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Subsurface Hydride Formation Leads to Slow Surface Adsorption
Processes on a Pd(111) Single-Crystal Electrode in Acidic
Electrolytes
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Palladium is one of the most important catalysts due to
its widespread use in heterogeneous catalysis and electrochemistry.
However, an understanding of the electrochemical processes and
interfacial phenomena at Pd single-crystal electrodes/electrolytes is still
scarce. In this work, the electrochemical behavior of the Pd(111)
electrode was studied by the combination of cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in different acidic
electrolytes, namely, sulfuric acid, perchlorate acid, methane sulfonic
acid, and hydrofluoric acid. An analysis of CV profiles shows the strong
adsorption of all anions at low electrode potential, partially overlapping
with underpotential deposited hydrogen (UPD-H), leading to the ojz ARG 5 o O RREN0G
appearance of a pair of sharp peaks in what would be considered the E vs RHE 1V Evs RHE/V
“hydrogen region”. All anions studied (HSO,~, ClO,~, CH,;SO;", and
F7) adsorb specifically and interact with (or effectively block) the surface-adsorbed hydroxyl phase formed on the Pd(111) terrace at
higher potentials. Strikingly, the scan rate-dependent results show that the process of anion adsorption and desorption is a kinetically
rather slow step. EIS measurements show that the exact mechanism of this slow anion ad/desorption process actually stems from
(sub)surface phenomena: the direct hydrogen insertion into Pd lattice (hydrogen subsurface absorption) commences from ca. 0.40
V and leads to the formation of (subsurface) Pd hydrides (PdH,)). We argue that the subsurface hydrogen phase significantly alters
the work function and thereby the kinetics of the anion adsorption and desorption processes, leading to irreversible peaks in the
voltammetry. This precise understanding is important in guiding further fundamental work on Pd single crystals and will be crucial to
advancing the eventual design of optimized Pd electrocatalysts.
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palladium hydrides

the nitrogen cycle. Despite the significant qualitative evidence
for the enhanced activity of Pd surfaces for various electro-

Palladium metal can absorb a large quantity of hydrogen (i.e.,
chemical reactions, a more quantitative understanding of the

accommodate hydrogen atoms into palladium lattice), which is

important in hydrogen storage, metal-hydride batteries, and specific electrochemical properties of palladium has been less
hydrogen purification. The palladium—hydrogen system has forthcoming.

been extensively studied in the gas phase for more than one The electrochemistry of Pt-group single-crystal electrodes,
century. Palladium electrodes are of increasing interest because especially pt,' ¥4 Ir,ls’lé Rh,'” and Ry,'®" is relatively mature
of their excellent performance for sustainable energy storage and expansive, especially regarding the relation between
and conversion reactions, including electrochemical formic structure, (adsorption) activity, and selectivity of electro-

acid/methanol oxidation,' ™ electrocatalytic reduction of
glyceraldehyde, clihydroxyacetone,4 acetol,® and acetophe-
none,’ and the electrocatalytic hydrogenation of organic
molecules in general. The electrochemical reduction of carbon
dioxide on a Pd electrode has been extensively studied recently
since Pd electrocatalysts exhibit high selecthlty toward formic
acid/formate production at low overpotentials.” ' Palladium
also has good activity for reducing nitrite into less harmful
nitrogen gas and useful ammonia products,”’12 which are of
interest for minimizing nitrogen-related pollution and closing

catalytic reactions. However, studies devoted to single-crystal
electrodes of Pd are more scarce, which arise partially from the
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difficulty of preparing Pd single crystals as well as from the
effect that palladium absorbs substantial amounts of hydrogen
below 0.2 V, masking other reactions taking place on its
surface. Therefore, over the past decades, pseudomorphically
grown palladium overlayers have been used as an alternative
for well-ordered Pd single-crystal electrodes.”® For instance,
Gabrielli et al. performed systematic investigations of hydrogen
adsorption/absorption in palladium films obtained by electro-
deposition, from a few monolayers (ML) up to several
micrometers.”’ One of their main results was that the cyclic
voltammogram of very thin Pd films grown epitaxially on
Au(111) showed separate hydrogen adsorption and absorption
regions, while these processes started at the same potential on
bulk Pd (thickness of over 4000 ML, ~1.6 ym). Generally,
palladium hydrides form two phases, a- and f-PdH, with a
distinct phase transition,””** and the hydrogen evolution
reaction occurs only after f-PdH formation.”* Characterizing
the nature of the anion and cation adsorption at the Pd
electrode/electrolyte surface under electrochemical conditions
is an aspect of foremost importance for its influence on
reaction kinetics, in either a promoted or inhibited fashion.”
Thus, many studies have also reported the exploration of
hydrogen/anion adsorption processes on palladium mono- and
multilayers grown epitaxially on Pt basal planes.”*"**
Specifically, our own work has elucidated that the so-called
“hydrogen region” on the Pd monolayer on Pt(111) surface is
rather a “hydrogen-hydroxyl-cation—anion” region; that is, its
exact voltammetric features depend on the interaction with all
four species, not only with hydrogen.

To better understand the exact nature of the special
reactivity of palladium, detailed investigations on atomically
well-defined single-crystal bulk Pd are highly desirable.
Electrochemical characterization of Pd single-crystal electrodes
started after the introduction of the inductive heating
technique.””*® Hoshi et al. carried out a considerable amount
of work on Pd single-crystal electrodes with low- and high-
index planes to explore (bi)sulfate anion adsorption®"** and
CO™® adsorption processes by infrared reflection absorption
spectroscopy (IRAS). Later, they continued with a series of
systematic experiments to describe the cyclic voltammograms
of Pd-stepped electrodes.”* ™" All studies specifically focused
on the effect of introducing different types of steps with
different step densities, on voltammetric peaks in the more
positive potential region (0.65 V < E < 1.20 V) related to
hydroxide/oxide formation on Pd surfaces. However, cycling
to such high potentials always induces irreversibility in the
subsequent cycles, suggesting that the formation of O, is
accompanied by a significant restructuring of the Pd surface.
On the other hand, research on the underpotential deposition
of hydrogen, H,,q and the adsorption of anions on Pt-group
single-crystal electrodes provides a “fingerprint” of high-quality
single-crystal surfaces under electrochemical conditions. A
great deal of knowledge has been gathered about the chemical
species responsible for the well-defined and reproducible
voltammetric profile of single-crystal Pt-group metal electro-
des.”® However, there are very few detailed studies on the
reversible H,,q and anion adsorption processes on Pd single-
crystal electrodes.”” These studies often assume that
perchlorate electrolytes are nonadsorbing, as for Pt.

It is the objective of this work to propose a detailed
understanding of quantitative benchmark voltammograms for
the Pd(111) electrode in four common electrolytes, namely,
sulfuric acid, perchlorate acid, methanesulfonic acid, and
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hydrofluoric acid. We focus on the fundamental aspects of
H,,q and anion ad/desorption processes. Therefore, the limits
of the potential sweep are imposed by the onset potential of
substantial amounts of hydrogen absorption below 0.20 V and
the onset of oxide formation around 1.0 V. We show that all
anions exhibit specific adsorption on Pd(111), including
fluoride and perchlorate, and further explore the nature of
the unexpectedly sluggish kinetics behind the anion
adsorption—desorption process on the Pd(111) electrode in
the low potential region. Strikingly, we show that the slowness
of anion adsorption on Pd(111) is intimately related to the
formation of subsurface hydrogen.

Cyclic voltammetry was first conducted in 0.1 M H,SO, at a
scan rate of SO mV s~ to facilitate comparison to reliable
literature data.””*°~** Figure la represents the first cycle
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Figure 1. Cyclic voltammograms of Pd(111) electrode recorded in
(a) 0.1 M H,SO,, (b) 0.1 M HCIO,, (c) 0.1 M CH;SO;H, and (d)
0.1 M HF solutions. Scan rate: 50 mV s™'. The inset in (a) and (c)
represents a magnification of the anion adsorption layer phase
transition peak (marked by a red dash square).

recorded after inductive heating of the Pd(111) electrode in an
argon atmosphere with immersion at 0.45 Vyyp and starting
the potential scan in the negative direction. The cyclic
voltammogram of Pd(111) in 0.1 M H,SO, (Figure la)
shows the presence of a pair of sharp peaks (P; and Py), slightly
irreversible, with a peak potential of 0.28 Vg (PI') in the
positive-going scan, and of 0.24 Vpyp (P;) in the negative-
going scan. In agreement with the voltammetry of Pd-
monolayer modified Pt(111) in 0.1 M H,SO,,*® the sharpness
of the peak (P; and P;) suggests the replacement of adsorbed
species, i.e., hydrogen replaced by (bi)sulfate (eq 1) and vice
versa. Hoshi et al. have claimed that these redox peaks only
occur on Pd surfaces with more than three atomic rows of 111-
terrace.”’

P
=

H' + (y + 1)e” + yanion, H,4 + yanion™

(1)
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Following the replacement of (bi)sulfate by hydrogen in the
negative-going scan, the hydrogen adsorption (eq 2) and
absorption processes (eqs 3 and 4) proceed simultaneously on
Pd(111) at potentials below 0.24 Vi

H,O"* + e + Pd = Pd - H, + H,0 2)
Pd — H,4, + Pd(subsurface)

= Pd(subsurface) — H,,, + Pd (3)
Pd(subsurface) — H,,, = Pd(bulk) — H,,, (4)

A further increase in the cathodic current at more negative
potentials is due to the hydrogen absorption into the Pd(111)
bulk crystal (eq 4) and the voltammogram remains essentially
unchanged (as shown in Figure S2), which indicates the ability
to reversibly absorb and store hydrogen into the Pd lattice.
Accommodating considerable amounts of hydrogen atoms into
palladium lattice after applying a critical negative potential (or
a number of cycles) may cause irreversible changes in surface
morphology; the understanding of this process would require
further study also on other Pd single-crystal electrodes besides
Pd(111), i.e, Pd(100) and Pd(110). By contrast, the features
observed in the first cycle described above change totally when
the upper potential limit is extended to the potential where the
Pd-oxide formation commences, i.e., 1.0 Vgyg, because PdOy
causes the surface roughening of the well-ordered Pd(111)
surface.””"

It is noteworthy that the corresponding anodic peak at 0.28
Vege (Pp) is less sharp than the cathodic peak at 0.24 Vyyp
(P;), which can be ascribed to irreversibility in the super-
position of desorption of absorbed hydrogen (eqs 3 and 4) and
the replacement reaction between the adsorbed-hydrogen and
(bi)sulfate (eq 1). The inset in Figure la shows a pair of
reversible peaks at 0.39 Vyyg, which arises from a first-order
phase transition of the disordered (bi)sulfate adlayer into a
(/3 X \/7) commensurate phase,*"** quite similar to the
phase transition in (bi)sulfate adlayer on Pt(111) electrodes
(peaks at 0.50 Vyyy, Figure Sla). Previous electrochemical in
situ Fourier Transform Infrared Spectroscopy (FTIRS) studies
also found that at the Pd(111)/0.1 M H,SO, interface, there is
a single band from the (bi)sulfate adsorbate at ca. 1200 cm™
in the potential range from 0.3 to 0.7 V,* similar to that
observed on Pt(111)*® and Pdy;Pt(111)*° electrodes. The
specific adsorption of the (bi)sulfate adlayer completely blocks
the Pd(111) surface in the more positive potential window
between 0.60 and 0.90 Vyyg. The result here strongly suggests
much stronger anion adsorption on Pd(111) than on Pt(111)
because the sulfate adsorption/desorption peak happens at a
much less positive potential and overlaps with hydrogen
adsorption/desorption, very similar to what has been observed
on the Pdy; Pt(111) electrode.”® The cyclic voltammogram of
Pd(111) in 0.1 M H,SO, here (Figure 1a) is identical to those
reported previously””**~** which confirms the high quality of
the prepared Pd(111) electrode. The anion adsorption process
(eq 2) is ascribed specifically to the electrolyte anions (HSO, ",
ClO,~, CH;S0;7, and F™), while OH adsorption is excluded in
this low potential window as we will discuss in the following
part (Figures 3 and S4).

2782

In perchloric acid, Figure 1b shows the presence of a pair of
peaks, slightly irreversible, with a peak potential of 0.31 Vyyg
(Pr) in the positive-going scan and of 0.29 Vpyg (P;) in the
negative-going scan. In agreement with the (bi)sulfate
adsorption in Figure la, the sharp P; peak suggests the
involvement of perchlorate anion desorption rather than a pure
hydrogen underpotential region** as observed on the Pt(111)
electrode, which is again similar to the behavior of perchlorate
on the Pdy;Pt(111) electrode (Figure S1b). We will discuss
specific perchlorate adsorption in more detail in Figure 2. We
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Figure 2. Cyclic voltammograms of Pd(111) electrode in (a) 0.1,
0.01, and 0.001 M H,SO,, (b) 0.1, 0.01, and 0.001 M HCIO,, (c) 0.1,
0.01, and 0.001 M CH,;SO;3H, and (d) 0.1, 0.01, and 0.001 M HF.
Scan rate: 50 mV s”'. The inset in (a) and (c) represents a
magnification of the anion adsorption layer phase transition peak.

find that the peaks correlated with the replacement of adsorbed
species, i.e., hydrogen and perchlorate, were very sensitive to
the quality of the surface, and they are observed only on a well-
prepared Pd(111) surface (as shown in Figure S3). For
instance, the voltammetric peak of 0.31 Vpy (Pp) of Pd(111)
in perchloric acid was either not observed”” or (mis-)
interpreted as simply hydrogen underpotential deposition or
absorption in previous studies.”*> Therefore, particular
attention should be paid to the cleanliness and order of the
system, as the presence of contaminants and/or an improper
inductive heating-annealing procedure greatly influences the
Pd single crystal voltammetric profiles and thus their analysis.

Between 0.40 and 0.60 Vg, there is a very low current in
the CV of Pd(111), and this is traditionally called the “double
layer region”, assuming that the current flowing in this region is
due only to capacitive charging of the electric double layer and
that there are no adsorbed species. However, note that we do
consider that Pd(111) is covered with specifically adsorbed
perchlorate in this potential window so that this is the
capacitive current of a perchlorate-covered Pd(111) electrode,
and there may still be some pseudocapacitive charging current
if the perchlorate coverage is changing (though this seems
minor). As the potential increases from 0.60 to 0.95 Vg,
there is a broad feature followed by a peak at 0.78 Vyyx (Pyy)
(with the corresponding reversible feature in the negative-
going scan). This broad feature is interpreted as hydroxyl
adsorption:

H,0 + Pd = Pd — OH4 + e + H* (s)

https://doi.org/10.1021/jacsau.3c00343
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The voltammogram of Pd(111) in 0.1 M CH;SO;H in
Figure 1c also shows the replacement of adsorbed hydrogen by
adsorbed anion, i.e., methanesulfonate, in a pair of peaks, with
a peak potential of 0.33 Vpyg (Pp) in the positive-going scan
and of 0.27 Vg (P;) in the negative-going scan. A pair of
reversible peaks at 0.40 Vypyy presumably arises from a phase
transition of the adsorbed methanesulfonate adlayer based on a
similar observation for the (bi)sulfate adlayer. The “double
layer region” (but note again the comment made in the
previous paragraph) and “OH,, feature” are observed at 0.40 <
E < 0.60 Vpyg and 0.60 < E < 0.95 Vyyy, respectively. The
combination of a broad and a sharp peak of 0.90 Vyy; (Py) is
very typical for a disorder—order transition in the adsorbate
layer, i.e., hydroxyl layer (broad peak at a lower coverage, sharp
peak at a higher coverage)."’

In hydrofluoric acid, Figure 1d shows a pair of rather sharp
peaks in the “hydrogen region”, which suggests again that the
processes underlying these peaks are a replacement reaction of
adsorbed hydrogen and adsorbed fluoride, very irreversible,
with a peak potential of 0.37 Vyyg (Pp) in the positive-going
scan and of 0.25 Vpygp (P;) in the negative-going scan. The
“double layer region” and “OH,4, feature” are observed at 0.40
< E <0.60 Vypyyg and 0.60 < E < 0.90 Vg, respectively, similar
to perchloric acid.

Based on the combined results in 0.1 M H,SO, 0.1 M
HCIO,, 0.1 M CH;SO;H, and 0.1 M HF solutions, we
conclude that the voltammograms of the Pd(111) electrode in
acidic electrolytes show three main features: adsorbed
hydrogen H,4, at the lowest potentials (0.20 < E < 045
Vgug), with the replacement of H, 4, by anion adsorption (with
peak potentials of 0.28, 0.31, 0.33, and 0.37 Vg in the
positive-going scan for HSO,~, ClO,”, CH;SO;H™, and F~,
respectively) and an adsorption—desorption peak for OH
adsorbed on (111) terraces (0.60 < E < 0.95 Vyyg). The order
in peak potential for the different anions is a measure of their
adsorption strength to the Pd(111) surface, with (bi)sulfate
binding being the strongest and fluoride binding the weakest.
These results indicate that the electrochemical behavior of the
Pd(111) surface in 0.1 M HCIO,, 0.1 M CH;SO;H, and 0.1 M
HF solutions is significantly different from the Pt(111)
electrode. On Pt(111), these anions are considered to be
nonspecifically adsorbed, and the voltammograms for these
different electrolytes are very similar (see the CVs for Pt(111)
in ClO,”, CH;SO;H™, and F~ in Figure S1). The classic
“hydrogen region” identified for the pristine Pt(111) surface
clearly involves specific anion adsorption for the bulk Pd(111)
electrode. For a Pd monolayer decorated Pt(111) surface, it
has even been characterized as a ‘hydrogen-hydroxyl-anion—
cation’ region28 (Figure S1). The high affinity for anion
adsorption has been ascribed to the significantly lower work
function of Pd compared to Pt.

To further support our interpretation of the Pd(111) CV,
we show in Figure 2 the evolution of the blank CV as a
function of acid concentration, from pH 1 to 3. The CV is
plotted on a reversible hydrogen electrode (RHE) scale so that
any features that would be only related to the reversible
adsorption/desorption of H or OH should not shift on this
potential scale. Regarding the P;/P; couple, ascribed to the
replacement of adsorbed hydrogen by adsorbed anions (and
vice versa), we observe the following. The potential of the
anion adsorption, replacing H adsorption, i.e., peak Py, shifts to
more positive potentials with decreasing acid concentration,
for all anions. The shift is more pronounced for more weakly
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adsorbed anions, especially fluoride. Since a purely reversible
hydrogen adsorption/desorption peak would not shift with pH
on the RHE scale, this shift must be due to the involvement of
anions. A lower anion concentration leads to a weaker
adsorption at a given potential, and hence to higher adsorption
peak potential. The potential of zero free charge (E,) of a
metal electrode in contact with a solution refers to the
potential where the nonfaradaic (“free”) excess electronic
charge on the electrode equals zero.”® The anion adsorption
may be influenced by pH as the potential of zero free charge
(Epzfc) shifts positively on the RHE scale with the increasing
pH (EpzfC = E% + 0.059 pH), and therefore, the electrode
surface becomes more negatively charged with the increasing
pH at the same applied potential on the RHE scale. In the
negative-going scan, the P; peak (at 0.24, 0.29, and 0.27 Vg
for HSO,, ClO,”, and CH,SO;H”) is observed to be
independent of pH or concentration of the electrolyte solution,
while the sharpness of the peak (P;) increases with a lower pH
(or higher anion concentration), especially for HSO,” and
ClO,". For the fluoride-containing electrolyte (Figure 2d), the
situation for the P; peaks is admittedly less clear, although
there is a clear fluoride adsorption peak in the positive-going
scan.

The potential for the phase transition of bi(sulfate) (Figure
2a) and methanesulfonate (Figure 2c), respectively, increases
with pH at a rate of ca. 100 mV/pH, which indicates that it
cannot correspond to a proton-coupled electron transfer (as
that would shift 0 mV/pH). In the negative-going scan, the P;
peak potential (at 0.24, 0.29, 0.27, and 0.25 Vyyy;; for HSO,™,
ClO,”, CH;SO;H™, and F7) is observed to be rather
independent of pH or concentration of the electrolyte solution,
while the sharpness of the peak (P;) decreases with a lower
anion concentration (also see Figure 3). In our model to be
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Figure 3. Cyclic voltammograms of Pd(111) in (a) 0.0005 M H,SO,,
(b) 0.001 M HCIO,, (c) 0.001 M CH,;SO;H, and (d) 0.001 M HF
(pH 3) solutions without and with 0.01 and 0.1 M LiX, NaX, and
CsX, where X is the corresponding anion. Scan rate: 20 mV s\,

discussed below, the anion adsorption/desorption process
itself is fast, and the slow kinetics is due to the formation of
subsurface hydrogen. A subsurface hydrogen phase exists
during the positive-going scan as a result of the prior negative-
going scan, while during the subsequent negative-going scan,
there is far less subsurface hydrogen (depending on the
employed scan rate and the potential range of the CV) and
hence the corresponding reduction peak typically corresponds
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to fast anion desorption. As we discuss in the following part,
the anion adsorption/desorption process itself is fast, and the
slow kinetics is due to the subsurface hydrogen phase. A Pd
subsurface hydrogen surface from hydrogen adsorption during
a negative-going scan shows a weaker effect on anion adlayers
than that of a Pd-hydride surface formed during a positive-
going scan. The P;;/P;; peaks in the potential region of 0.60 <
E < 0.95 Vyyyg shift to a higher potential in the presence of a
higher concentration of ClO,~, CH;SO;H™, and F~, suggesting
a ‘mixed anion—OH,y, feature’ instead of a sole “OH,4,
feature”. The formation of OH,y (eq S) is very sensitive to
the coadsorbing anion, presumably reflecting different anion
adsorption modes and strengths. Figure 2 shows the Py /Py
peaks shift to a more positive potential by decreasing
electrolyte pH from 3 to 1 (and/or increasing anion
concentration by ca. 1 and 2 orders of magnitude). Figure 3
further shows the formation of OH,4, is indeed inhibited, i.e.,
shifts to a more positive potential and with lower charge, when
increasing the anion concentration at a constant pH. A
consistent explanation for this effect of anion, which is identical
to the results from Pdy; Pt(111) electrode,”® is that the Py, /Py
peak involves the specific adsorption of anion or the strong
interaction of the anion with the OH_4 layer. As mentioned,
the combination of a broad and sharp peak, as in 0.001 M
HCIO, (Figure 2b, orange line), is very typical for a disorder—
order transition in the OH adlayer. Also, this phase transition
seems to be diminished due to a stronger interference from a
more favorable ClO,~ adsorption in 0.01 and 0.1 M HCIO,
(Figure 2b, pink and brown line).

Figure 3a shows cyclic voltammograms for the Pd(111)
electrode in 0.0005 M H,SO, (pH = 3) electrolytes with and
without the addition of 0.1 M Li,SO, and Na,SO,. In the
presence of 0.1 M Li,SO, and Na,SO,, the P;/P; peak current
density increases considerably and the peak potential shifts to
more negative potential, although the onset potential remains
the same as that in 0.0005 M H,SO, (pH = 3). There is no
cation identity effect, ie., Li* vs Na®, on the adsorption/
desorption process (P;/P;). Figure S4 shows that the increase
of current density of the P;/P; peak for the cyclic
voltammogram of Pd(111) electrode recorded in 0.0005 M
H,SO, (pH = 3) is smaller with a lower concentration of
cation (and anion), i, 0.01 M Li,SO, and Na,SO,. Figure
3b—d shows cyclic voltammograms for the Pd(111) electrode
in 0.001 M HCIO,, 0.001 M CH,;SO3H, and 0.001 M HF (pH
= 3) electrolytes with and without the addition of 0.1 M LiX
and NaX. An important observation in Figure 3 is that the
oxidation peak between 0.2 and 0.4 V is not sensitive to the
nature of the cation in the sulfate and fluoride electrolytes.
These results would imply that the process (P,/P;) is devoid of
hydroxyl adsorption, as the cation would be expected to cause
a peak potential shift to a more positive value due to its
destabilization of the “hydroxyl-cation” adlayer, as we observed
previously for the step-related “hydrogen” peaks on stepped Pt
electrodes*”*” and Pdy; Pt(111) electrodes.”® At the same pH
and, hence, at the same interfacial electric field strength at a
given potential (RHE), a higher anion concentration leads to
stronger adsorption (P;) and the observation of a peak
potential shift to a more negative value (Figures 3 and S4).
Therefore, it is safe to conclude that the P;/P; peak on the
Pd(111) electrode only involves anion adsorption/desorption
immediately following/preceding the H,,q region.

The “OH,; feature” (eq S) in the potential region of 0.60 <
E <0.95 Vyyg shifts to a higher potential in the presence of 0.1
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M NaClO,, CH;SO;Na, and NaF (Figure 3b—d), which is
caused by the suppression of this feature by an increased anion
adsorption and consistent with the results from Figure 2.

Moreover, the voltammetric profiles of the Pd(111)
electrode in Figure 3b—d reveal that there is a discernible
effect of the cation identity on the “OH, feature”: for lithium,
an earlier onset potential and a larger current are observed than
for sodium and cesium. Following previous studies on the
Pt(111) electrode, this could be interpreted as more strongly
attractive (or less repulsive) interactions between OH,, in the
presence of Li’, thereby stabilizing the OH adlayer’’ and
decreasing the suppressive effect caused by the anion
adsorption.

A peculiar characteristic of the anion desorption (P;) and
adsorption (P;) peaks is their irreversibility (as shown in
Figures 1—3), indicating a kinetically limited process. Such a
slow anion adsorption process is unexpected as it is not
typically observed on Pt and Pdy;Pt(111) single-crystal
electrodes (see Figure S1 in the Supporting Information).
For irreversible processes, the peak potential (E,) is expected

to shift with the scan rate (v) following IE, — E°l o ln(%),

where k is the rate constant and E° is the equilibrium potential
for the reaction.””* As indicated, the peak potential for the
oxidation reaction (Ep;) shifts to more positive values and the
peak potential for the reduction reaction (Ep;) shifts to more
negative values with increasing scan rates. Figure 4a shows that
the irreversible behavior of the peak corresponding to the H/
anion replacement reaction, i.e., 0.237 Vg for the negative-
going scan and 0.300 Vyyyg for the positive-going scan recorded
at 100 mV s~ in 0.05 M H,SO, (pH = 1.3), disappears at a
sufficiently low scan rate of 1 mV s™! (Ep; = Epp = 0.274 Viyp)-
In addition, Figure SS shows that the peak attributed to the
phase transition in the (bi)sulfate and methanesulfonate
adlayer is reversible and independent of the scan rate. Figure
4b—d shows that for more weakly adsorbed anions, namely,
perchlorate, methanesulfonate, and fluoride, the irreversibility
of the peak corresponding to the H/anion replacement
reaction also decreases when lower scan rates are employed.
For such an irreversible surface-confined electron transfer
reaction, the dependence of the anodic and cathodic peak
potentials (Epy and Ep;) on the logarithm of the scan rate (log
v) resembles a classical “trumpet plot”.>® The peak (P/P;)
associated process is related to a heterogeneous ad/desorption
step instead of a diffusion process and the following general
equations express the anodic and the cathodic peak potential:>*

Epy = E° — ﬁln(anp ”)

anF \ RTk (6)
B, =B + RT In (1- a)onFl/)

(1 — a)nF RTK (7)

where k° is the rate constant at E°, the formal potential of the
surface-confined redox couple, a is the (effective) transfer
coeflicient, E is the applied potential, v is the applied scan rate,
R is the universal gas constant (8.314 J K™ mol™), T is the
temperature, and F is Faraday’s constant (96485 C mol™").
When plotting E; vs log v, the slopes of these plots in principle
correspond to Tafel slopes, though it is difficult to assign linear
regions. No clear values or trends can be extracted from these
slopes.

To explore the origin of the striking sluggish kinetics and
mechanism of anion adsorption on the Pd(111) electrode, we
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Figure 4. Cyclic voltammograms of Pd(111) electrode in (a) 0.05 M
H,80,, (b) 0.1 M HCIO,, (c) 0.1 M CH,SO;H, and (d) 0.1 M HF
solutions recorded at various scan rates (and plotted as current
density divided by scan rate). “Trumpet plots” displaying the anion
adsorption (P;) and desorption (P;) peak potentials as a function of
the logarithm of scan rate in (a;) 0.05 M H,SO,, (b;) 0.1 M HCIO,,
(c;) 0.1 M CH;SO;H, and (d;) 0.1 M HF solutions; the dots
represent the experimental data points and the solid lines show the fit
results.

employed electrochemical impedance spectroscopy (EIS). The
experimental impedance spectra were fitted using the
equivalent electric circuit (EEC) presented in Figure Sb,
which corresponds to a simple heterogeneous ad/desorption
step, forming an adsorbed intermediate without diffusion
limitation for the hydrogen and/or anion adsorption®*™ in
parallel with a typical diffusional process of hydrogen
absorption/penetration into the Pd bulk.’>” Figures Sc and
S6b show experimental and fitted spectra (Nyquist plot) of the
Pd(111) electrode obtained in the potential regions of anion
and/or hydrogen adsorption (as indicated in Figures Sa and
S6a) in contact with 0.05 M H,SO, and 0.1 M HF solutions,
respectively. In Figures Sc and S6b, a high-frequency semicircle
followed by a capacitive part at lower frequencies is observed.
With a decrease of the applied potential, in the anion and/or
hydrogen adsorption region, the low-frequency impedance line
becomes more tilted (Figures Sc and S6b), which is attributed
to the hydrogen absorption leading to the Warburg impedance
as typical for a semi-infinite diffusional process.

Figure 6 shows the dependence of the parameters Rg, R.4;cr)
Riscr Cpr, and Cyy on the electrode potential in 0.0S M
H,SO,. Figures 6 and S7 show the solution resistance, R, is
independent of the applied potential and is 130 and 185 Q in
0.05 M H,SO, and 0.1 HF, respectively The double layer
capacitance, Cp;, varies little around 10 + 2 and 30 + S uF
cm™? for 0.05 M H,SO, and 0.1 M HF solutions, respectively,
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Figure 5. (a) Cyclic voltammogram of the Pd(111) electrode in 0.05
M H,SO, recorded at 1 mV s~' (plotted as capacitance, that is, the
total current density divided by the scan rate). The different colors
represent the potentials at which the data were collected. (b) The
equivalent electric circuit (EEC) that is used to fit experimental
impedance data, featuring the R, term for solution resistance, the
charge transfer resistance for the hydrogen and/or anion adsorption,
R,45,ct) in series with an adsorption capacitance, C,4,. In the presence
of the direct hydrogen absorption, there is an additional parallel
branch consisting of the absorption resistance, Ry, cr, in series with a
Warburg impedance, Zyy, corresponding to hydrogen diffusion into
the bulk of Pd(111). (c) Typical Nyquist plots for Pd(111) in 0.05 M
H,SO,. The dots represent the data points collected at anion and/or
hydrogen ad/desorption region as indicated in Figure Sa, while the
solid lines correspond to the fit obtained using the EEC. Data points
at a frequency of 10 Hz are indicated with a black dot.

in rather good agreement with recent studies on double layer
capacitances of Pd(111) electrodes.®® Consistent with the
blank voltammogram result in Figures Sa and S6a, Figures 6
and S7 show the adsorption capacitance, C,4, increases to 189
uF cm™ in the (bi)sulfate/hydrogen adsorption region (0.27
Viue) and 215 uF cm™ in the fluoride/hydrogen adsorption
region (0.33 Vgpyg), respectively. Figure 6 shows a broad
relatively potential independent plateau on the curve of the
hydrogen absorption resistance, R, cr, and increase of sulfate
anion adsorption charge transfer resistance, R4cr, with
potential, respectively, in the potential region of (bi)sulfate
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Figure 6. Fitted EIS data as a function of the applied potential in 0.05
M H,SO,. C, is calculated from the CV current.

adsorption (0.26 < E <0.30 Vgyg). Figure S7 also shows the
hydrogen absorption resistance, R cr, also varies little in the
potential region of fluoride adsorption region (0.24 < E <0.35
Viue)- The hydrogen absorption process happens more easily,
i.e, has a smaller charge transfer resistance (R, cr) than that
of anion adsorption (R 4,cr) (Figures 6 and S7). To convince
ourselves that hydrogen absorption is really coupled to
diffusion, we have replaced the Warburg impedance in Figures
Sb and S6b with a constant phase element (CPE), Zcpg, as
shown in Figures S8b and S$9b for 0.05 M H,SO, and 0.1 HF,
respectively. We find that the optimal fit value for the
corresponding CPE exponent (n) is ~0.6 (Figures S8c and
S9c¢), close to the value of 0.5 corresponding to a diffusion
process.

Considering that the hydrogen absorption occurs at E < 0.40
Veup, the slowness, as well as the potential dependence, of
the anion adsorption process, as expressed in R 4, cr, could be
related to the existence of hydrogen atoms in subsurface layers
and the formation of PdH, (palladium hydride) surface. This is
corroborated by the observation (Figure S1) that this
irreversibility is absent on the Pdy;Pt(111) electrode where
such subsurface hydrogen formation does not occur. Since this
process of subsurface hydrogen is coupled to the diffusion of
hydride into the bulk, it is inherently slow and irreversible.
Using impedance measurements of hydrogen diffusion into Pd,
Gabrielli et al.*® reported diffusion coefficient values of ca. 3—5
X 1077 cm? s7! for palladium foils between 0.11 and 0.20 V.
Han et al.*” reported a typical hydrogen permeation time scale
of ca. 200 s for palladium foils at 0.20 V for a steady-state
permeation current density of ca. S gA cm™ We posit here
that this process is coupled with the irreversibility of the P;/P
redox couple. It has been found that hydride formation in
palladium causes the lattice constant of palladium hydride to
be higher than that characteristic of palladium®”®" (by ~3.5%
compared to Pd®?), as well as drastic changes of the surface
potential (leading to an effective lowering of the work
function). These changes have been ascribed to a corrugation
as a result of stress creation and its relaxation within the PdH,,
leads to a “roughening” of palladium, which is quite
reversible.”” The work function changes of the PdH, surface
have been interpreted according to the well-known Smolu-
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chowski’s model,*® that is, the increase of surface roughness
would lower the work function. The lower work function of
PdH, would significantly favor anion adsorption and all anions
studied here (HSO,~, ClO,”, CH,;SO;~, and F~) adsorb
specifically at E < 0.40 Vyyg. An alternative explanation could
be that the presence of subsurface hydrogen introduces strain
and ligand effects that slow anion adsorption. Future
computational work on anion adsorption on PdH, surfaces
should further clarify this issue.

Notably, a PdH, system would also change parameters such
as the binding energy and/or the equilibrium coverage of
surface absorbates and ultimately influence the adsorption
process. Density functional theory (DFT) calculations indicate
that adsorbates, i.e., H, acetylene, vinyl, and ethylene, bind
weaker to a Pd(111) surface with subsurface layer hydrogen
than to the Pd(111) surface.”*™%" We expect that the slow
diffusion of hydride formation is superimposed on the surface
processes. Therefore, the anion adsorption itself is not slow but
rather the hydride absorption process altering the anion
adsorption energetics.

In summary, voltammetric profiles of Pd(111) in acidic
electrolytes consisting of various anions (HSO,”, ClO,,
CH,;SO;H™, and F~) were reported and analyzed. In the so-
called H,,,q region, a couple of sharp peaks (P;/P;) have been
related to a surface replacement reaction of adsorbed hydrogen
by anion electro-sorption, with the adsorption strength
following the order of HSO, > ClO, > CH;SO;H > F.
Strongly adsorbed anions also block/suppress the hydroxyl/
oxide adsorption states at higher potentials in a corresponding
manner. In particular, anion adsorption on Pd(111) is
considerably stronger than on Pt(111) and even perchlorate
and fluoride must be considered to be specifically adsorbed on
Pd(111). Surprisingly, anion adsorption and desorption appear
to be a kinetically limited process, which is in strong contrast
to other Pt-group single-crystal electrodes. Detailed explora-
tion to identify the nature of this unusual phenomenon with
electrochemical impedance spectroscopy shows that anion
adsorption/desorption is accompanied by desertion/insertion
of hydride into the subsurface layers of the Pd(111) electrode
surface, leading to the formation of Pd hydrides (PdH,). The
observed irreversibility is then explained by the lower
adsorption energy of anions on a Pd-hydride surface, with
the time dependence arising from the diffusion of hydride in
and out of the Pd surface layers. This work thereby generates
fundamentally new insights into the surface chemistry of well-
defined Pd surfaces, which we hope will contribute to the
development of this important electrocatalytic material.

Cyclic voltammetry measurements were carried out in standard
electrochemical cells by using a three-electrode assembly at room
temperature. Experiments were performed in a fluorinated ethylene
propylene (PEP, Nalgene) electrochemical cell for hydrofluoric acid,
and a glass cell was used for the other electrolytes. PEP cell was
cleaned in freshly prepared piranha (3:1 v/v H,SO, (96%, Suprapur)
and H,0, (30%, Merck Suprapur) over 2 h followed by at least five
times repetitive rinsing and boiling with ultrapure water (Milli-Q, 18.2
MQ cm). All glassware was cleaned in an acidic solution of potassium
permanganate overnight, followed by rinsing with an acidic solution of
hydrogen peroxide, repetitive rinsing, and boiling with ultrapure
water.
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A palladium 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. A Pd bead-type electrode (MaTecK) with a
diameter of 4 mm and a Pd wire attached to its rear for better
handling was used as the working electrode. Prior to each experiment,
the Pd working electrode was annealed by inductive heating in an
inert, all-quartz tube, which was filled with a stream of argon.
Subsequently, the electrode was slowly cooled down to room
temperature in an argon stream and the contact with the electrolyte
was established under potential control (around 0.45 Vgyyg), where no
H absorption occurred. The electrochemical measurements were
performed with the single-crystal electrode in the hanging meniscus
configuration. The potential was controlled with a BioLogic VSP-300
potentiostat by using proprietary software. The current density shown
in the manuscript represents the measured current normalized to the
geometric area of the working electrode. Inductive heating was
applied via a 2.4 kW Ambrell EASYheat model 0224 fitted with a
Flowmax water cooling solution. The Ar stream (Air Products, 5.7)
during cooling processes was digitally controlled by using a mass flow
controller (SLAS850, Brooks). Electrochemical impedance spectros-
copy (EIS) was conducted with a Biologic VSP-300 potentiostat.
Nyquist plots were measured with frequencies ranging from 10 kHz to
0.1 Hz with an amplitude of 5 mV.

Electrolytes were made from ultrapure water (Milli-Q, 18.2 MQ
cm), high purity reagents HCIO, (70%), H,SO, (96%), CH;SO;H
(>99.0%), HF (40%), Li,SO, (99.99%), Na,SO, (99.99%), NaClO,
(99.99%), LiClO, (99.99%), CH,SO;Li (99.99%), CH;SO;Na
(90%), LiF (99.995%), and NaF (99.99%) from Merck Suprapur.
Before each experiment, the electrolytes were first purged with argon
for at least 30 min to remove air from the solution.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00343.

Additional cyclic voltammetry data, additional electro-
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