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Abstract

Almost 15 years ago, first papers appeared, in which the density functional theory (DFT) was used to predict activity trends of
electrocatalytic reactions. That was a major contribution of computational chemistry in building the theory of electrocatalysis.
The possibility of computational electrocatalyst design had a massive impact on the way of thinking in modern electrocatalysis.
At the same time, substantial criticism towards popular DFT models was developed during the years, due to the oversimplified
view on electrified interfaces. Having this in mind, this work proposes an experimental methodology for quantitative description
of adsorption energies at solid/liquid interfaces based on the Kelvin probe technique. The introduced approach already gives
valuable trends in adsorption energies while in the future should evolve into an additional source of robust values that could
complement existing DFT results. The pillars of the new methodology are established and verified experimentally with very

promising initial results.
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Introduction

This work belongs to the collection of papers dedicated to the
70th birthday of Prof. Jose Zagal. Our roads crossed for the
first time more than 10 years ago. About the time we met, he
was one of the speakers/participants at a workshop in Alicante
(Spain) dedicated to electrocatalysis, which gathered the most
important experts in the world at that time. He exhibited the
remarkable level of in-depth knowledge and the understand-
ing of electrochemistry, contributing very insightful
comments/questions for practically every single talk at the
workshop. We found out that Jose was at Case Western
University where he worked with Ernst B. Yeager, founder
of the first Electrochemistry Center in the USA, and probably
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one of the leading electrochemists of the Western World, es-
pecially in the field of electrocatalysis [1]. Jose’s research
interests are relatively broad; however, he is recognized as a
prominent figure in the field of electrocatalysis of oxygen
reduction reaction (ORR) on macrocyclic molecules, focusing
on tuning the catalytic activity of macrocycles by rational
design of ligands, introducing new catalytic descriptors, as
well as by establishing of various free energy relations [2].
In the special issue of this journal published in 2011, together
with John Appleby, Jose co-authored an excellent review with
the title “Free energy relations in electrochemistry, a history
that started in 1935 [3]. This paper gives a very useful anal-
ysis of the main models used to predict the rates of electro-
chemical reactions and in part was inspiration for this work.
For almost 100 years, one of the most investigated phe-
nomena in electrochemistry is the origins of electrocatalytic
activity [4]. With time, understanding the reaction pathways
and mechanisms based on parameters of electrode kinetics
was upgraded with underlying co-relations between the nature
of the electrode material, the structure of the electrode/
electrolyte interface, and the reaction rate [5, 6]. After the
“bridge” between the exact kinetic approach and the correla-
tive descriptive approach was established [7, 8], further devel-
opment was in the direction of identifying the key intermedi-
ate(s) [9] and then searching for materials with an optimal
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catalyst-intermediate bonding [10], giving mainly an empha-
sis on the thermodynamics of adsorption [11]. An optimal
catalyst-intermediate bonding (“not too strong, not too weak™)
is recognized as the key prerequisite for a high/performance
catalyst, known also in heterogeneous catalysis as the Sabatier
principle [12]. This rather qualitative rule became a widely
accepted activity criteria in electrocatalysis [13] and was also
used to explain the activity of complex multielectron reactions
[14]. Somewhere in 2004/2005, a group around Norskov pro-
posed the density functional theory (DFT) as a quantitative
frame for describing the electrocatalytic activity. Namely, they
first introduced computational activity trends for oxygen re-
duction reaction (ORR) on metals and afterwards, they corre-
lated experimentally well-established activities for the hydro-
gen evolution reaction (HER) with computationally derived
values of proton adsorption energies [15, 16]. That was a
breakthrough of computational chemistry in the field of elec-
trochemical reactions. The work of Norskov and followers
marked a new era in electrocatalysis. It not only gave the
possibility to complement experimental investigations, but it
also opened a perspective to predict new electrocatalytically
active materials. Finally, the approach of Norskov attempted
to solidify the Sabatier principle as the main guiding principle
in electrocatalysis research, which appears to have formed a
broad perception amongst researchers that everything essen-
tially important about the nature of the electrocatalytic activity
has already been discovered. It seemed that the only thing
remaining was to search for new materials with advanced
properties. Afterwards, there was a lot of, mostly informal,
criticism of the work of Norskov, usually in a very general
narrative, with only few authors adducing comprehensive
analysis of well-reasoned arguments to support the criticisms
[17, 18]. The argumentation relates to the impact of phenom-
ena that are practically neglected or not addressed at all in the
conventional computational models: (1) complexity of
electrocatalyst surface (polycrystalline materials can have cat-
alytic properties significantly different from any of the single-
crystal constituents), (2) impact of interfacial effects (electric
field, oriented water dipoles in water bilayer, noncovalent in-
teractions between water molecules and intermediate species),
(3) impact of the electrolyte (pH value, ions in the double layer
including impurities), and (4) impact of the regime (far away
from equilibrium the shape of potential energy curve and the
activation barrier can change, including symmetry factor)
[17-22].

Considering that the only existing systematic experimental
dataset on adsorption energies, (determined by Krishtalik from
electrochemical measurements as operative adsorption heat that
includes all interactions in the double layer related to the for-
mation of the hydrogen evolution intermediate) was subject to
controversy [18], of major importance would be to develop
experimental methodology, complementary to the computa-
tional one, that could overcome at least some of the limitations
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existing in conventional computational models. We initiated
research in this direction earlier [21]. Despite the fact that the
approach was intuitive and relied on some existing experimen-
tal correlations, it lacked important clarifications, including a
rigid theoretical background [21]. Therefore, in this work, the
scanning Kelvin probe (SKP), together with appropriate theo-
retical framework [23], is utilized at the interface of polycrys-
talline metals and water to estimate the energy of metal—
hydrogen (M-H) bond formation, an essential parameter in
understanding the kinetics, mechanism, and activity trends of
the hydrogen evolution reaction (HER).

Note on the methodology

First, it is essential, according to our current understanding of
the reaction mechanism, to visualize the interfacial structural
changes during the proton adsorption process on molecular
level. Establishing a visual heuristic model can help us to iden-
tify more easily which phenomena and corresponding physico-
chemical quantities are important in the formation of M—H
bonds at open circuit conditions as well as how these quantities
are expected to change with the applied potential [24]. Further,
quantities relevant for the M—H bond formation should be
brought into relation with quantities used in describing the con-
cept of the absolute electrode potential [25] including the
ITUPAC (International Union of Pure and Applied Chemistry)
recommendation note on interfaces of conductive phases [26],
which are at the very core of the working principle of SKP [23].

Evolution of interfacial structure
during proton adsorption

The formation of a M—H bond is achieved through one of the
simplest electrochemical elementary reactions known as
Volmer reaction, where a proton from the electrolyte and an
electron from the Fermi level of the metal interact at the inner
Helmbholtz plane (THP) of the double layer forming atomic hy-
drogen adsorbed at the metal/electrolyte electrified interface
[21]. Despite hydrogen adsorption being possible also at poten-
tials more positive than potential of zero charge (£,,—poten-
tial at which total surface charge is equal to 0 and where the
probability of the orientation of interfacial water molecules both
with oxygen and with hydrogen towards the metal surface is
approximately the same [27]), analysis will be based on poten-
tial region more negative than E. It should be taken into
account that the surface water layers are disordered and that
the observed interfaces are dynamic. This means that water
molecule orientation is not in a static state, but rather more
probable in a dynamic state involving various motions and
configurations. In other words, when it is stated that at poten-
tials more negative than £, orientation of water molecule is
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with hydrogen towards the surface, this indicates increased
probability of orientation for a molecule that is in a dynamic
pattern of constant motion including rotations, vibrations, and
rearranging of hydrogen binding network. Therefore, the con-
tent of Fig. 1 can be understood conditionally as snapshots in
particular instances. Although perceived as simple, Volmer’s
step is in fact a complex process composed of several steps
[24]. Namely, with applying a more negative potential than
the potential of zero charge, the surface charge becomes nega-
tive. Consequently, there is an intuitive expectation that inter-
facial water molecules will be oriented with hydrogen towards
the metallic surface, including gradual rearrangement of
noncovalent hydrogen bonding as shown in Fig. 1a. This pro-
cess is expected to be intensified as the electrode potential ap-
proaches the reversible potential for HER. Many authors sup-
port the notion that significant water reorientation is possible,
including data in the well-known work of Iwasita [28]; howev-
er, in a very comprehensive review, Thiel et al. claimed that
adsorbed water exhibits a multitude of geometries to accommo-
date hydrogen bonding network [29], which would formally
make our illustrations of water orientation in Fig. 1 misleading

Fig. 1 Interfacial structural IHP
changes during proton adsorption
at the metal/electrolyte boundary
including the following: a the re-
organization of the interfacial
water layer under the influence of
an electric field in the double lay-
er given as change in entropy
(ASeor), b the work to transfer a
proton (Wiy,) from the outer
Helmholtz (OHP) to the inner
Helmholtz plane (IHP), ¢ free en-
ergy of solvation shell deforma-
tion (AG,y) at the inner
Helmholtz plane coupled with
further reorganization of the in-
terfacial water layer, and d elec-

or at least not accurate. In other words, at potentials more neg-
ative than £y, orientation is with O orientated to the surface,
some molecules may have the opposite orientation and favor H
adsorption. Nevertheless, as previously stated, our illustration is
a heuristic model which does not necessarily represents reality
but rather points out on the importance of underlying phenom-
ena, in this case metal—water interaction that is a process parallel
to the adsorption of a proton. Further, a proton will be
transported from the outer to the inner Helmholtz plane, bring-
ing positive charge closer to the negatively charged surface
(Fig. 1b). This is formally represented by a shift of the proton
together with the solvation shell (Fig. 1b and c), although in
reality, the proton is transported probably by the Grotthuss
mechanism, jumping from one solvation shell into another.
The proton solvation shell at IHP is most probably getting
deformed, due to the strong interfacial electric field, having as
a consequence that the positive charge of the proton is more
exposed to the negatively charged metallic surface in compar-
ison with the solvation shell at the outer Helmholtz plane
(OHP), as shown in Fig. lc. In the same scheme (Fig. Ic¢), it
is shown that the interfacial water layer is getting reorganized,

OHP IHP OHP

tron transfer from the Fermi level
of the metal towards the solvated
proton with a partially deformed
solvation shell exposing the posi-
tive charge. Color code: metal
surface—gray, oxygen—blue,
hydrogen from water—red, pro-
ton and adsorbed proton—pale
red. Space was left intentionally
between the first and the second
interfacial water layer, for the
purpose of clarity

IHP
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increasing the local density of the surface water layer, facilitat-
ing free space at the electrode surface for the M—H bond to be
established. Important to have in mind is that the solvation shell
around the proton is in constant vibration by stretching the
bonds between the proton and the surrounding water molecules.
In the instance when (1) the energy of the electron at the Fermi
level of the metal is high enough with respect to the redox
potential of the electrolyte, (2) the solvation shell of the proton
is properly oriented and deformed enough to expose the posi-
tive charge of the proton, and (3) the bonds between the proton
and surrounding water molecules are sufficiently stretched ad-
ditionally exposing the positive charge of the proton. Under
these conditions, the probability that the electron will interact
with a proton at the IHP becomes very high (Fig. 1d).

Most of the mentioned phenomena (water reorientation
favoring intensified orientation of the hydrogen atoms to-
wards the metal surface, approach of proton to the electrode
surface including deformation of solvation sphere and expo-
sure of positive charge, and finally M—H bond formation)
have a common denominator and that is the continuous
change in the work function of the metal (®,,,).

Link between work function, adsorption
energy, and the measuring principle of Kelvin
probe

Figure 2 is a graphic illustration of the metal—electrolyte inter-
face. The work function of the metal is the energy required to
extract an electron from the Fermi level (Ex) of the metal and
place it just outside of the metal surface where image forces
can be neglected. Tt depends on the chemical potential of the

Fig. 2 Energy levels at metal/

electrolyte interface in electronic

equilibrium. Indicated quantities —etp m

are defined in the text (D 4
m

“€Xm ,-6(pm

um um,elchem
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electrons (z—work to transfer the electron from infinity into
the Fermi level of the uncharged metal) and the surface po-
tential (y—electrostatic work to transport the electron through
the dipole layer of the surface or in other words the potential
drop between just inside the bulk and just outside of it). The
surface potential appears because an electron cloud hovers
over the surface, causing a potential difference with respect
to the bulk. It is significantly affected by the crystal face ori-
entation, the coordination number, and the step density.
Evidently, the work function is simultaneously a bulk and
surface property. This makes it quite unique amongst many
other material properties and potentially interesting for under-
standing the electrocatalytic properties of the materials. In the
general case, the metal could be charged and then an addition-
al work component is required to transfer the electron from
just outside the surface (£,.+) to a position infinitely far away
(Essc), known as Volta or outer potential (¢), which is equiv-
alent to the potential drop from infinity to a position just out-
side the surface. The sum of the surface and the Volta potential
is the inner or Galvani potential (y). Galvani potential repre-
sents the total electrostatic potential of one phase and together
with the chemical potential constitutes the electrochemical
potential (iteiehem). Practically, all the mentioned quantities,
depicted in Fig. 2, are applicable to a metal and to an electro-
Iyte [26]. Although in the description of energy states in elec-
trolytes the Boltzmann distribution law is relevant (opposite to
Fermi—Dirac distribution that is valid for metals), it is common
to consider the “Fermi” level of the electrolyte [30].

After the introduction of the most important quantities, it is
important to understand why the work function changes dur-
ing the adsorption of hydrogen at the solid/liquid interface.
When a metallic electrode and an electrolyte are put together,

| _e'.ps
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they almost instantaneously establish an electronic equilibri-
um (their electrochemical potentials must be equal). Due to
the fact that electrons at the Fermi level in the metal and at the
Fermi level in the electrolyte (redox potential) are different,
the electronic equilibrium will be assured by the redistribution
of the charge at the interface and by establishing the Galvani
potential difference between metal and electrolyte (Apy, o).

This can be easily observed in Fig. 2 and expressed addi-
tionally with Eq. 1.

Apty s = eApg (1)

The working principle of SKP is based on measuring the
Volta potential difference usually at the following: (1) two or
more different locations of the solid surface, (2) two or more
different solid materials that are in contact, (3) at the interface
between solid and liquid. In our case, when the electrode and
the electrolyte come in contact, their Fermi levels equilibrate.
In the electronic equilibrium, due to the difference in the work
functions of the metal and its analogue in the electrolyte
(AD, ), the Volta potential difference (A, ) will be
established [23] as shown in Fig. 2, described additionally
with Eq. 2.

A¢m,s = eA1/)s,m (2)

If the chemical potential of the electrons in the metal and
the redox potential of the electrolyte do not change, then the
Galvani potential difference must remain constant (Eq. 2). If
the Galvani potential difference remains constant during the
adsorption of hydrogen, then any change in the Volta potential
difference will be equivalent to the change in the surface po-
tential difference at the metal/electrolyte interface (Ax,s) and
vice versa. This should be evident from Eq. 3.

A(pm,s = Awm,s + AXm,s (3)

At the same time, the Galvani potential difference may be
written as the sum of a contribution arising from the charge
separation across the interface (g(ion)y, s) and one arising from
the dipole (g(dip),s) either due to the water orientation or
from the dipole created by specific adsorption (e.g., hydro-
gen), as shown with Eq. 4.

A<pl'l'l75 = g(ion)ﬂ’l75 + g(dip)ﬂ’l,s (4)

Existing dipoles at the interface are contributors to the sur-
face potential of the metal in the presence of the electrolyte
(g(dip)m, (s)), where dx 1, (s 1 a change of the surface potential
of metal in presence of the electrolyte (Eq. 5):

g(dlp)m(\) = Xm+ 6Xm(b\ (5)

or existing dipoles at the interface are contributors to the sur-
face potential of the electrolyte in the presence of the metal

(g(dip)s, (m))> Where 0, () 1S a change of the surface potential
of electrolyte in presence of the metal (Eq. 6):

g(dlp)s(m) =X T 5Xs,(m) (6)

The total potential drop at the interface related to dipoles is
given as follows:

g(dip),, s = g(dip),, (=& (dip)s (m) @)

From Eqs. 3-7, the link between the Volta potential differ-
ence and changes in surface potentials at metal/electrolyte
interface is given by Eq. 8.

A'1/)m¢s = 5Xm,(s)75Xs.(m) +g(101’1) (8)

This means that the adsorption of a proton from the elec-
trolyte at the metallic surface will introduce M—H dipoles at
the interface, alter the potential drop due to existing water
dipoles having increased probability to be oriented with hy-
drogen towards the metallic surface, and potentially alter the
existing charge separation at the interface due to the enhanced
concentration of protons in the interfacial region due to the
process of proton adsorption/desorption. So, practically mea-
suring the Volta potential difference, we measure the change
in the work function of both phases equivalent to the change in
surface potentials of both phases due to the adsorption of
hydrogen. Important to notice is that Eq. 8 reflects the total
change in the electrostatic energy at the interface due to hy-
drogen adsorption. Similar to the explained methodology
would be to adsorb molecular hydrogen at the metal surface
covered by a thin water layer or ideally covered by a water
bilayer that responds to the dimensions of the electric double
layer. In that case, the Volta potential difference should be
measured before and after hydrogen adsorption. Similar inves-
tigations were initiated in the groups of Ertl [31] and Weaver
[32]. Ertl’s work was based on adsorption at gas/solid inter-
face, without water layer, while the work of Weaver did in-
clude water layer. Both of them investigated the change in the
work function upon adsorption; however, while Ertl did not
analyze adsorption through water layer, Weaver had a too
complex system (Pt(111) surface modified with different
doses of K* cation, exposed to different amounts of solvent
and different doses of CO) to avoid some serious artifacts,
including unclear causes of change in the work function.
Importantly, none of them analyzed a series of metals.

The importance of Pauling equation

To solidify our approach, it is worth to recall one of the earliest
models describing indirectly the connection between the work
function and the adsorption energy, namely the Pauling equa-
tion:
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E(M-H) = 0.5 {D(M-M) + D(H-H)}
+23.06 (Xy—Xp)? (9)

where £(M—H) is the energy of the metal-hydrogen bond
strength; D(M—-M)—the dissociation energy of the M—M
bond in the metal lattice, usually obtained from the sublima-
tion energy; D(H-H)—the dissociation energy of the hydro-
gen molecule; Xy—the electronegativity of the metal; and
Xi—the electronegativity of the hydrogen atom. The link be-
tween adsorption enthalpy and bond strength is given as fol-
lows (Eq. 10):

E(M-H) = 0.5 D(H-H)—AH 44 (M-H) (10)

where AH,4(M-H) is the enthalpy of adsorption of hydrogen.
Considering that only d-metals (transition metals) exhibit sig-
nificant electrocatalytic activity for HER and only d-metals
exhibit measurable coverage with hydrogen at the reversible
potential of HER, further analysis will be focused only on
them. In the initial analysis of Eq. 9, by Eley [33] and
Riietschi and Delahay [34], they disregarded the electronega-
tivity term. In their opinion, the difference in electronegativity
between various metals and hydrogen is negligible. This re-
sulted in an inter-dependence where increase in work function
is coupled with an increase in the M—H bond strength.
However, Bockris and Conway [35], and later Trasatti [6],
emphasized that the electronegativity term is of essential im-
portance. In their case, an increase in the work function was
coupled with a drop in the M—H bond strength. The depen-
dence is shown in Fig. 3. It seems that for the early transition
metals where the difference in the electronegativity between
the metal and the hydrogen atom is the largest, the M—H bond
is the strongest. With the increase in the number of d-electrons
in the valence level, the difference in electronegativity

3.3
"'._9 Ta ocCr
3.2
Ti
> o =
©31] @ o oW
= 3.0- Fe @.. n;
m | .aNI
2.94 .. Pd
2.81 %
: Pt"
40 42 44 46 48 50 5.2
@/ eV

Fig. 3 Relationship between M—H bond strength and work function, for
d-metals. Data are extracted from the Fig. 5 in [6]. Replotted relation
originates from [21]. Published by the PCCP Owner Societies
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approaches to zero, indicating that the M—H bond becomes
weaker.

From Fig. 3, it is straightforward that in a case of d-metals,
the adsorption of hydrogen should cause a drop in the work
function. The stronger the M—H bond is, the larger will be the
drop in the work function. What can be noticed from Pauling
equation and Eq. 10 is that the adsorption energy of the M—H
bond formation can be brought in direct relation to the change
in the electrostatic energy at the interface during hydrogen
adsorption (Eq. 8). As specified above, the entire analysis is
for d-metals. This is important to emphasize because Trasatti
[6] showed that sp-metals behave opposite to d-metals, mean-
ing that the work function increases with the strength of hy-
drogen adsorption. He attributed that to interfacial water struc-
ture and orientation, although it can be also due to different
kinds of adsorption site. If adsorption is on top, having in
mind the direction of M—H dipole, we would expect an in-
crease in the work function; however, if the adsorption site is
an interatomic hollow site, then the dipole is oriented in a way
that causes a drop in the work function. We previously ad-
dressed controversies on exact location of hydrogen adsorp-
tion in the critical review on hydrogen electrocatalysis [18].
The approach introduced in this work brings also opportunity
to study different crystal facets and the behavior of water on
various surfaces, amongst others, which could additionally
help to understand polycrystalline materials.

Experimental details and preliminary results

Summarizing the theoretical aspects of the methodology, we
can say the following:

(1) From Fig. 1, we conclude qualitatively that the M—H
bond formation should alter the work function of the
metal.

@)

(&)

4)

A change in the work function will be manifested
through the Volta potential change, which can be mea-
sured by SKP.

For a system where chemical potentials of the metal and
the electrolyte do not change, the Galvani potential dif-
ference has to remain constant. This means that if the
work function is changing due to the M—H bond forma-
tion, the change in work function originates strictly in the
change of the surface potential, which has to be equal to
the change in the Volta potential (which is measurable).
This can be seen easily from Fig. 2.

Equation 8 illustrates what we measure first at the metal/
electrolyte interface and afterwards at the same interface
after the adsorption of hydrogen. That is the total change
in the electrostatic energy at the interface due to the M—H
bond formation including the following: the change in
surface potential difference of the metal/electrolyte
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interface due to hydrogen adsorption plus the free charge
(ions) introduced into the double layer due to the hydro-
gen adsorption/desorption. So, if classical adsorption en-
ergies are a thermal consequence of the M—H bond for-
mation, we measure the total electrostatic consequence
of the M—H bond formation.

From the dependence shown in Fig. 3, it is straightfor-
ward that the larger the difference in electronegativity
between metal and hydrogen, the stronger the M—H bond
and consequently the larger the drop in the work func-
tion. Interestingly, the slope of dependence in Fig. 3 cor-
responds to the slope between the change in the work
function and the potential difference that is a driving
force for underpotential deposition of metals, introduced
by Gerischer et al. [36]. If the work function increases for
1 eV, the bond strength decreases for 0.5 eV. The exact
proportionality between the change in work function and
the adsorption energy depends on the adsorbate cover-
age. If lateral interactions are of relevance (usually at
higher coverages), then the interaction parameter can en-
hance or locally reduce the H,4 adsorption energy, con-
sequently altering the local M—H bond strength as well as
the value of the M—H dipole (or even sign) that is man-
ifested by a change in the local work function. It is in-
deed essential to know the quantitative relation between
work function and coverage. However, we operate at
conditions of low dosage of hydrogen so the coverage
is expected to be rather low, including the absence of
lateral interactions. Under given conditions, a metal that
has intrinsically high tendency to bind hydrogen strongly
(strong dipole) will have at the same time higher cover-
age, which will be detected by larger drop in work func-
tion than for the metal that has intrinsically tendency to
bind hydrogen weakly (weak dipole and low coverage).
Therefore, we believe that the trends shown in Fig. 4 are
relevant. Important to emphasize is that observed trend
could be distorted due to appearance of Hypq
(underpotentially deposited hydrogen). Our initial point
of view was that under neutral pH conditions of our
experiment (hydrogen introduced through the thin water
layer) H,pq is not significant as shown in the work of
Qiao et al. [37]. However, on the contrary, under neutral
pH conditions and very clean experimental conditions,
H,pq exists on platinum [38], implying that under our
measurement conditions, H,,q exists and it could inter-
fere with the adsorption of atomic hydrogen originating
from the hydrogen gas. This is a very important point
indicating why our assumption about a negligible inter-
action parameter and its impact on coverage could be
challenged. At the same time, we are aware that H,pq
exists only on noble metals and, despite probably not
being an intermediate, it plays a special role in the activ-
ity of HER that was never really resolved. Understanding

the role of H,,q would require to find a link between Hypq
and H,4 that is an intermediate sometimes called
overpotentially deposited hydrogen or Hopq [18].

Preliminary experiments using the SKP setup with an at-
mosphere and humidity control were done on a series of seven
noble metals (Au, Pd, Pt, Cu, Rh, Ir, Ru) [21]. Before exper-
iment, the samples (polycrystalline metals 5 mm diameter disk
from MaTeck, Jiilich, Germany) were polished with 1 and
0.3 mm alumina suspensions on a polishing cloth (Struers,
MD Mol) followed by a short sonication in water, extensive
washing in ultrapure water (PureLab Plus system, Elga, 18
MV, TOC, 3 ppb) and drying in a flow of argon. In this
way, the influence of formed surface oxides, organic impuri-
ties, etc. is minimized. All samples were fixed from the bottom
with conductive tape to a metallic holder. Due to possible
influence of impurities from the commercial electrolytes, ex-
periments were executed by covering the metallic samples
with thin water layer through which gases were adsorbed on
metallic surfaces. SKP tip was a CrNi alloy with diameter of
500 um and a known work function. Prior to the measure-
ments, the SKP tip was calibrated using a Cu/CuSO4 (sat.)
electrochemical couple. The samples were transferred inside
the measurement chamber, which was initially under a nitro-
gen atmosphere and low relative humidity (1% RH, referred in
the following as dry condition). After achieving steady atmo-
spheric and humidity conditions, the measurement was
started. The change in work function was measured continu-
ously on an area of 500 mm x 500 mm, giving an array of 100
measurement points per sample. The average value of work
function is taken out of these 100 points and introduced in Fig.
4a in section N, “dry.” The same measurement was repeated
for each metal. In the second step, the humidity of 95-98%
was set in a nitrogen atmosphere. Again, the average value of
work function is introduced in Fig. 4a as N, “humid.” In the
third step, again under conditions of a maximum humidity of
95-98%, the measurement was performed under a hydrogen
atmosphere by using 5% hydrogen in nitrogen (so-called
forming gas). The obtained average value of the work function
is introduced in section H, humid as shown in Fig. 4a.

The change in the work function from nitrogen dry condi-
tions to nitrogen humid conditions was minor. This is due to
the fact that at dry conditions, we have already a thin water
layer that can be removed only in vacuum. After the introduc-
tion of hydrogen through the water layer, the work function
dropped significantly (A® shown in Fig. 4a, between N, hu-
mid and H, humid). This is an indicator that the M—H bond
creates a dipole that reduces the work function of the metal.
Here it should be mentioned that the M—H dipole could partly
include ionic character, depending on the difference in the
electronegativity between hydrogen and metal. For metals
which have intermediate M—H bond strengths, the desorption
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Fig. 4 a Change in the work function of a group of metals under various
atmospheres measured by SKP at room temperature. After achieving
steady atmospheric and humidity conditions, an area of 500 mm x
500 mm was measured, giving an array of 100 measurement points per
sample. b Experimental “volcano” plot where the exchange current for

of protons into the water layer is probable, implying that a
hydrogen electrode is formed [39, 40]. Importantly, the exper-
iment confirms that a change in the work function upon ad-
sorption of hydrogen through the water layer is a relevant
interfacial parameter directly related to the adsorption energy.
The obtained values can be influenced also by impurities in
the gases. In the existing setup, an oxygen sensor was
installed; however, impurities due to hydrocarbons traces in
the hydrogen or the CO, that can form carbonates with water
and impurify metal surfaces cannot be excluded. In the future
work, this will be carefully investigated by means of gas chro-
matography. It is important to keep in mind that the purpose of
this initial work was to get meaningful trends and not neces-
sarily to obtain rigidly accurate values. Despite that promoters
of rigid purification protocols never showed activity trends
that would contradict the trends reported by Trasatti [6] still,
cleaning procedure on our future work will be complemented
with electrochemical activation to be sure that the influence of
impurities is definitely negligible [41]. Importantly, after the
third step (H, humid conditions), the original value of the
work function cannot be completely recovered. It seems that
a fraction of the gas remains adsorbed on the surface of the wet
metal even after several hours of the initial atmosphere (N, dry
conditions). This should not be surprising since the desorption
of hydrogen depends on the M—H bond strength that in the
case of some metals is substantial.

Finally, from Fig. 4b, it seems that the well-established
experimental values of exchange current densities for HER
can be correlated with a change in the work function upon
adsorption of hydrogen through the water layer in a form of
a “volcano” curve. Given dependence complies with one of
the implicit goals of our research and that is to give well-
grounded answer to whether Sabatier principle in
electrocatalysis is valid or not, taking into consideration that
for different metals, different rate determining steps can con-
trol the reaction. Despite of the substantial criticism that exists
towards the concept of volcano curves [19] and the view that
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HER (values taken from [6]) is related to the experimentally determined
change in the work function of the metal upon adsorption of hydrogen
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thermochemistry of adsorption is insufficient to be the only
foundation for theory of electrocatalysis [18], still obtained
activity trends and anticipated factors that limit electrocatalyt-
ic activity are valid. This fact holds, surprisingly, independent-
ly from conditions at which this analysis is conducted.
Overlap in the trends in adsorption energies between gas-
phase data and overpotential-dependent electrochemical data
[6] is surprising and suggests that adsorption energies ac-
quired at equilibrium conditions could be relevant and share
some additional light on hydrogen electrocatalysis. The de-
pendence we obtained is similar to the previous relations
where the exchange currents were correlated to the adsorption
energies [6, 16]. However, the conditions in our experiment
are different from the conditions at which electrochemical
adsorption heats are extracted [6] as well as from conditions
at which H,,q4 appears at the electrode surface, as explained
above. Our values originate from the gas-phase hydrogen that
was adsorbed at equilibrium conditions through the ultra-thin
water layer. This is identical to Tafel reaction during HER or
hydrogen oxidation reaction (HOR). Importantly, the trend in
work function change we obtained is a function of the valence
of electrons in a way that is expected. Namely, the larger the
number of valence electrons, the weaker will be the M—H
bond strength. Considering that the observed change in the
work function is equal to the change in the Volta potential
difference after hydrogen is adsorbed through the water layer
(Eq. 8) and that it is equivalent to the total change in the
electrostatic energy due to process of M—H formation, we
can name these values experimental adsorption energies. It
seems that metals with 10 valence electrons (n,) like Pt and
Pd have the optimal experimental adsorption energies,
exhibiting also the highest exchange current densities. It is
interesting that the experimental adsorption energy for Pt is
around — 0.35 ¢V, similar to the value obtained by DFT on Pt
model surfaces [16]. At the same time, the experimental vol-
cano shown in Fig. 4 indicates that H adsorption on Pt is
bonded slightly weaker than the optimal, opposite to the
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conventional computational model [16]. From the preliminary
results, it seems that the proposed methodology treats the
metal/electrolyte interface in a very meaningful manner [42,
43]. At the same time, it opens a perspective for comparative
computational vs. experimental studies [44] as well as for
comparative thermal catalysis [45, 46] vs. electrocatalysis
studies [24, 47] with the goal of establishing unifying con-
cepts in catalysis [48].

Conclusions

We propose an experimental methodology for quantitative
description of adsorption energies at solid/liquid interfaces.
In this way, for important molecules, like hydrogen and oxy-
gen, the strength of the bond which they establish with the
catalyst surface can be probed. This is of major significance
for electrocatalytic reactions, because the adsorption of spe-
cies on polycrystalline materials will be now experimentally
accessible, for which DFT exhibits limitations. The current
research was conducted at open circuit conditions; however,
estimating adsorption energies under conditions of controlled
electrode potential or current is the next logical step. In the
future, detailed experimental trends in adsorption energies can
be established for classes of chemical compounds and mate-
rials (d-metals, sp-metals, alloys, oxides, carbides, borides,
metal-nitrogen—carbon composites, etc.), which are of interest
in heterogenous catalysis as gas-evolving or gas-consuming
electrodes.
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