd deposition occurred, and
the potential was continuously cycled between 0.07 and 0.85 V vs RHE at 50 mV
s'. The amount of palladium on the surface was monitored by following the
evolution of the voltammetric peak at 0.23 V vs RHE (as shown in Figure D1),
characteristic of the presence of Pd adatoms, the charge (and current density) of
which depend on the palladium coverage.””* Scanning tunnelling microscopy
(STM) images have revealed that monoatomic high Pd islands nucleate on the
Pt(111) surface with no noticeable preference for nucleation sites, and that a full
Pd monolayer without detectable holes is formed after deposition.?* STM also

83



ADSORPTION PROCESSES ON A PD- MONOLAYER-MODIFIED PT(111) ELECTRODE

shows the presence of an ordered sulphate adlayer with a V3xv9)R19.1°
structure on the Pd monolayer, as is also the case for the Pd(111) surface.” After
Pd modification, the PdmiPt(111) electrode was taken from the cell and
thoroughly rinsed with wultrapure water before performing further
electrochemistry tests. Further insight into the nature of the adsorbed species on
the electrode was obtained by means of charge displacement experiments using
CO (Linde 6.0) as a neutral probe. The procedure to perform CO displacement
measurements is similar to the one reported before.” Briefly, a gaseous CO
stream was dosed at a fixed potential and a transient current was recorded until
the Pdum Pt(111) surface was covered by a monolayer of CO.

Electrolytes were made from ultrapure water (Milli-Q, 18.2 MQ cm), high
purity reagents HCIO, (70%), H.S04(96%), NaClOs (99.99%), CH:SOsH (>99.0%)
and HF (40%) from Merck Suprapur and HCl, PdSO, (99.99%), LiClO, (99.99%)
from Aldrich Ultrapure. Before each experiment, the electrolytes were first
purged with argon (Air Products, 5.7) for at least 30 min to remove air from the
solution.

5.3 Computational Details

To better understand adsorption phenomena on the Pdwi Pt(111) electrode, we
have evaluated the free energies of adsorption of hydrogen, oxygen, hydroxide,
and different anions on Pt(111), and Pdw.Pt(111) using Density Functional
Theory (DFT) calculations. The potential-dependent free energies of adsorption
of hydrogen, oxygen, hydroxide were calculated at different surface coverages
using the computational hydrogen electrode.” By calculating the free energies of
adsorption at different coverages we can determine the composition of the
electrode surface in the electrochemical environment, which is useful for
fundamental studies of electrocatalysis.'****

Additionally, we calculated the potential-dependent free energies of adsorption
of other anions, namely, perchlorate, sulfate and bisulfate using an alternative
computational reference method as outlined in detail in Chapter 3. The relative
binding strength of bicarbonate and fluoride at a coverage of 1/9 ML was also
calculated to compare the interaction of different anions on both surfaces.
Plotting the adsorption free energy as a function of coverage and electrochemical
potential allows for direct comparison with experimentally measured cyclic
voltammograms, providing information on the identity and the relevant
coverage of the species adsorbed on the surface at a particular potential (where
peaks in current in the experimental CV correspond to changes in adsorbate
coverage and/or identity). Further information on the DFT methods employed
in this Chapter can be found in Appendix D.
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5.4 Results and discussion

5.4.1 Comparison of the blank voltammograms of Pdw.Pt(111) and Pt(111)

The cyclic voltammogram of Pdyi Pt(111) in 0.1 M H,SO4 shows the presence of a
sharp pair of peaks (Figure 5.1a), slightly irreversible, with a peak potential of
0.23 V vs RHE in the positive-going scan and of 0.21 V vs RHE in the negative-
going scan. The sharpness of the peak suggests the replacement of adsorbed
species, i.e. hydrogen and (bi)sulphate, as a function of potential.***! Note that on
Pt(111), hydrogen adsorption/desorption and (bi)sulphate
adsorption/desorption give rise to separate voltammetric signals (between 0.05
and 0.30 V vs RHE and between 0.30 and 0.55 V vs RHE,, respectively). This single
sharp peak observed on the PdwiPt(111) surface can be explained by the
replacement of adsorbed hydrogen at potentials below 0.22 V vs RHE by
adsorbed (bi)sulphate at potentials above 0.22 V vs RHE , caused by the stronger
(bi)sulphate adsorption on PdyiPt(111) compared to Pt(111).
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FIGURE 5.1

Cyclic voltammograms of Pdy Pt(111)in (a) 0.1 M H,SO,4 and (b) 0.1 M HCIO, recorded
at 50 mV s ™. The blank voltammograms for Pt(111) recorded under identical conditions
are shown for comparison.

Figure 5.1b shows the cyclic voltammogram of PdyiPt(111) in 0.1 M HCIO,
electrolyte, compared to Pt(111). The Pdui Pt(111) electrode exhibits characteristic
windows in the same potential regions of 0.05-0.35 V vs RHE, 0.35-0.60 V vs RHE
and 0.60-0.90 V vs RHE as Pt(111). This led previous authors to conclude that the
voltammetric peaks between 0.05-0.35 V vs RHE correspond to hydrogen
adsorption, that the 0.35-0.60 V vs RHE is the double layer region, and that OH
adsorbs in the 0.60-0.90 V vs RHE window.” However, there are some important
differences. The first effect of the Pd ML is an increase of the overall charge
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between 0.05-0.35 V vs RHE from 160 u C cm™ for bare Pt(111) to 240 u C cm™?
for a full monolayer of Pd decorating the Pt(111). The groups of Feliu* and
Markovic* ascribed the higher charge of the reversible peak in the low potential
window to Hupa on Pd monolayer due to a stronger Hypa-Pdyi Pt(111) interaction
compared to the Hypa-Pt(111) interaction, and to the excellent correspondence to
a full monolayer of hydrogen (1 ML of one monovalent adsorbate adsorbed per
surface atom, or 1.5x10" atoms cm?, is exactly 240 1 C cm?). Secondly, the
“hydrogen region” features two sharp peaks, indicated as the “first hydrogen
peak” H; and “second hydrogen peak” Hy (at 0.25 and 0.30 V vs RHE,
respectively), which is in contrast with the characteristic behavior of hydrogen
adsorption on wide Pt(111) terraces, namely a broad and plateau-like peak. In the
“double layer region” between 0.35 and 0.60 V vs RHE, a small peak is observed
at 0.55 V vs RHE in the positive-going scan and 0.56 V vs RHE in the reversed
scan (note the unexpected higher potential of the cathodic peak), as already
reported by Feliu et al.?' As the potential increases from 0.60 to 0.90 V vs RHE,
there is a sharp peak at 0.69 V vs RHE followed by a broader feature (with the
corresponding reversible features in the negative-going scan). This sharp peak
has been ascribed to OH adsorption and is observed only for a Pd monolayer
covering a Pt(111) substrate with very low step density, i.e. it requires wide (111)
terraces.” The combination of a sharp and broad peak is very typical for a
disorder-order transition in the adlayer,* but the sequence (sharp peak at low
coverage, broad peak at higher coverage) is unexpected.

5.4.2 Cation and anion effects on the blank voltammogram of Pdm.Pt(111)

Figure 5.2a shows cyclic voltammograms for the Pdyi Pt(111) electrode in 0.1 M
HCIO, (pH = 1), 0.01 M HCIO, (pH = 2) and 0.001 M HCIO, (pH = 3) electrolytes.
On the reversible hydrogen electrode (RHE) scale, the H; peak is observed to be
independent of pH, perchlorate concentration and the ionic strength of the
electrolyte solution, in acidic electrolyte (pH = 1 - 3) in the absence of alkali metal
cations. As the pH lowers, or rather as the perchlorate concentration increases,
peaks H; and Hy start overlapping more and more as shown in Figure 5.2b. Figure
5.2c and d illustrate that the effect of cations on the Hi peak of the Pdi Pt(111)
electrode becomes apparent when voltammograms are recorded in 0.001 M
HCIOs (pH = 3) with different amounts of alkali perchlorate salts. With increasing
concentration of alkali metal cation, the H; peak shifts to more positive potential
in comparison with the peak potential (0.246 V vs RHE) in 0.001 M HCIO; without
alkali cations. The shift is more pronounced for larger cations: for 0.01 M Li*
(Figure 5.2c) and 0.01 M Na* (Figure 5.2d) containing electrolytes, the Hi peak is
shifted to 0.262 and 0.272 V vs RHE, respectively. This effect of the cation on the
peak potential is identical to the effect that we observed previously for the step-
related “hydrogen” peaks on stepped Pt electrodes.*”
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FIGURE 5.2

Cyclic voltammograms of Pdy Pt(111) in (a) 0.1 M HCIO,4 (pH = 1), 0.01 M HCIO4 (pH =
2)and 0.001 M HCIO, (pH = 3) solutions and (b) 0.1 M HCIO, (pH = 1), 0.5 M HCIO, (pH
=0.3)and 1.0 M HCIO, (pH = 0) solutions. (c) and (d) 0.001 M HCIO,4 (pH = 3) solution
without and with MeClO,4, where Me is Li and Na, as indicated. Scan rate: 50 mV s™.

Therefore, we conclude that, similarly to the stepped Pt electrodes, the H; peak
involves the replacement of H.is by OH.ss and this adsorbate replacement
reaction is driven to more positive potentials due to the destabilizing effect of the
co-adsorbed alkali cation on hydroxyl adsorption.*>* At constant pH, the
adsorption of alkali cations on the Pdy Pt(111) surface becomes more favorable
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with increasing cation concentration, resulting in a greater shift of the H; peak, as
shown in Figure 5.2c and d. A reaction equation of the H; reduction/oxidation
peak on Pdy Pt(111) can thus be formally written as:

x(OHgqs — cationggs) + (L + x)HT + (1 + x)e”™ 2 Hyys + xH,0 + x(cationg,;) 5.1

Remarkably, Figure 5.2 shows that the Hy; peak does not show the same cation
effect as the H; peak. By contrast, the Hy peak is sensitive to anion concentration
(and identity, as shown in Figure 5.3) and the pH of the electrolyte. Figures 2a
and b show that the Hy peak becomes sharper and shifts to lower potential with
increasing HCIO, concentration. For clarity, we show representative
voltammograms of Pduv Pt(111) in Figure 5.2b; results obtained in electrolytes
with detailed wider range of pH values are shown in Figure D2 in Appendix D.
Figure 5.2c and d (and Figure D2) show that the shift in the Hy peak seems to be
at least partially due to different perchlorate concentration, as at constant pH the
Hi peak grows with increasing perchlorate concentration and also shows a
negative potential shift. Another important observation from Figure 5.2 is that
the voltammetric feature between 0.60 to 0.90 V vs RHE is sensitive to the HCIO,
concentration. This feature shifts to a higher potential in the presence of a higher
concentration of perchlorate, suggesting that the formation of the adsorbate in
this potential window is inhibited by the presence of perchlorate. A consistent
explanation for this effect of perchlorate, which will be considered for the
remainder of this Chapter, is that the Hi peak involves either the specific
adsorption of perchlorate, or a strong interaction of perchlorate with the other
adsorbates. If OH,q, is formed in the H; peak (Eq. 5.1), then a reaction equation
describing the Hy peak could formally read as:

x(OHgqs — cationggs) + x(HY +e7) + y (aniong,) 2 xH,0 + y (anionggs) + x (cationgy) 5.2

In this equation, the extent of anion adsorption is influenced by the anion
concentration, but also by the pH, as the potential of zero charge (E,..) shifts to
higher potential on the RHE scale with increasing pH, enhancing perchlorate
adsorption at a given potential on the RHE scale.
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FIGURE 5.3
Cyclic voltammogram of Pdy Pt(111) recorded in (a) 0.1 M HCIO,, (b) 0.1 M HF, (c) CO;
saturated 0.1 M HCIO, solution, and (d) 0.1 M CH3SO3H. Scan rate: 50 mV s™.

To explore the anion effect on the Hy peak further, Figure 5.3 shows the
voltammetry for different anions. In agreement with Figure 5.2, there is no impact
of the anion on the H; peak in the presence of F- (Figure 5.3b) and HCOs (Figure
5.3c), which suggests that anion adsorption or interaction is insufficient to
perturb the OH.q in this potential window. On the other hand, the Hy peak is
observed to increase in sharpness in 0.1 M hydrofluoric acid (HF) (Figure 5.3b)
and in CO; saturated (Figure 5.3c) perchloric acid compared to 0.1 M HCIO,
solution, suggesting that F and HCOj; anion affect the shape of the Hy peak. The
role of anion adsorption is also reflected in the marked competitive adsorption
with the adsorption states between 0.60 and 0.90 V vs RHE: in 0.1 M HF, these
states are suppressed compared to 0.1 M HCIO, solution, whereas in CO,
saturated 0.1 M HCIO; solution these states are blocked completely by adsorbed
bicarbonate, just as in sulfuric acid (as shown in Figure 5.1a). Spectro-
electrochemical experiments have shown that the bands corresponding to
adsorbed bicarbonate on Pdwi Pt(111) surface appear at 0.40 V vs RHE, i.e. in the
beginning of the “double-layer” window.*

The voltammograms of Pt(111) in 0.1 M CH;SO;H and HCIO, electrolytes have
been observed to be very similar, showing that both are non-specifically
adsorbing electrolytes on Pt(111),* see also Figure D3. Surprisingly, the cyclic
voltammogram shown in Figure 5.3d strongly suggests the methanesulfonate
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anion from the CH;SO;H electrolyte behaves similar to the 0.1 M H,SO, solution,
and, therefore, methanesulfonate must be strongly adsorbed on the Pdy Pt(111)
electrode surface at low potentials. These results suggest that the SO; from
(bi)sulphate/CH5SOsH adsorbs more strongly on the Pd surface than on Pt. For
such strong anion adsorption, reactions 1 and 2 are replaced by:

Hyus + v (anion) 2 HY + e~ + y (aniong,) 53

It may be that a small concentration of Cl preexists as a trace impurity in HCIO,
and/or is generated by the reduction of perchlorate ions catalyzed by
palladium.” In order to eliminate the possibility of chloride present in HCIO,
being responsible for the Hy peak, small amounts (10° and 10° M) of Cl" were
intentionally added to 0.1 M HCIO, (pH = 1) and 0.001 M HCIO, (pH = 3)
solutions, respectively. Figure D4 in Appendix D shows the change caused by
CI': the H; and Hy peaks exhibit some asymmetry, in contrast to the symmetric
peaks observed in solutions containing only HCIO,. This observation makes it
highly unlikely that the Hy peak is related to the presence of chloride anions.
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FIGURE 5.4

(a) Cyclic voltammogram of Pdy Pt(111) recorded in (a) 0.1 M HCIOy; current-time
transients recorded during CO adsorption/displacement at (b) 0.08 V vs RHE and (c)
0.35V vs RHE in 0.1 M HCIO,.

To further elucidate the nature of the adsorption-desorption process in the
hydrogen region at the Pdy.Pt(111)/electrolyte interface in perchloric acid, CO
displacement experiments were performed. For the CO displacement
experiment, CO was added to the solution and its adsorption at the electrode
surface at fixed potential leads to a current transient related to the displacement
of species adsorbed on the surface in the absence of CO. The total surface charge
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at a chosen potential can be determined by integrating the transients.® At the
threshold of hydrogen evolution, i.e. at ca. 0.08 V vs RHE, the maximum charge
density corresponding to the displacement of adsorbed hydrogen is obtained.*
As can be seen from Figure 5.4b, the transient current is positive which points to
the oxidative desorption of Hypa:

Hypa — Pdy Pt(111) + CO - CO — Pd,, Pt(111) + H* + e~

pd 54

The Hypa coverage at 0.08 V vs RHE is then estimated to be 170/250 = 0.68 ML.
Correspondingly, at 0.35 V vs RHE negatively charged anions A are reductively
displaced by CO following the reaction equation:

A — Pd,;,Pt(111) + CO 4+ e~ — CO — Pd,,, Pt(111) + A~ 55

The result shows good agreement between the charge density values obtained
from the integration of the transient current response (249 u C cm?) and of the
voltammetric profile characteristic (240+£10 1 C cm?) of the Pdy Pt(111) interface.
The reductive desorption of anions (as shown in Figure 5.4c) indeed indicates
that adsorbed anions are involved in the Hy peak and the calculated ©a on
PdwiPt(111) at the low potential region in 0.1 M HCIO, is around 0.33 ML,
according to the coulometric estimation.

5.4.3 Thermodynamics of *H, *OH + *H,0O, *O, *ClO4, *SO4 and *HSO,
adsorption

Figure 5.5a and b show the experimentally measured cyclic voltammograms
(upper panel) of Pt(111) and PdyPt(111) in 0.1 M HCIO, along with the DFT-
calculated free energies of adsorption of hydrogen, hydroxide, oxygen, and
perchlorate as a function of potential vs RHE (lower panel). The lower panel
shows the most stable coverages at any given potential (for more details, see
Appendix D). The coverages investigated with DFT are: hydroxide from 2/9 to
2/3 ML for Pt(111) and from 1/9 to 2/3 ML for Pd\ Pt(111), hydrogen from 1/9
to 1 ML for both Pt(111) and Pda Pt(111), from 1/9 to 2/3 ML for oxygen on both
Pt(111) and PdyPt(111), and 1/9 ML of perchlorate on both surfaces. The black
horizontal line at 0 eV represents the reference state of the bare surface and the
red line represents the adsorption of perchlorate.

It is important to consider the adsorption of water onto the electrode surface, as
its adsorption could compete with that of hydrogen and hydroxide. However,
given that the adsorption of water depends strongly on van der Waals (vdW)
interactions, and these interactions are poorly captured with DFT-GGAs,” an
accurate calculation of the adsorption energy of water is difficult. This is
important not only for considering water adsorption, but also for the effects of
co-adsorbed water on hydroxide adsorption. We therefore used three methods to
evaluate the adsorption of water and its effect on our conclusions, primarily on
the adsorption thermodynamics of solvated *OH: (1) a combined PBE and
empirical vdW correction with PBE-D3%* only on the adsorption of *OH + *H,O
and *H,O using solution-phase water as the reference state. (2) Using only PBE
with the adsorbed water adlayer as the reference state for hydroxide adsorption
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where the error in the adsorption energy of the water bilayer in the reactant state,
and that of the partial bilayer in the *OH +*H,O product state, may partially
cancel out.*! (3) Using empirical vdW corrections with PBE-D3 for all
adsorbates, *H, *H,O, *OH+*H,O and *O, and solution-phase water as the
reference state.
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FIGURE 5.5

Upper panels are the cyclic voltammograms of (a) Pt(111) and (b) Pdy Pt(111) )in 0.1 M
HCIO4 recorded at 50 mV s™'. Black lines in the lower panels show the most stable
adsorption free energies and the most favorable coverages as a function of potential for
the adsorption of hydrogen (*H), hydroxide (*OH) and oxygen (*O). Perchlorate
adsorption (*ClO, ) is shown in red at a 1/9 ML coverage.

The phase diagrams obtained with the different methods 1, 2 and 3 for
PdyiPt(111) and Pt(111) are shown in Appendix D, Figures D6 and D7. In general,
all the methods show similar trends of *H, *OH + *H,O and *O adsorption. We
have decided to base our conclusion on results derived from method 2 (shown in
Figure 5.5) as it is simple and captures well the trends compared to experiment.
For Pt(111) and PdyPt(111), the trends obtained with method 2 and 3 are
comparable to each other, as the adsorption energies and the overall trend does
not significantly change as shown in Figures D6 b, ¢ and D7 b, c. In the case of
method 1, the only difference observed is the adsorption of water on Pd Pt(111)
appearing at a lower potential than that of hydroxide *OH, in contrast to method
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2 and 3 where hydrogen adsorption (*H) is followed by the adsorption of
hydroxide (*OH). In all cases, the calculated adsorption potential of hydroxide
lies around 0.3-0.4 V vs RHE for Pdm Pt(111) and 0.38-0.40 V vs RHE for Pt(111).
Generally, PBE tends to overestimate binding energies,*>** which explains why
the hydroxide adsorption potentials are more negative than the experimentally
measured potentials. A more detailed description of the calculation of the free
energies of adsorption of hydroxide can be found as “Adsorption Free energies
of *OH, *H and *O” in Figure D5 in Appendix D.

Taking Pt(111) as a reference case (for which the adsorption thermodynamics
of hydrogen, hydroxide, and oxygen are known), the surface composition as a
function of potential (Figure 5.5a, lower panel) matches semi-quantitatively the
experiments (Figure 5.5a, upper panel). DFT results show that the broad peak at
low potentials corresponds with hydrogen adsorption at full monolayer coverage
below 0.33 V vs RHE followed by the double layer region (where water is
adsorbed), followed by 1/3 ML hydroxide adsorption at 0.43 V vs RHE and,
finally, oxygen adsorption at 4/9 ML coverage at 1.02 V vs RHE. The results
shown in Figure 5.5a for Pt(111) agree with previously calculated energy
diagrams of Pt(111)" with small differences in absolute values due to the different
functional used. Including configurational entropy for the adsorbed species
would probably bring the computational results in closer agreement with
experiment. This is shown for hydrogen adsorption on Pt(111) and Pt(100) where
a comparison of the slopes and intercept given by the relationship between the
adsorption free energy as a function of coverage, including configurational
entropy resulted in adsorption potentials closer to those obtained
experimentally.® Furthermore, Karlberg et al. show how including lateral
interaction of hydrogen adsorbed species and configurational entropies is
important for simulating cyclic voltammograms of the hydrogen adsorption and
desorption process.*

Figure 5.5b shows the calculated phase diagram of PdyiPt(111) (lower panel).
At potentials below 0.34 V vs RHE, hydrogen is adsorbed on the surface at 1ML
coverage; hydroxide adsorption happens at 0.35 V vs RHE at 2/9 ML coverage
followed by 1/3 ML hydroxide adsorption at 0.44 V vs RHE. At higher potentials
oxygen adsorption becomes favorable at 0.88 V vs RHE at 1/3 ML coverage and
at 1.0 V vs RHE at 4/9 ML coverage. Compared to Pt(111), oxygen adsorbates
bind stronger on the Pdyi Pt(111) surface. As will be discussed in the following
sections, the DFT results support the conclusion from the previous section that
the low potential peaks (H; + Hy) correspond to an exchange between adsorbed
hydrogen and adsorbed anions (*OH + *H,O, *ClO,). From the DFT modelling
alone, it is unclear what species is adsorbed in the high potential peak (0.65-0.8 V
vs RHE) observed in experiment, because oxygen adsorption is predicted to occur
at potentials more positive of this peak. Therefore, if oxygen adsorption does not
occur in that region, backed up by experimental results, that leaves the species
present in the high potential peak as *ClO,, *OH or a mixed adlayer of the two.
The charge in this high potential peak is then most likely due to either an increase
in the adsorbed hydroxide coverage (within a mixed perchlorate/hydroxide
adlayer) or a replacement of perchlorate with a higher coverage of adsorbed
hydroxide, as we expect adsorbed perchlorate to keep some of its charge (as seen
for adsorbed (bi)sulfate, for example) and exhibit repulsive interactions.
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5.4.4 Anion adsorption

To further understand the anion effect on the H; and Hy region observed in the
experiments, we investigated the adsorption thermodynamics of various anions,
*ClOy4, *HSO,, *SOs, *F, and *HCO; on Pt(111) and PdyiPt(111). Adsorption of
these anions was considered only at low coverage of 1/9 ML and explicitly
solvated with 1 water molecule for each of the anions except for “F where 2 water
molecules were used and for *OH where a partially dissociated water bilayer
(1/3*OH-1/3*H,0) solvation was used. We will first discuss the main results
obtained for *ClO,, *HSO, and *SO, and then we will show a comparison between
the binding strength of *ClO,, *HSO,, *SO,, *F, and *HCO; anions on Pdy Pt(111)
compared to that of Pt(111).

Obtaining an accurate adsorption potential for anions such as ClOy, SO and
HSO,™ depends on how accurate their solution-phase free energy is determined.
There are many methods which could be used to calculate the solution-phase free
energy, including thermodynamic cycles which avoid the need to correctly
capture the solvation energy of the anion with traditional DFT techniques, which
is a difficult task because of the long length and time scales of important solvation
dynamics. However, to take those into account molecular dynamics simulations
are preferred.*>* Here, the solution-phase free energy of perchlorate, sulfate and
bisulfate was calculated as described in Chapter 3. Briefly, the free energy of the
aqueous anion is determined by using the calculated DFT energy of a neutral
species (typically in the gas phase), that upon reduction produces the target
anion, and by using the half-redox equilibrium potential at which this reduction
reaction occurs, we can easily calculate the free energy of the solution-phase
anion. This method is analogous to the computational hydrogen electrode
method (CHE)” for calculating the free energy of protons in solution, but in the
case of hydrogen/protons, the equilibrium potential is defined to be exactly 0 V
vs SHE and is not experimentally measured.** For more detailed and robust
methods to determine solution-phase free energies and simulate CVs see ref.**!

Our DFT results show that the adsorption potential at which perchlorate binds
on the Pdwi Pt(111) at 1/9 ML coverage overlaps with that of low coverages of
hydrogen *H at 0.32 V vs RHE and with *OH at 0.44 V vs RHE V, as shown by
the red line in Figure 5.5b (lower panel). The adsorption potential of perchlorate
on Pt(111) lies at more positive potentials around 0.72 V vs RHE than the
calculated adsorption of 1/3 ML hydroxide *OH, which occurs at around 0.43 V
vs RHE. This suggests that perchlorate adsorbs more strongly on Pdy Pt(111)
than on Pt(111), and could outcompete hydroxyl adsorption and even low-
coverage hydrogen adsorption on Pdu Pt(111). Conversely, on Pt(111) hydroxyl
outcompetes perchlorate adsorption. Furthermore, at higher potentials, after
~0.55 V vs RHE, a perchlorate-hydroxyl mixed adlayer could form, and as the
potential is increased this mixed adlayer can either (i) co-adsorb higher *OH
coverages with *ClO,, or (ii) higher coverages of *OH displace *ClO, from the
mixed adlayer leaving an adlayer of just high-coverage *OH. This is in good
agreement with our interpretation of the experimental voltammetry.

However, as we are unsure of the absolute accuracy of our calculated
perchlorate adsorption potentials (in contrast to hydroxyl, for example, where we
know at which potentials it adsorbs on Pt(111) from experiment), it is difficult to
know if we should expect perchlorate adsorption before hydroxyl adsorption on
the PdyiPt(111) from our DFT calculations alone. Taking again Pt(111) as a
benchmark, there is some experimental spectroscopic evidence interpreted to
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show both that perchlorate affects hydroxyl adsorption on Pt(111)** and / or even
specifically adsorbs in the double layer/hydroxide/oxide regions (~0.4-0.8 V vs
RHE).*® More recent studies by Attard et al.** show the double layer and hydroxyl
adsorption regions of cyclic voltammograms measured on Pt(111) are sensitive
to the perchlorate concentration, suggesting that perchlorate strongly interacts
with the surface.

Therefore, considering only our DFT results, there is computational support
that the low potential peak in the CV measured on Pd Pt(111) (comprising both
H; and Hy in Figure 5.1b) corresponds to an exchange between *H / *OH+"H,O
and *ClO; as seen in Figure 5.2b and Figure 5.5b (lower panel), and is, therefore,
not solely due to hydrogen adsorption, consistent with the conclusions from the
experimental ~voltammograms, CO displacement measurements, and
cation/anion/pH effects. The total coverage of hydrogen and anion (*OH)
adsorption matches that measured by *CO displacement (Figure 5.4b and c).
However, we have calculated a *H coverage of 1 ML adsorbed at low potentials
(at the lower potential limit of the CV), and CO displacement gives an *H
coverage of ~0.71 ML. This discrepancy could be due to the omission of
configurational entropy for the calculation of the free energy, which would make
high-coverage *H adsorption less favorable than calculated here.

Additionally, we compared the calculated adsorption potentials of *5O, with
the CV of Pt(111) and the adsorption potential of *SO, and *HSO, with the CV of
PdwPt(111) as measured in 0.1 M H,SO, see Figure 5.6. The calculated
adsorption potential of sulfate on Pt(111) is 0.57 V vs RHE, falling in the high
potential region of the CV where sulfate /bisulfate adsorption is known to occur
on Pt(111).> Significant debate has centered on which anion (bisulfate vs.
sulfate) corresponds to this adsorption peak in the cyclic voltammogram; given
our limited investigation of the coverage dependence and the effect of solvation
near the electrode surface, we do not intend to answer this question here, and
take this result to be indicative of (bi)sulfate adsorption. For Pdmi Pt(111), the
calculated bisulfate and sulfate adsorption potentials are 0.47 V vs RHE and 0.45
V vs RHE respectively, in both cases falling in the region where (bi)sulfate is
adsorbed on the surface fully blocking active sites. Similar to Pt(111), this peak
has been assigned to bisulfate/sulfate anions based on the spectroscopic data
obtained by in situ FTIR experiments.” It is important to note that with our DFT
model employed here we cannot specify which anion adsorbs more preferably in
the bisulfate/sulfate region on both surfaces. This model could be improved by
examining additional coverages of (bi)sulfate/sulfate, water solvation and also
by specifying a more accurate solution-phase reference state for the anions.®®!
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Cyclic voltammograms of Pt(111) and Pdy Pt(111) in 0.1M H,SO4 recorded at 50 mV s
along with the DFT calculated adsorption potentials for *SO, in orange and *HSOy in
green.

We found that in general, anions bind more strongly to the Pdi Pt(111) surface
than on Pt(111). This is shown in Figure 5.7, where the DFT-calculated relative
free energies of adsorption with respect to Pt(111) are shown. Such a comparison
of adsorption strength between Pdyi Pt(111) and Pt(111) is not dependent on the
energy of the solution-phase anion. For all the adsorbates studied, with the
exception of *OH in vacuum, the binding energy is stronger on Pdyi Pt(111). The
bars in orange represent the adsorbed anion without solvation and the bars in
blue represent the adsorbed anion with water solvation. We use one explicit
water molecule for all adsorbates, except for *OH which is solvated as a 1/3*OH-
1/3 *H,O bilayer, and for fluoride which is solvated by two water molecules. It
is interesting to note that for most of the adsorbates the solvation effect is more
predominant on Pdy Pt(111), as noted by the more negative energy for the anion
solvated with respect to that in vacuum. However, for bisulfate in the bidentate
configuration, “HSO, bid., bicarbonate *HCOs, and fluoride *F the solvation effect
is slightly more predominant on Pt(111), by ~0.04 eV, ~0.05 eV and ~0.04 eV,
respectively, as observed by the less negative energy difference of the solvated
anion compared to the conditions in vacuum.

Interestingly, we also find that water binds more strongly to Pdwi Pt(111) than
to Pt(111). A single water molecule (at 1/9 ML coverage) binds ~0.15 eV stronger
and within a 2/3 ML water adlayer the binding strength per water molecule is
~0.03 eV stronger on the Pdi Pt(111) compared to Pt(111). This suggests that the
typically stronger adsorption seen for the anions on PdiPt(111) with solvation
vs. without solvation may be simply due to a stronger adsorption of water on the
Pdyi Pt(111) surface.
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Relative DFT-calculated free energies on Pdy Pt(111) calculated with respect to (w.r.t.)
Pt(111) for perchlorate *ClOy, bisulfate in tridentate configuration *HSOy4 t., bisulfate in
bidentate configuration *HSO4 b., sulfate in tridentate configuration *SOj4 t., hydroxyl
*OH, bicarbonate *HCO3 and fluoride *F. The orange bars represent the free energies
in vacuum and the blue bars represent the solvated free energies.

While with DFT alone we cannot differentiate the phenomena in H; and Hy
separately, in conjunction with the experimentally observed pH, cation, and
anion effects, we conclude that (i) the first feature in the low-potential peak on
the Pdy Pt(111), the region of H; and Hy, is comprised of an exchange between
adsorbed *H and *OH + *H,O adlayer matching the location, total charge, and
ratio of *H/anion charge displaced as measured by experiment, and (ii) that this
region (H; and Hy) is affected by the specific adsorption of perchlorate.
Additional DFT studies should be performed to further investigate the effects of
perchlorate coverage, and near-surface solvation, as well as methods to
accurately and reliably define the free energy of solution-phase anions, so that
the competition between adsorbed hydroxide and adsorbed perchlorate can be
confidently quantified.

We have also shown that our DFT model gives a good estimate of the
adsorption potentials of *SO, and *HSO, on Pt(111) and Pdum Pt(111), matching
qualitatively those obtained experimentally, giving further semi-quantitative
confidence in the perchlorate results. Lastly, in agreement with the experimental
results, DFT also supports stronger anion binding on PdyiPt(111) compared to
Pt(111).

Hydroxyl adsorption plays an important role in catalytic reactions such as the
oxygen reduction reaction, and its adsorption trends have helped explain non-
Nernstian pH dependence shifts on Pt(110) and Pt(100). Such shifts are a result of
a weaker binding of *OH on the surface, due to an effect of alkali metal cations in
alkaline solutions.*® Therefore, studying *OH adsorption on the Pdw Pt(111),
allows us to explain CV features and can provide further information for
mechanistic studies where binding of “OH species serve as descriptor for catalytic
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activity such as oxygen reduction. Similarly, anion adsorption is important for
catalytic reactions such as formic acid oxidation, where it has been shown that
the presence of pre-adsorbed sulfate induces a lower onset potential on Pt(111).?
On Pd thin films, formic acid oxidation is suppressed by sulfate /bisulfate anions
and CO formation is enhanced.®® Beyond catalytic reactions, specific adsorption
of anions are of particular interest in studies of surface structure.®*

5.5 Conclusions

In this Chapter, we identified the adsorption processes taking place in the
various peaks of the blank voltammogram of the well-defined PdPt(111)
surface in perchloric acid by means of experimental and computational studies.
We showed that:
(i) The “first hydrogen peak” H; at 0.246 V vs RHE is not due to just adsorption
and desorption of hydrogen, but actually involves the replacement of hydrogen
by hydroxyl. The hydroxyl adsorption is sensitive to the nature of the electrolyte
cation, in agreement with our previous work on stepped Pt electrodes.
(i) The “second hydrogen peak” Hy at 0.306 V vs RHE involves the exchange of
*H/*OH to adsorbed perchlorate *ClO,. The coverage of the adsorbed
perchlorate, can be assumed to be 1/3 ML on Pd Pt(111) at the positive end of
the Hy peak. If more strongly adsorbed anions are added to the electrolyte, the H;
and Hy peaks merge, and the high potential adsorption states are blocked; that is,
strongly adsorbed anions suppress OH/O adsorption at both lower and higher
potentials. In strong contrast to Pt(111), we have not identified any anion that we
can safely assume to be not adsorbed specifically on Pdy Pt(111).

We believe that these detailed insights will be very important in correctly
interpreting and understanding the catalytic properties of palladium and
palladium-modified electrodes.
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