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The mechanism of the hydrogen evolution reaction, although intensively studied for more than a
century, remains a fundamental scientific challenge. Many important questions are still open, making it
elusive to establish rational principles for electrocatalyst design. In this work, a comprehensive
investigation was conducted to identify which dynamic phenomena at the electrified interface are
prerequisite for the formation of molecular hydrogen. In fact, what we observe as an onset of the
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macroscopic faradaic current originates from dynamic structural changes in the double layer, which are
entropic in nature. Based on careful analysis of the activation process, an electrocatalytic descriptor is
introduced, evaluated and experimentally confirmed. The catalytic activity descriptor is named as the
potential of minimum entropy. The experimentally verified catalytic descriptor reveals significant
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Introduction

Electrolytic splitting of water to molecular oxygen and hydrogen
has attracted the attention of researchers for over two centuries.
Nowadays, water electrolysis is intensively investigated as an
essential technology in a future energy landscape (e.g. PEM
electrolyzers).>* In that context, the efficiency of water electro-
lysis appears to be one of the bottlenecks for a hydrogen-based
economy.”® The efficiency of water electrolysis relies on the
ability to identify catalytic structure-performance descriptors.®™®
Of particular importance are the mechanisms of inner-sphere
electrocatalytic reactions, where the electron transfer is coupled to
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potential to yield innovative insights for the design of catalytically active materials and interfaces.

the adsorption/desorption of intermediates at the solid/liquid
electrified interface.”® While interest in the HER has grown
intensively over the last few decades,””*? unifying guidelines for
active catalyst design are still missing."* Lack of a sufficiently
comprehensive picture of the reaction mechanism of the two-
electron reaction, like the HER, suggests why mechanistic
understanding of more complex reactions (e.g. oxygen
reduction/evolution reaction) will probably remain a challenge
for a long time."” As postulated by Trasatti: “A true theory
of electrocatalysis will not be available until activity can
be calculated a priori from some known properties of the
materials”."® An important contribution in this direction has
come from density functional theory (DFT), which has evolved
into a powerful tool for predicting reaction rates of hetero-
geneous gas-phase catalysis.’® In electrocatalysis, however, the
application of DFT to obtain adsorption energies of inter-
mediates often over-simplifies the phenomena at the electrified
interface.” Nevertheless, the obtained activity trends, based on
computational adsorption energies, to a large extent overlapped
with experimental activity trends.’” In the case of transition
metals, DFT has rationalized trends through a linear relation
between the position of the d-band center relative to the Fermi
level and the adsorption energies of the key intermediates.'®
The proposed model resulted in a volcano-type dependence
where the maximum in kinetics responds to the optimal
adsorption energy.'® Consequently, the Sabatier principle was
suggested to be an underlying principle on which the theory of
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electrocatalysis is grounded."® Till today, this remains a widely
accepted conventional view.'%

However, solvent effects are often not considered”'® and
their impact on the reaction rate is still largely unknown.®°
In fact, the solvent strongly influences bond formation, bond
breaking, the existence of adsorbed intermediates and electron
transfer.”>>* Based on this, three questions arise: (i) what are
adequate catalytic descriptors for the HER, which also include
the role of the solvent, (ii) can we confirm them experimentally
and (iii) can these descriptors contribute in forming an accu-
rate picture of the activation process?

Many physico-chemical parameters were correlated as
descriptors with the HER reaction rate."* The majority of the
proposed descriptors lacked an obvious link to the structure of
the interface and the rate law.>* However, one of these correla-
tions deserves special attention. Namely, Trasatti observed a
linear relationship between the work function and the logarithm
of the exchange current density of HER.>* The observed relation
was understood as a secondary effect, where the high work
function responds to more positive potentials of zero charge
(Epzc)-*® Due to the more positive Ey,, the excess proton concen-
tration at the interface close to the reversible potential of the HER
will be large, which in turn should influence the HER initiation
through a facilitated Volmer step (reaction (1)).>® The Volmer step
is followed by the Heyrovsky or Tafel step or, in other words, the
intermediate formation is followed by the recombination that
requires one or two active sites that are dependent on the
intermediate coverage.”®

H'+e” = H,q Volmer step (1)

Hyg+H +e” = H, 0Opa < 0.3 Heyrovsky step (2a)

2H,g = H, Opmax < 1.0 Tafel step (2b)

The potential of zero charge is an interfacial parameter that can
be directly correlated to the structure of the double layer and
indirectly to the reaction rate. In the absence of specifically
adsorbed ions, E,,. is the potential where the entropy of the
double layer is at its maximum, or, in other words, the potential
where thermal motions are dominating over electrostatic
forces, so the probability that water is oriented towards the
surface with oxygen or hydrogen is formally equal.”” When the
surface of the metal is polarized more anodically or cathodi-
cally than E,,, the interface becomes gradually more ordered
and the entropy decreases. From Trasatti’s observation, it
appears that the entropy in the double layer has an influence
on the energy required to accept or donate charge (electrons or
ions), consequently influencing the electrocatalytic activity.

In this work, we set out to reinterpret the phenomena
occurring at the electrified interface during HER and offer a
new perspective on the origins of electrocatalytic activity. In our
approach, we propose a relation between the nature of the
electrode material, the structural properties of the interface and
the reaction rate,”® by introducing some dynamic aspects of
the reaction mechanism. In order to gain in-depth insights
into the electrified interface, we combine the existing mecha-
nistic understanding with new experimental insights using a
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combination of classic and advanced electroanalytical techniques:
specifically, we utilized electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), in situ spectroscopic ellipsometry
(SE) and electrochemical surface force apparatus (EC-SFA) to
probe the electrode interface, under dynamic conditions of HER.

Results and discussion

Potential of maximum entropy vs. potential of minimum
entropy - reorganization of the surface water layer as a
promotor of proton reduction

Starting from the consideration that the activation entropy is
manifested through double layer restructuring via interfacial
water molecules and their noncovalent interactions, an intui-
tive question arises: is there a counterpart to the Ep,, a
potential of minimum entropy that might be relevant for the
electrocatalytic activity? To find an answer to this question, it is
essential to develop a reasonable hypothesis of the HER activa-
tion process, based on the experimental data available on the
most active catalysts. These, including polycrystalline platinum
(Pt-poly), exhibit the Volmer-Tafel pathway with Tafel’s step as
the rate determining step (reaction (2b)). Instead of trying to
understand why the recombination of intermediates in the
Tafel step is relatively slow, we will try to understand why the
formation of intermediates in the Volmer step (reaction (1)) is
so fast. The platform for our heuristic model is the visual
representation of the potential-induced double layer changes
on polycrystalline platinum in acidic electrolyte, in some
aspects similar, but not identical, to the one previously shown
by Jerkiewicz.*® The Pt-surface has a dipole moment (tigcf) that
originates from the lower coordination number of surface
atoms in comparison to bulk atoms and a surface charge (g,
that is related to the applied potential.>® Dependent on applied
potential, ysu¢ and g, vary in magnitude and sign.*® At the
same time, surface water molecules have a dipole moment
(Uwater), wherein spatial orientation is electric field-dependent,
and interact with the Pt-surface via surface dipole-water dipole
and surface charge-water dipole interactions.*® Four charac-
teristic points during a potential sweep from the double layer
region towards the reversible potential of HER are shown in
Fig. 1, together with the corresponding cyclic voltammogram:

(1) at potentials more positive than E,. (Fig. 1(1)), the
Pt-surface is positively charged with surface dipole pointed
away from the Pt-surface, causing adsorption of anions as well
as forcing water molecules to be preferentially oriented. Oxygen
atoms point towards the surface, while hydrogen atoms point
towards the electrolyte;*’

(2) when more negative potentials are applied, Ep,. is
reached (Fig. 1(2)), where the net surface charge at the electrode
is equal to zero (g, = 0) and at which the entropy in the double
layer is at its maximum.?? Despite the fact that the surface
of the metal at E,. is electroneutral, on Pt and several other
noble metals, protons get specifically adsorbed forming a low
coverage of underpotentially deposited hydrogen (Hypq). Here,
hydrogen is adsorbed at potentials more positive than the
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Fig. 1 Schematic illustration of four characteristic interfacial changes
at the Pt/electrolyte boundary during indicated potential modulations,
relevant for intermediate formation. Four characteristic potential-dependent
stages in the reconstruction of the double layer are also indicated using the
voltammogram recorded in 1 mM HCIOj, at a scan rate of 100 mV s™. Color
code: Pt atoms - grey, Hyoq — brown, oxygen - blue, hydrogen - red,
hydronium ions — pale red background, and anions — green.

reversible potential for hydrogen evolution, and it is considered
not to be an intermediate of the HER (see the voltammogram in
Fig. 1).*® The exact location of Hypq, including the consequent
direction of the Pt-Hpq dipole,** has been a matter of dispute
for decades, with very contradictory spectroscopic data.*
However, independent of the exact locations where Hypq is
formed (more probably interatomic holes in the Pt outer layer*®
or even sub-surface locations,® instead of on-top locations), the
bond between the water molecule and the metal surface will be
significantly weakened.”® Namely, if a Pt-water noncovalent
bond is established through hydrogen, a repulsive interaction
between Pt-H,pq and surface water molecules is expected,
thus causing partial detachment of water molecules from the
surface, as shown by Osawa.’”’® The possibility that Hypq
minimizes the adhesion of surface water molecules was also
indicated by Jerkiewicz et al.*® The surface can be perceived as
“hydrophobic”.

(3) applying a more negative potential, we arrive at a region
where the Pt-surface is negatively charged (Fig. 1(3)). Conse-
quently, water molecules now become preferentially oriented
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with the hydrogen atoms towards the surface®” while the
concentration of protons in the interfacial region grows.*
Simultaneously, the Hy,q coverage increases proportionally
to the applied potential.” An important consequence is, in
comparison to Ey,., that the repulsion between water molecules
and the H,pq is more emphasized. The result increases water
detachment from the surface.

(4) Finally, with further negative polarization, full Hypq
coverage is reached causing most of the water molecules to
be detached from the surface (Fig. 1(4)). By means of an
electrochemical quartz-crystal nanobalance (EQCN), Jerkiewicz
detected a minimum mass at the electrode surface at full Hypq
coverage, consequently introducing the potential of minimum
mass (Epmm) as an interfacial parameter.”® Water detach-
ment from the hydrophobic surface and the formation of a
“hydrophobic gap” have been discussed in the literature inten-
sively in the last ten years, although they still remain very
controversial.>’ %% Duye to the existing electric field at
Epmm, the water layer demonstrates a higher level of order than
at Ep,,.. However, due to minimized Pt-H,O interaction and
surface detached water molecules, Ej,,r, could not be considered
as a point of minimum entropy. When a water molecule is
completely detached from the surface, the electric field increases
due to the negative surface charge of Pt atoms and the drop in
dielectric constant. The consequence is a local attraction of
protons resulting in an increased surface concentration. At
potentials more negative than Ejn,m,, the probability to form an
H,g-intermediate becomes significant (in the inset of the CV in
Fig. 1, hydrogen atoms are shown as linked to the surface with
blue lines/bonds).

From the analyzed potential-induced interfacial structural
changes (Fig. 1(1)-(4)), we can conclude that if we continue with
negative polarization, we will reach a potential at which the
surface is highly populated with H,q, which is right before Hoq
recombination starts. The potential region is marked as Nr.5
in the CV in Fig. 1. The concentration of protons in the
interfacial region is now significantly enlarged. Simultaneously,
at that potential, surface water layers exhibit the highest level of
ordering. In the whole manuscript, we refer to it as the
potential of minimum entropy (Epme) for the negatively charged
surface. At potentials at which H,q4 starts to recombine to form
hydrogen molecules, the entropy has to increase again. Namely,
generated hydrogen molecules diffuse out from the double
layer via Brownian motion, creating a distortion in the inter-
facial structure of the hydrogen-bonding network that inter-
connects water molecules and protons. It becomes evident that
in the region between E,. and Epp,, the entropy of the double
layer is gradually reduced from a maximum to a minimum.
Under the influence of the electric field, thermal motions are
drastically minimized allowing surface water molecules to
become ordered.”* The solvation shell of each proton in the
double layer is now partially re-arranged, thus influencing the
entire hydrogen bonding network.>®> Our assumption is that
H,q in the transition state bonds to surface water molecules
(¢f inset Fig. 1). To further understand intermediate H,q
formation and its recombination, it is essential to address the
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behavior of interfacial water under the influence of the electric
field generated by the excess surface charge at the interface.
The latter is connected to the potential difference between E,.
and Epme. Under the influence of an external electric field,
interfacial water molecules have the tendency to orient them-
selves with the direction of the dipole moment opposite to
the direction of the electric field, assuring a configuration with
minimum energy. This configuration is achieved via a signifi-
cant rearrangement of the hydrogen bonding network and the
establishment of a more rigid structure in comparison to bulk
water. It is suggested that the interfacial water layers have a
structure similar to the structure of ice.*>*® Besides forming
an ice-like structure, there are several logical consequences
stemming from the exposure of interfacial water molecules to
the electric field generated by the excess surface charge at the
interface:

(1) the existing electric field and the negative electrode
surface charge result in a positive excess surface concentration
of protons;*°

(2) a positive excess surface concentration of protons implies
that protons in the double layer are only partially solvated,*®
forming rather transition forms between Zundel cations
(H50,") and Eigen cations (HoO4");*”

(3) the activation energy for electron transfer from the
negatively charged surface towards partially solvated protons
is lower compared to fully solvated protons;*’

(4) due to the strong polarization of water molecules at fields
of 1 GV m™ ", which is the typical field strength in the double
layer, dielectric saturation could occur.*®* Consequently,
oriented and aligned water molecules can be also a proton
source due to enhanced water autoprotolysis.*’

The consequential result of this reasoning is that water
should act as a promotor of the initial (Volmer) elementary
step in the HER sequence, it is not just a passive solvent. The
role of water as promotor for electrocatalytic reactions is a
relatively unexplored research area.®*° At and below Epme
(Fig. 2a), interfacial water molecules behave as a proton source
that will be adsorbed on-top of the Pt surface forming H,gq.
Protons in the form of hydronium ions that are located above
the first water layer mutually attract oxygen atoms from the

Erev, H+/H2 <E< Epme (th < 0)

E<Epme (ape < 0)

Fig. 2 Schematic illustration of interfacial changes at the Pt/electrolyte
boundary during indicated potential modulations, relevant for H,q-intermediate
recombination/hydrogen molecule formation. Color code: Pt atoms —
grey, Hupg — brown, oxygen - blue, hydrogen — red, hydronium ions - pale
red background and anions — green.
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water molecules of the first water layer and weaken their H,q—O
bond (Fig. 2(1)) and together with the negatively polarized
Pt-surface, they favour Pt-H,q formation. When the bond
between Pt-H,q and the surface water molecule is cleaved,
Pt-H,q is not particularly stable due to the repulsion from
strongly adsorbed Hypg, thus neighboring H,q will have the
tendency to recombine and form molecular H, (Fig. 2(2)). From
this analysis, it seems that the Ep,,c or a potential that is slightly
more negative could be the potential that triggers the HER.

Dynamic interfacial structural changes at the potential
of minimum entropy

At potentials close to Epne, the interfacial structure goes
through dynamic transformation including: (1) an increase
in Pt-H,4 coverage that should take place rapidly, reaching
coverages of at least 0.5 in the potential range of only a few
millivolts,®” and (2) the fast establishment of H,q that will
intensify the high arrangement of the complex hydrogen
bonding network in the ice-like bilayer, where some rotational
modes/motions of water molecules should be drastically limited.

Both mentioned phenomena are expected to result in
changes in the capacitance of the double layer. Namely, the
potential-induced increase in H,q coverage results in an initial
increase in the adsorptive pseudo-capacitance as well as in a
drop in the double-layer capacitance. The high level of arrange-
ment of the ice-like bilayer should result in a drop in dielectric
constant and in the double-layer capacitance, respectively.
In order to confirm our hypothesis, the double layer capaci-
tance was monitored as a function of the potential, starting
from the pure double-layer region (see the cyclic voltammo-
gram in Fig. 1) and going towards the reversible potential for
HER. This was done using electrochemical impedance spectro-
scopy (EIS) in the so-called Mott-Schottky operational mode.
As the presence of specifically adsorbed anions could alter the
double layer structure and a large amount of protons could
hinder expected transient changes in the interfacial region, EIS
measurements were done in 1 mM HClO,. While changes in
surface charge originating from (non-)specific adsorption could
be easily monitored with EIS (e.g. Ep,. is usually analyzed in the
literature at very low frequencies of a few Hz), water molecule
re-orientation is expected to take place at frequencies in the
GHz-range. However, in the case of the Ey,, it is expected that
due to the highly arranged hydrogen-bonding network in the
double layer, the frequency at which water molecules in the
ice-like bilayer will change orientation due to thermal fluctua-
tions can be orders of magnitude lower than the one of bulk
water. This assumption is well-grounded, as shown in Fig. 3a.>*
Specifically, the dielectric constant of pure ice is shown to be a
function of the frequency of the applied alternate electric field.
In the region of 1-100 kHz, the dielectric constant of ice drops
significantly from the so-called static value (for ice ¢ = 120)
towards the so-called dynamic value that is more than an
order of magnitude lower (the opposite happens with the
conductivity).”* The result of this experiment in the case of Pt
is shown in Fig. 3b, where a drastic drop in the capacitance at
the potential of 0.04 V vs. RHE can be observed.

Phys. Chem. Chem. Phys., 2020, 22, 8768-8780 | 8771
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(a) llustration of the Debye dispersion (frequency dependence on relative permittivity) for pure ice. Replotted using data from ref. 51.

(b) Detection of potential of minimum entropy (Egme) for Pt using electrochemical impedance spectroscopy in Mott—Schottky operational mode; the
double layer capacitance was monitored as a function of applied potential using a linear sweep with imposed sinusoidal perturbation recorded at a
frequency of at least 10 000 Hz in 1 mM HCIO4 with a step of 50 mV. Inset: Scheme of the double layer at Ey e (similar to Fig. 2(1)) in diluted electrolyte,
where protons from the interfacial region are depleted due to H,q formation.

The lowest frequency at which this effect can be observed
is 10 kHz. At such a moderately high frequency, the mass
transport of protons into the double layer is inhibited. Conse-
quently, the value of the double-layer capacitance is very low
(approximately three orders of magnitude lower than the values
recorded at low frequencies; check Fig. S1 in the ESIf). After
discharge of protons that were already in the double layer, the
capacitance of the double layer drops. It seems that Huq
intermediate formation and consequent coverage growth are
detectable at the frequency at which the Debye relaxation of
water molecules in real ice occurs, suggesting unequivocally
that H,q displays an integral character of the ice-like bilayer.
It is difficult to distinguish whether the formation of the
specific form of the ice-like bilayer is a prerequisite for Haq
formation or vice versa. In our understanding, it is more
probable that restructuring of an ice-like layer with a complex
hydrogen bonding network is a sluggish process in comparison
to the transport of protons in the double layer including
on-top adsorption at the Pt-surface. Results based on surface-
enhanced infrared absorption spectroscopy (SEIRAS) expressed
skepticism towards the existence of hydrogen bonds between
H,q and the ice-like bilayer,>” however EQCN results obtained
by Jerkiewicz show an evident increase in mass on the Pt-surface
at potentials more negatively than Epp,p,, (around Eppy,), indicating
clearly that water bonds to the surface. Due to steric reasons, these
bonds are more likely to be established through H,q4 instead of
through the bare Pt-surface.

To test our hypothesis and to validate the general character
of our descriptor, similar experiments were conducted for six
other metals (Pd, Ir, Rh, Ru, Au and Cu), as shown in Fig. 4. For
all studied metals, a similar behavior can be observed. It seems
that the double layer capacitance drops quickly with potential,
as a consequence of the facile increase in H,yq coverage.
At approximately 50 mV more positive than Epnye, the Haqg
coverage spans from 0.44 for Cu up to 0.68 for Pt. Importantly,
the coverage cannot be directly correlated with the adsorption
energy, due to the unknown impact of non-covalent interactions

8772 | Phys. Chem. Chem. Phys., 2020, 22, 8768-8780

on the interaction parameter in the adsorption isotherm. How-
ever, it is straightforward that H,q formation proceeds in a very
small potential range of a few tens of mV. Evidently, £y, changes
depending on the electronic structure of the metal. A more
positive E,me compared to Pt is only shown by Pd (0.090 V vs.
RHE). Ir, Rh and Ru have very similar values between —0.010 and
—0.012 V while Au and Cu have much more negative values of
Epme, namely —0.31 and —0.41 V vs. RHE, respectively. From
Fig. 4, it can be concluded that Ejy is unique for each metal
characteristic interfacial parameter.

Entropy driven reaction - a pathway for minimizing the
activation energy

If we re-assess the widely accepted phenomenology of the
“volcano” plot for the HER, it seems that the best catalysts
are those for which the Gibbs free energy of adsorption is zero
(AGags = 0).2%*! This implies that at the top of the “volcano,”
the adsorption energy (enthalpy) is equal to the adsorption
entropy. Putting this into relation with a computational study
of Norskov,"® where AG.qs = 0 corresponds to the enthalpy of
adsorption of —0.24 eV, we conclude that for an optimal
catalyst, adsorption is driven by an entropic change of
—0.24 eV or more precisely by a drop in the entropic term of
0.24 eV. For example, for Pt, the enthalpy of adsorption was
accurately estimated to be around —0.33 eV in a computational
study by Norskov et al.’® and —0.34 eV in an experimental study
by Zeradjanin et al.*®* The Gibbs free energy of adsorption was
found to be around —0.1 eV while the entropic contribution to
adsorption was —0.24 eV. A key contribution to the adsorption
energy comes from the adsorption entropy. Therefore, it is
suggested that reordering/restructuring in the double layer
that happens more positively from the reversible potential
of hydrogen evolution could reduce the activation energy.
Therefore, the reaction rate is related to a change in the entropy
of the double layer determined by a potential difference
between E,,. and Epme. Consequently, Epye should be an
indicator of the HER onset and should be related to the

This journal is © the Owner Societies 2020
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Fig. 4 Detection of the potential of minimum entropy (Egome) for six different metals (Pd, Ir, Ru, Rh, Au, and Cu) using electrochemical impedance

spectroscopy in Mott—Schottky operational mode; double layer capacitance

was monitored as a function of the applied potential using a linear sweep

with the imposed sinusoidal perturbation of 10 mV recorded at the frequency of 10 000 Hz in 1 mM HCIO4 with a step of 50 mV, with the exception of Cu

where the step was 100 mV.
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experimental determination of Egme and further analysis. The value of the inverse slope in (b) is obtained by dividing the activation energy with the Faraday
constant with an assumption of one electron exchanged in the rate determining step.

exchange current for the HER, as shown in Fig. 5a. Intriguingly,
the slope of the Ej,,. — logj, dependence is around 104 mV dec ™,
which is very similar to the slope of the AG,. - logj, dependence
plotted by Schmickler et al.>® (Fig. 5b), where AG, was calculated
by taking into consideration the solvent reorganization energy
during HER. This was surprising due to the fact that on the
experimentally tested metals, the rate determining steps vary
(e.g Volmer discharge step vs. Tafel chemical recombination step)
or even different mechanisms could appear (the Heyrovsky elec-
trochemical recombination step instead of the Tafel step).”*>*
From Fig. 5b, it can be observed that Cu, Au, Ir, Rh, and Pt almost

This journal is © the Owner Societies 2020

perfectly fit the plotted linear dependence while Ru and Pd
slightly deviate. Pd has a more positive Epn,. than Pt, which
suggests that Pd should have a higher exchange current than Pt,
which was indeed reported in the literature.” At the same time,
Ru has a slightly lower exchange current than Ir and Rh, even
though the latter both have an almost identical Eppy,. This can be
a consequence of the thin oxide formed on Ru, which is highly
challenging to remove.

It seems that Ej,;,. captures very well the terminal point in
the entire activation process, or in other words, it seems that at
the potential at which an intermediate H,q is formed, most of
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the energy necessary for the activation process is supplied.
Importantly, it can be noticed that Ep, . is easily obtained using
transient electrochemical measurements (Fig. 4). Epme is a new
interfacial catalytic descriptor that indicates a novel and more
realistic view of HER, compared with the conventional one

based only on the mere catalyst/intermediate bond energy.

Optical properties of the electrified interface during metal-
proton interaction

If we make a simple analogy to pure ice, it would be expected
that the dielectric constant of the surface water bilayer increases
while the density and the refractive index should decrease.
However, from the theory of Booth, the dielectric constant of
water exposed to the electric field strength of around 10° V m™"
drastically drops.”**® The density of pure water exposed to an
electric field, according to molecular dynamics studies, should
decrease proportionally to the decrease in dielectric constant.>®
Nevertheless, we operate in an acidic electrolyte and in a
potential range that causes the excess surface concentration of
protons. Results of Danielewicz-Ferchmin indicate that for water
molecules whose distance from the ion/proton is less than 2 A,
the dielectric constant drops almost an order of magnitude,*®
while the density increases proportionally to the excess surface
charge.”” It should not be surprising that the “ice’-like structure,
induced by an external electric field and multitude of dipoles,
behaves quite distinctly from pure ice, induced by the low
temperature. It is interesting that for both structures, due to
the highly ordered arrangement of a complex hydrogen bonding
network in the double layer, similar rotational modes/motions of
water molecules are drastically inhibited in the same range of AC
frequencies. What remains unknown is how the refractive index
of an “ice”-like structure changes under potential control in the
potential region of interest.

In order to get a better indication of the interfacial structural
changes, including changes in refractive index, we employed
in situ ellipsometry where a potential was applied and an AC
field was superimposed. The measured signal originates from
the change in polarization as the incident light interacts with
the electrified interfacial structure. The result is shown in
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Fig. 6a, where the ellipsometric parameter 4 is monitored as
a function of electrode potential at various AC frequencies. The
ellipsometric parameter 4 (phase shift of incident light) at
1 and 100 Hz appears to be nearly constant in the entire
potential range. However, at 100 kHz, the ellipsometric para-
meter 4 changes by almost —0.8° compared to the open circuit
potential (OCP), when Pt is polarized down to —100 mV vs.
RHE. This indicates that the formed interfacial layer has a
higher refractive index compared to the reference OCP, but only
under dynamic conditions (100 kHz). Noticeable is a sudden
change of 4 at potentials of approximately 0.35 V vs. RHE,
which responds to the initiation of the Hypq formation as well
as to Ep,. The very small absorption coefficient of Hypg*®
suggests that the signal originates rather from the reorientation
of surface water molecules at Ey,,.. Despite the existence of Hypq
at this potential, we did not expect the presence of an ice-like
bilayer structure. However, the behaviour at 100 kHz could
suggest that the ice-like structure in the double layer at room
temperature exists to a certain extent even at potentials close to
E,,., what was also postulated by computational models.*
Interestingly, after a sudden change, the ellipsometric para-
meter 4 remains relatively constant, despite the continuous
increase in the Hypq coverage. This behaviour suggests that
around Ep,., the water orientation on Pt changes fast, as
previously reported by Iwasita et al.®® At the same time, the
formed water layer has a structure with a higher refractive index
than the structure that existed in the double layer region at
potentials more positive than E,.. From this perspective, it
seems that the origin of the increase in refractive index at the
interface at potentials of 0.35-0.40 V vs. RHE can be ascribed to
water reorientation. Changes in proton concentrations in the
double layer influence the refractive index only slightly. It is
intriguing that the change in 4 is observable only at 100 kHz,
which corresponds to the frequency at which the dielectric
constant of pure ice drops by more than an order of magnitude
(see Fig. 3a). As stated previously, this suggests that the ice-like
structure and real ice have some similar rotation modes, which
freely rotate/reorient up to the frequencies of the alternate
electric field of 10-100 kHz. In this frequency range, they
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(a) Relative changes in ellipsometric parameter 4 as a function of applied potential using a linear sweep with imposed sinusoidal perturbation

recorded at various frequencies in 1 mM HClO4 with a step of 50 mV and (b) EC-SFA (electrochemical surface force apparatus), where the mirror shift is
monitored as a function of the applied potential step of 50 mV over a duration of 60 s.
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predominantly “freeze”. Importantly, while the “freezing” of
the rotation/reorientation modes in the case of pure ice causes
an increase in the conductivity of 2-3 orders of magnitude, it
seems that in the case of an ice-like structure, the “freezing” of
the rotation/reorientation modes keeps the double layer region
in a configuration that favors interfacial proton and electron
transfer. The exact structure of the ice-like bilayer that allows
facile proton and electron transfer remains unknown.

A method that is complementary to spectroscopic ellipso-
metry that can supply valuable information on potential-
dependent alterations at the electrode/electrolyte interface is
surface force apparatus (SFA). In general terms, SFA measures
the interaction force between surfaces using multiple beam
interferometry by monitoring surface separation and surface
deformations. One surface is held by a cantilevered spring, and
the deflection of the spring is used to calculate the force being
exerted.®" Practically, during the electrochemical measurement,
white light is transmitted through an interferometer after the
interaction with the electrode surface. In this way, it is possible to
measure the so-called mirror shift between the working electrode
and the reference point as well as nonequilibrium forces due
to electrochemical processes. The mirror-shift can be caused by
changes in distance between surface and reference points
(e.g. dissolution or deposition of metals), by changes in optical
properties (e.g. change in reflectivity due to electrode potential-
altered electron density of surface atoms) or a combination of
changes in distance and changes in optical properties (e.g.
oxide growth etc.).®” In our case, we do not expect a change in
the position of the outer Pt surface, because we apply a
potential in the direction of the HER. In Fig. 6b, the experi-
mental results using EC-SFA are shown. After 70 s at OCP,
potential steps of 60 s from the beginning of the Hpq region
(around 400 mV vs. RHE) down to —600 mV vs. RHE were
applied. The experiment was focused on the mirror shift (D)
after the end of each pulse. The temporal changes of D were not
on this occasion the focus of the investigation, but the focus
was strictly on the changes in D as a function of the applied
potential. Interestingly, while in the case of in situ ellipsometry,
AC perturbation was necessary to observe a change in spectral
features, EC-SFA did not give a response to AC perturbation, but
rather it gave a response to the DC potential pulses. Fig. 6b
shows the change in mirror shift with the applied potential,
which was corrected for the thermal drift.

On first sight, it is unexpected that the Pt-surface exhibits
a positive mirror shift with respect to the reference point
(no transparent oxide growth, dissolution etc.). We assigned
this observation to the low absorption coefficient of Pt-H,pa.
From the qualitative point of view, it is possible that protons
are adsorbed/absorbed beneath Pt surface atoms,*® causing
strain in the subsurface region of Pt.°* At the same time,
surface compression for more than 1 nm is not likely. The
mirror-shift increase is almost linear from 400 mV vs. RHE,
where H,,q formation starts, to a potential of approximately
50 mV vs. RHE, which is similar to Epm.. At approximately
50 mV vs. RHE, the mirror shift drastically changes. In fact,
after 50 mV vs. RHE, where the maximum positive value of
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1.2 nm is reached, the mirror shift suddenly drops to —0.2 nm.
Thereafter, the mirror shift again starts to increase linearly, but
this time with a lower slope. This sudden change in mirror shift
suggests a drastic dynamic change of the Pt surface. One of the
plausible explanations for this could be that Hypq is actually
transformed into H,q by surface diffusion.

Important to notice is that after 400 mV vs. RHE, where we
enter the Hypq region, atomic hydrogen gets adsorbed, which is
something that reduces the work function of Pt-surface
atoms.*® A drop in the work function coupled with H,pq formation
results in a higher electron concentration in the conductive band
of Pt surface atoms. In the past, IR experiments on Pt during Hypq
formation revealed a baseline shift, attributed to an increase in
reflectivity of the electrode surface.®® This should influence the
detection on the interferometer due to altered reflectance. The
continuous change in light reflection during cathodic polarization
in the Hyq region in comparison to the “pure metal” part in the
double layer region can have as a consequence a mirror shift.
Taking this into consideration, we expected to see spectral
changes inside the H,pq region also during ellipsometric mea-
surements, but we observed spectral changes only at the initiation
of Hypg, as explained previously. It seems that ellipsometric
measurements indicate a dynamic structural change caused by
water layer configuration, while the EC-SFA signal originates more
from adsorption at the Pt-surface. Namely, a change in the
ellipsometric signal is detectable at potentials close to E,. where
Hypa is initiated at an AC frequency of at least 100 kHz, evidently
influencing interfacial water reorientation. On the other hand,
EC-SFA exhibits a potential-dependent linear mirror shift in the
entire Hypq region, indicating the formation of an interfacial layer
whose reflectivity is continuously altered with potential. The
disruptive point in the EC-SFA mirror-shift is approximately at a
potential where H,,q formation was completed and H,q formation
is favoured. A plausible explanation for these mirror shift changes
could originate from the previous explanation of Epp.. Namely, a
gradual completion of the Hy,q layer is coupled with an increase
in reflectance. As a consequence, the apparent mirror shift,
caused by a change in reflectance, reaches a maximum around
50 mV vs. RHE. At that point, due to repulsive interactions
between Pt-H,pq and interfacial water molecules (see Fig. 1(3)
and (4)), a significant detachment of water molecules from the
surface is expected. Knowing that this occurs at a potential
substantially more negative than E,., the negative surface charge
of Ptatoms is very high. Therefore, protons will be rapidly
attracted by Pt-atoms via on-top adsorption and neutralize this
charge in the process of H,q intermediate (or Hgpq) formation.
This will cause a drastic change in the reflection manifested
through a sudden change in mirror shift. After this point, with
further cathodic polarization, the coverage of H,q will conti-
nuously grow, which will lead to a further linear increase in
mirror shift.

Rationalizing electrocatalytic activity trends beyond the
Sabatier principle

Considering that metals with the same adsorption intermediate
energy do not necessarily give similar HER rates, we are now
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able to rationalize and delineate why Sabatier’s principle is not
sufficient to explain the electrocatalytic activity. In the very
beginning of the reaction sequence, the Pt-H,,q bond strength
dictates to what extent Hypq will fill the Pt hollow-sites. The
potential-dependent completion of the Pt-H,,q layer, which
neutralizes the partially negative surface charge at the Pt
surface, causes simultaneous repulsion of water molecules
from the Pt surface. Water molecules detached from the
Pt-surface will again expose the negatively charged Pt-surface,
which will attract protons. As a result, protons will be trans-
ported rapidly towards the surface. This is the reason why after
the detachment of water molecules from the Pt-surface, the
on-top H,q intermediate will be formed almost instantly. The
repulsion between M-H,q and strongly bound M-H,p4 dipoles
as well as weakening of the H,q—O bond between surface water
molecules and H,q4 at the metal surface will finally cause the
recombination of two H,4 into one H, molecule. Important to
notice is that the exact location of Hpq remains still unknown
while the possibility that H,q is formed by surface diffusion of
Hypg from Pt hollow sites towards on-top locations cannot be
excluded. Similarly, recombination of two neighbouring Ha.q
and the formation of hydrogen molecules possibly require a
weakening of the H,q—O bond between surface water molecules
and H,q at the metal surface, although spectroscopic proof for
this is lacking.

In the entire activation process, there is an interplay and fine
tuning between several effects. From Sabatier’s principle, it is
known that the ideal M-H,4 bond strength should be around
half the H-H bond energy of molecular hydrogen. In the
moment of recombination of neighboring H,4 intermediates
and under the influence of repulsive M—H,,pq surroundings, the
M-H,4 bond energy should be around 220 k] mol !, assuming
that the H,q-O bond between surface water molecules and
M-H,q at the metal surface is cleaved. The cleavage of H,q-O
depends, besides the M-H,q bond strength, on the ice-like
bilayer structure, which is determined by (1) metal-water
interactions, (2) the electric field strength and (3) the concen-
tration of protons in the double layer. According to Conway,**
the proton recombines with a non-bonding electron pair of the
water molecule forming H;O" with an enthalpy of formation of
—754 kJ mol *. The H;0" cation attracts three additional H,O
molecules in the hydration shell and forms a time-averaged
Ho,0," cation with an additional stabilization enthalpy of
—356 kJ mol . Therefore, the high concentration of protons
in the double layer, as well as the strong external electric field,
will promote partial desolvation of protons in the double layer
along with promoting water autoprotolysis. This will be the case
especially for those water molecules that are in direct contact
with the metal surface, where enhanced cleavage of the H,4—O
bond will result in M-H_,4 bond formation. From here, it can be
stated that the electrocatalytic HER activity is a function of:
(1) the M-H,pq bond, which has the role of repulsing the
surface water molecules, thus allowing the protons to access
the surface, and the role of repulsing the intermediate, and
should be as strong as possible; (2) the M-interfacial water
interaction, which dictates the initial interfacial water structure
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and weakens the O-H bond of surface water molecules; (3) the
proton-interfacial water interaction at Ep,., which additionally
weakens O-H bond strength in surface water molecules;
(4) Epsc—Epme potential difference, which dictates the electric
field-induced water dipole orientation and controls the proton
concentration in the interfacial region, causing additional
partial desolvation of protons and deformation of the solvation
sphere with larger exposure of positive charge towards the
surface, weakening the O-H bond in water molecules that are
not in direct contact with the metal surface and weakening of
the H,q—O bond; and (5) the balance between all four previous
parameters will allow the optimal M-H,4 bond strength. It is
evident that the HER mechanism is too complex if one intends
to come up with a quantitative model that should explain the
impact of the interfacial structure on the reaction rate. At the
same time, from a qualitative point of view, it is straightforward
that the existence of strongly bonded H,pq (not bonded
with optimal strength as classical DFT predicts), a high work
function (very positive value of E,,.) and strong to intermediate
M-H,O bonds are the reasons why platinum group metals
(PGMs) are the most active catalysts for the HER. To replace
PGMs with less expensive materials and equally or even more
active materials, we will probably need ternary alloys. One
component will have to manifest strong adsorption of hydrogen
(early transition metals/oxides), the second component will
have to manifest strong to intermediate M-H,O bonds to
enhance water dissociation, but not to form nonconductive
bulk oxide (triad of iron) and a third component will be
required that will have a high work function (coinage metals).
What remains unknown is how the interfacial water structure
depends on the nature of the electrode material and how
exactly the structure of interfacial water will promote proton
and electron transfer.

EIS experiments in this work indicate that intermediates are
formed rapidly at potentials close to Epm.. However, intermediate
formation is detectable only at an AC frequency that responds to
Debye relaxation of the ice-structure. At the same time, in situ
spectroscopic ellipsometry indicates that from Ep,. and towards
more negative potentials, the refractive index of interfacial
water molecules is higher than for bulk water. Interestingly, this
behaviour was also detectable at the AC frequency that responds
to Debye relaxation of the ice-structure. Finally, EC-SFA measure-
ments suggest that after the Hypq layer is completed, an inter-
mediate is formed after the disruption of the double layer
structure at Eppe. Having all this in mind, we believe that in the
potential range from Ep,. up to E,m., the double layer entropy is
gradually reduced by altering gradually one form of the ice-like
bilayer structure into another one. At Eppn., this transition is
completed along with the formation of intermediates. The
proposed concept extends some of the old experimental observa-
tions by Trasatti*® as well as some of our recent analysis.”**
However, it seems to be quite opposite to the concept recently
proposed by Koper et al.,*®> who postulated that the presence of a
strong electric field makes interfacial water molecules more rigid
and more difficult to reorganize during the charge transfer, finally
inhibiting HER kinetics. Although Koper’s notion®® cannot
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explain the well-established experimental correlation of Trasatti*®
between the E,,. and the exchange current density in acidic
media, it is not necessarily wrong. It might be possible that an
optimal surface charge at the catalytic electrode, which establishes
a delicate balance between the activation entropy and the activa-
tion enthalpy, is a prerequisite for a minimum in free activation
energy, as postulated by Schmickler et al*® To provide a full
response on this matter, it would be necessary to make a detailed
comparative study of d-metals in acidic and alkaline media.

From all that was said above, it becomes clear that even
without really resolving some old controversial issues (the exact
location of Hypq, whether Hypq diffuses at the surface and
becomes an intermediate, and whether H,q is linked through
hydrogen bonds to surface water molecules), we still obtained
important insights. It has become evident why a fundamental
understanding of catalysis that is based on a single material
property (e.g. d-band center) did not provide a significant
perspective for advanced catalyst design. A complex quantity
like the reaction rate cannot be reduced only to the thermo-
chemistry of adsorbent/adsorbate interactions, or in our case
electrocatalyst/intermediate interactions. Somewhat relevant
is the connection between material properties, interfacial
properties, dynamic interfacial structural changes and the
reaction rate.'>'**?

Conclusion

In this work, we set out to identify unifying guidelines to
understand the origins of the electrocatalytic activity for the
hydrogen evolution reaction. With the intention of resolving
the puzzle of the HER mechanism, we asked new questions and
we tackled some old controversial issues. On some aspects, it is
still difficult to be conclusive; however, we definitely broaden
the current perspective on the HER mechanism. It was shown
for the first time that activity trends are influenced by several
interrelated factors: (1) the M-Hu,q bond strength, (2) the
M-interfacial water interaction, (3) the proton-interfacial water
interaction at E,., (4) the resulting E,.~Epme potential differ-
ence and (5) the Pt-H,q4 optimal bond strength. It was demon-
strated that the reaction rate is rather linearly dependent on the
potential at which these five factors interrelate. A definition was
proposed for this potential, namely the potential of minimum
entropy. We propose that at this potential, interfacial water bilayer
undergoes dynamic transition from one ice-like structure to
another at which the complex hydrogen bonding network is in
a specific configuration allowing facilitated H,q formation. The
newly introduced interfacial catalytic descriptor is a multivariant
parameter that gives a significant input in understanding the
dynamic HER activation process. Importantly, we developed a
concept and/or a theory that goes beyond the Sabatier principle
and the resulting volcano plots. The given mechanistic insights
represent an important advancement in the understanding of
electrified interfaces, opening new avenues of thinking and may
lead to a general theory of electrocatalysis providing a realistic
platform for the design of new catalytic materials.
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Methods

Electrochemical characterization

To minimize the influence of anions, experiments were con-
ducted in very diluted electrolytes with non-adsorbing or weakly
adsorbing anions and in the absence of a supporting electro-
Iyte. Therefore, the electrolyte was 1 mM HClO, prepared from
70% HClO, (supra pure, Merck, Darmstadt, Germany) and
ultrapure deionized water (ELGA, PURELAB flex system with a
resistivity of 18.2 MQ cm, Celle, Germany). The electrolyte
was pretreated by electrolysis over a duration of 30 min at
10 mA cm™” to minimize the impact of impurities (especially
chlorides, but also eventual organic impurities etc.). Electro-
chemical measurements were performed in a three-electrode
home-made Teflon cell system using a Gamry Reference 600
potentiostat/galvanostat (Warminster, PA, USA) with an inbuilt
impedance analyzer and rotator. Impedance data were collected
using the Mott-Schottky operational mode where capacitance is
measured as a function of the applied potential, in the potential
range from 0.9 to —0.6 V vs. SHE. The employed AC (alternate
current) perturbation was 10 mV using frequencies between 1 and
100000 Hz. All 7 working electrodes (platinum, palladium,
rhodium, iridium, ruthenium, gold and copper) were poly-
crystalline metals (d = 5 mm, MaTecK, Juelich, Germany) with
a geometric area of ca. 0.2 cm’, designed as rotating disc
electrode (RDE) tips. A rotation speed of 1600 rpm was utilized
to minimize diffusion limitations. The electrical equivalent
circuit (EEC) for the potential region of interest (from the
double layered region up to the reversible potential of HER)
is constructed from an analytical model. Details were given
previously.®® The counter electrode was a graphite rod while the
reference electrode was commercial Ag/AgCl/3 M KCl (Metrohm
AG, Herisau, Switzerland) with the potential of 0.210 V vs.
standard hydrogen electrode (SHE). The reference electrode
was kept in a separated compartment with a cation exchange
membrane to minimize the influence of chloride ions on the
working electrode.

In situ spectroscopic ellipsometry

In situ spectroscopic ellipsometry experiments were performed
using an SE800 spectroscopic ellipsometer (Sentech Instruments,
Krailling/Berlin, Germany) working in the wavelength range of
280-810 nm (1.5-4.4 eV). The measurements were carried out
during potentiostatic pulses (¢ = 30 s) in the potential range from
0.9 down to —0.1 V vs. RHE and applying the same pulses with
superimposed AC perturbation (see details about AC perturbation
in Section 2.1). The electrode potential was controlled by a
Compactstat potentiostat (Ivium Technologies, Eindhoven, the
Netherlands). The details of the optical-electrochemical cell were
described elsewhere.®”*® A Pt sample with a geometric area of
2.5 cm ™%, prepared in-house using physical vapor deposition
(PVD), was directly mounted in the optical-electrochemical cell,
which was equipped with liquid flow connections. Cu tape was
used to provide the electric contact to the surface of the sample.
A Pt mesh counter electrode and a Ag|AgCl|3 M KCI micro
reference electrode (DriRef-2SH, World Precision Instruments,
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Sarasota, FL, USA) were used to conduct the electrochemical
part of the experiment. The electrode potential of the micro-
reference electrode has been determined as +0.208 V vs. SHE.
The electrolyte (see Section 2.1.) was externally purged with
argon and flowed through the cell with a rate of 2 mL min™"
using a peristaltic pump (Ismatec IDEX Health and Science,
Glattbrugg, Switzerland). The duration of a single ellipsometric
measurement was 24 s. Analysis and interpretation are solely
based on the experimentally determined ellipsometric para-
meter 4. The complete set of A-spectra was first deionised by
singular value decomposition filtering. Subsequently, three
A-spectra recorded initially at the open circuit potential (OCP)
were averaged. As layer formation frequently appears as a
parallel shift of 4, and subsequently 4-values in the spectral
region at 416-598 nm were averaged for all measurements. The
spectral region was determined to exclude spectral features
visible at lower wavelengths and a region with a larger noise
level at higher wavelengths. Finally, the potential dependence
of (4 — 4,), where 4, indicates the time-averaged OCP mea-
surements, was plotted.

Electrochemical surface force apparatus (EC-SFA). All mea-
surements were performed using a three-electrode setup con-
sisting of a reflecting mirror-like ultrathin Pt working electrode
(thickness of 45 nm), a Au counter electrode, along with the
Ag/AgCl (3 M KCl) reference electrode, in 1 mM HCIO, in the
configuration of the SFA-2000 setup.®’ The optics of the SFA
setup consisted of an imaging spectrometer (Shamrock 500)
and a CMOS detector (Zyla) obtained from Andor. The opposing
surfaces were set up in a crossed-cylinder geometry,*® with a
nominal radius of curvature R = 2 cm. Measurements were
done at 22 °C, and only normal shifts of the electrochemically
active noble metal mirror are reported. For the measurement
of the absolute distance, D, and the surface geometry, white
light multiple beam interferometry was employed, which
produces so-called fringes of equal chromatic order (FECO).
The zero distance D, where D = 0 is given with respect to the
mica/noble metal contact in a dry nitrogen atmosphere.
The absolute distance accuracy of the setup is better than
20-50 pm. For more details, the reader is referred to an earlier
work.®" A positive (or negative) distance shift refers to the two
mirrors used for the optical measurement of AD moving away
from (toward) each other; that is, when D increases, AD is
positive and vice versa. The entire setup was placed on an
isolation-vibration workbench. Also, the experimental setup
was placed in a temperature-controlled clean-room environ-
ment in a basement floor to minimize both building vibra-
tions and thermal drift nominally to below 0.065 A s™*. The
reported results have been measured with frame rates ranging
from 2 to 10 frames per second, giving a time resolution of
500-100 ms. The system is theoretically capable of measuring
frame rates up to 50-100 frames per second depending on
the FECO intensities, which vary with the reflectivity of the
used metal. The potential at the working electrode was con-
trolled in a similar manner like during in situ ellipsometric
experiments, with the difference only in the duration of the
potential pulse.
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