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ARTICLE INFO ABSTRACT

Keywords: Single Atom Catalysts (SACs) are an emerging frontier in heterogeneous electrocatalysis. They are made of metal

SACs atoms atomically dispersed on a matrix. A lot of attention has been dedicated to the study of Hydrogen Evolution

HER Reaction (HER) mechanism, due to its relevance in energy conversion technologies, both with computational and
EDIFST experimental methods. The classical HER mechanism can be described by a Volmer-Heyrovsky-Tafel mecha-

nism, where the two desorption steps are competitive. The Volmer-Heyrovsky mechanism is conventionally
proposed for single-atom catalysts. It has been computationally demonstrated that hydrogen complexes can form
on SACs due to their analogy with homogeneous catalysts. Unfortunately, it is hard to “visualize” these species
experimentally. Electrochemical Impedance Spectroscopy (EIS) could be the most promising approach to study
electrocatalytic mechanisms. In this work, we present microkinetic and Electrochemical Impedance Spectroscopy
models for HER on SACs, describing Volmer-Heyrovsky and a mechanism mediated by the formation of hydrogen
complexes. Our simulated data, applied to a case study based on PA@TiN, show that Tafel plots will not suffice in
the visualization of hydrogen complexes formation and will need the support of electrochemical impedance

spectra in order to clarify the correct mechanism.

1. Introduction

The need for energy transition is triggering current research toward
more sustainable chemical processes [1]. A major role is played by
catalysis. In this context, electrocatalysis could play a prominent role in
the electrification of the chemical industrial sector, given the possibility
to use energy produced from renewable sources to power processes at
room temperature [2,3]. Hydrogen Evolution Reaction (HER) is one of
the most studied reactions, due to its important role in processes such as
water splitting and green hydrogen production [4-9]. In this context,
one of the major challenges is related to the fact that the catalysis of the
HER reaction has always been carried out essentially through the use of
expensive and rare elements, such as the Platinum Group Metals
(PGMs). This challenge has been addressed over the years by following
various strategies, such as the development of PGM-free electrocatalysts
[10] or Single-Atom Catalysts (SACs) [11-14]. A SAC is made by single
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transition metal atoms embedded in a solid supporting matrix, which
allows to maximize the efficiency of metal atom use, which is critical
when expensive PGMs are considered [15].

One key aspect is that SACs bridge the traditional domains of ho-
mogeneous and heterogeneous catalysis, due to their reminiscence of
coordination chemistry [16-18]. This has dramatic implications, as re-
actions could involve intermediates that are unexpected on traditional
heterogenous surfaces. In the case of HER, it has been suggested that
adsorbed hydrogen complexes (Hy*) could form during the reaction,
besides the classical intermediate made by an adsorbed hydrogen atom
(H*) [19-23]. This implies the need to go beyond the classical
description of the catalytic activity relying on H* only [24].

One open question is to find a way to track these species during the
reaction, in order to better understand their role in the reaction
mechanism.

The state-of-the-art electrochemical approach to access mechanistic
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information is the analysis of the relation between the applied potential
and measured current, which is typically referred as Tafel analysis
[25-28]. Another type of analysis that have historically being performed
in parallel is Electrochemical Impedance Spectroscopy (EIS) [29], which
has the advantage of being able to decouple various processes based on
their lifetimes and action times [30-36]. An interesting evolution of the
EIS is the so-called dynamic Electrochemical Impedance Spectroscopy
[37-40], which allows the collection of information, in the form of
impedance spectra, even outside the normal stationarity conditions,
which is instead necessary in classical impedance [41]. This translates
into the possibility of exploiting large amount of impedance data in a
broad range of frequencies and polarization potentials in order to
evaluate mechanistic information operando.

In the context of theory and simulation, the modeling of Tafel slope is

k; + k;cH‘F

kicur +kyca,
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where k; = k;%e"RT, ki =k; ¢ RT  are the forward and backward
kinetic constants for the i th step, respectively.

We here define 6y as the coverage of H* intermediate adsorbed on
the catalyst, N the moles of active sites per unit of area, cy+ the con-
centration of H' and ¢y, the concentration of H, at electrode surface. We
also assume f, the symmetry factor, always equal to 0.5.

Assuming steady-state approximation, the coverage of adsorbed
hydrogen (H*) remains constant: ded—*t” = 0. As a result, the Volmer and
Heyrovsky rates are equal, and the overall rate of the reaction can be
expressed as either ryeqy =71 =r2. (The detailed derivation is reported
in Appendix A.1). Then, Faradaic current density can be written as:

iF = 72Frovemll =—-2F erH—N

the staple strategy, while simulating impedance spectra under different
potential and reaction conditions is a route much less explored, and
potentially very effective, given the plethora of information that can be
validated or extracted with EIS experiments.

In this work, we assessed the power of combining simulated Tafel
analysis and EIS in tracking and detecting hydrogen complexes during
Hydrogen Evolution on SACs, with theoretical models. To do so, we
considered a model system SAC for hydrogen evolution already studied
by some of us [42,43], which is based on Pd atoms embedded in Tita-
nium Nitride (TiN), an emerging supporting matrix for SACs [44,45].
Results suggest that simulated Tafel plots are scarcely effective in
tracking hydrogen complexes on SACs. Interestingly, the presence of
hydrogen complexes has direct and sizeable effects on the simulated
impedance profile, indicating that the formation of hydrogen complexes
on SACs can be assessed with EIS.

2. Theoretical approach
2.1. Modeling Tafel plots

The proposed mechanism of Hydrogen Evolution is the Volmer-
Heyrovsky-Tafel mechanism. The mechanism involves a first electro-
chemical hydrogen adsorption (Volmer), followed by two competitive
molecular hydrogen desorption steps: one electrochemical (Heyrovsky)
and one chemical (Tafel). In acidic conditions the generalized mecha-
nism can be written as:

H" +e + x =H" Volmer (2.1.1)
H'+H" +e =H,+ = Heyrovsky (2.1.2)
H'+ H" =H, + x Tafel (2.1.3)

where * represents the catalyst’s active site (in the case of SACs, this is
the metal atom). Due to the atomic dispersion of the active metal sites in
single-atom catalysts, we can assume HER to proceed exclusively via the
Volmer-Heyrovsky mechanism [46,47].

The Volmer-Heyrovsky mechanism consists of the following
elementary steps:

k\
H' +e + x=H'

1

(2.1.4)

k\
H* + H* +e’§H2 T o

2

(2.1.5)

—k;N
kicu +ky +kjey +kyeu, 1 kycws +ky +kyeu +kycn,

(2.1.6)

The mechanism passing through the formation of hydrogen com-
plexes in SAC consists of the elementary steps expressed in (2.1.4) and in
a modified version of (2.1.5), with the addition of a third final step:

k+
H +H" + e’%H; (2.1.7)
2
k+
H;=H, + » 2.1.8)

3

where kj = k;o and k3 = k3 0 are the forward and backward kinetic
constants of the chemical desorption step of molecular hydrogen.

In the molecular hydrogen Volmer-Heyrovsky mechanism there are
two intermediates: H* and Hy*. Then, steady-state assumption imposes:

Ay . . . .
dﬂ’g“ =0 and —3* = 0. These intermediates influence the net Faradaic

current by occupying active sites and enabling back-reactions. Their
contributions are implicitly considered in the analytical expression of
the Faradaic density current (a.2.12), Appendix A.2.

To better describe the physical chemistry of the process it is impor-
tant to add diffusion correction to our models. This involves calculating
the steady-state concentrations of H' (cy+) and Ha (cm,) at the electrode
surface. We adopt a finite diffusion approximation, which assumes that
the concentration gradient is confined to a thin boundary layer, and
beyond this region, the bulk concentration remains constant. In the
context of a Rotating Disk Electrode (RDE), this approximation is
particularly valid due to the well-defined hydrodynamic conditions it
creates. In fact, the rotation of the disk establishes a thin, steady-state
diffusion layer near the electrode surface [48]. Inside this layer, mass
transport is dominated by diffusion, while convective transport governs
the bulk solution outside.

We use a self-consistent approach based on the Levich equation to
estimate the surface concentration of reactants under these conditions.
Levich equation allows to linearly correlate the Faradaic current with
cy+ at electrode surface:

2 11
ir(cpr) = 0.0620nFD3 Q2176 (e — i) (2.1.9)

Where n is the number of electrons involved in the reaction, Q is the
rotation rate, v is the kinematic viscosity, c?,“,"‘ is the reactant concen-
tration in bulk and cy+ is the reactant concentration at electrode surface.
A correction factor of 0.1 is applied to the constant with a value of 0.620
to obtain the Faradaic density current expressed in A cm~2. To simplify

the model, we solved the Levich equation only for cy:. The change in
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concentration of Hy near the electrode surface has been taken into ac-
count by applying the thermodynamic consistency:

nF¢
CH, = 6121* €xp <7R7r1€-1-’>

A detailed discussion is reported in Appendix A.3

(2.1.10)

2.2. Modeling EIS

Electrochemical Faradaic admittance, Y = 1/Zy (where Zg is Fara-
daic impedance), is defined as the ratio between the frequency-
dependent current density perturbation (the phasor of iz, ir) and the
frequency-dependent applied potential perturbation (the phasor of ¢,
#). For the Volmer-Heyrovsky mechanism without diffusion, ir depends
on both the polarization potential ¢ and the adsorbed hydrogen
coverage Oy-.

By applying a first-order Taylor series expansion of current density
with respect to steady-state and assuming sinusoidal perturbations, we
obtain the following expression for Faradaic admittance:

55, ()
Ze ¢ \0p)y  \0Ouw)y ¢

O

(2.2.1)

is the only unknown term of (2.2.1) and can be derived through
dynamic equations governing the coverage, leading to:

%)
féH‘ o o,

On- _ i (2.2.2)
¢ Jo — <ag,f)
-

Substituting (2.2.2) into (2.2.1), it is possible to write the expression
of Faradaic admittance for Volmer-Heyrovsky mechanism in the absence
of diffusion correction. (The complete derivation is reported in Appen-

dix B.1).
g
. . dgp
L) () e
Zy 0 a. 00y Vo — ( ag>
”

(2.2.3)

Eom

To account for diffusion of H" and Ha, additional terms are intro-
duced in the current expression, now depending also on concentrations:
ir = ip(¢,0u,cyr,cp,). The resulting admittance is:

l:("ﬁ) +<aip) 5ﬁ+<0iF> [
Zr  \0p/)g Gy G2 0On: ¥, 2 @ ocu ) ya. o @

H’
+ ( i ) Gy
dcn, POy ¢

Unknown terms %, % and %2 can be evaluated solving a coupled
¢

linear system derived from Fick’s laws and kinetic rate expressions. The
complete derivation is reported in Appendix B.4.

It is important to underline that approximating the diffusion mech-
anism as semi-infinite is valid as long as the penetration depth of the
periodic perturbation (i.e., spatial region perturbated by the ac current
used in the EIS experiment) is much smaller than the diffusion layer.
This translates in a limit frequency, as in (b.3.4), above which semi-
infinite diffusion is seen. Under most conditions (like those applied for
the simulations performed in this work), such threshold is low enough to
allow almost all the information to be extracted from the impedance
spectra. A detailed discussion of this approximation and its applicability
is proposed in Appendix B.3.

When we move to the Volmer-Heyrovsky mechanism with hydrogen

(2.2.4)

Electrochimica Acta 545 (2026) 147758

Table 1
Simulation parameters adopted for the numerical simu-
lation of microkinetic and EIS models.

Parameter Simulation value
N/mol cm~2 10

P 0.5

T/K 298

cbulk /mol L~ 1

bk /mol L1 1

w/rad s 1-10°
Ca/uF cm=2 20

Dy /m? 571 9.31-107°
Dy, /m? 571 4.50-107°
Q/rpm 1000
v/m? 571 10°°

complexes, the dependencies of density current are different than the
conventional case: ir = ir <¢, On, Oy, Cre ) Following an analogous

approach, the admittance becomes:

So(®) () O, (00 O,
Zp B dp O O € 00y Oy oy % a‘gH; g e J

HE

di T
+ (—F> G
ocy+ v o.0. D

Hz

(2.2.5)

~ 5 ~
Unknown terms %, -2 and %* can again be determined by solving
b b ¢

an appropriate system of equations. The complete derivation is reported
in Appendix B.2 and B.5.

For both models, the presence of the electrochemical double layer
must be considered in the impedance equation; it is modeled as a
capacitor with a constant capacitance, Cg.

Zr

7= : 2.2.6
1 + joCaZr ( )

In Table 1 are reported the values of simulation parameters needed
for numerical resolution of both microkinetic and EIS models.

It has been experimentally and theoretically demonstrated that the
supporting electrolyte, in particular its cation, can have significant ef-
fects on the kinetics of the HER reaction, [49-51] and is also known to
have an effect on impedance., [52,53] To simplify our model, we
decided to simulate our impedance using a high concentration of H* (1
M), so as not to have the need to include the supporting electrolyte in the
calculations, which is outside of the scope of this first model. The in-
clusion of the role of supporting electrolyte will be considered in a future
dedicated study.

2.3. Computational details

Both Tafel plots, as well as impedance spectra as a function of fre-
quency and electrode polarization, are strongly affected by both ther-
modynamics and kinetics of all reaction steps, as evident from Sections
2.1 and 2.2. In order to minimize the number of arbitrary parameters,
the thermodynamics of the reaction steps 2.1.4, 2.1.5 and 2.1.8 was
obtained from DFT calculations performed on the PA@TiN system. Spin-
polarized Density Functional Theory (DFT) calculations were performed
using the VASP package [54-56] The Perdew-Burke-Ernzerhof (PBE)
parametrization was employed for the exchange-correlation functional
[57]. Projector Augmented Wave (PAW) pseudopotentials were used to
describe core electrons [58,59], and valence electrons were expanded
with a plane wave, using a kinetic energy cutoff of 400 eV. Electronic
structure optimizations were considered converged after achieving a
threshold criterion of 107 eV between different steps. The DFT + U
approach was used to tame the self-interaction error of pure GGA



M. Spotti et al.

Electrochimica Acta 545 (2026) 147758

a AG, 4= 0.11 eV

b AG,, = 0.32 eV

Fig. 1. Adsorption configurations of H* (panel a) and H,* (panel b) on Pd@TiN.
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Fig. 2. Gibbs free energy profile for conventional volmer-heyrovsky mechanism (panel a) and volmer-heyrovsky mechanism with the formation of hydrogen complex

(panel b).

functionals, incorporating a U term of 3.33 eV for Pd atom. The choice of
the working U parameter is generally arbitrary. In our case, we used a
value taken from a seminal work of Anisimov and co-workers, which has
been extensively tested for HER on SACs to approach predictions close to
benchmark PBEO data [60-62]. Geometry optimization convergence
criterion was set to 1072 eV-A~!. Grimme’s D3 scheme was used to ac-
count for dispersion forces [63]. Reciprocal space was sampled with a 2
x 2 x 1 k-point grid. We started from the experimental cubic bulk
crystal structure of TiN and performed full optimization. A five-layer
thick low-index (001) surface was modeled from the bulk structure.
Then, a 2 x 2 expansion of the primitive cell was considered, yielding
lattice parameters of a = b = 8.384 A and y = 90°. A Pd atom was
introduced in the system in place of a nitrogen vacancy, Pd@TiN,
following previous works [42,43]. All the atomic coordinates were fully
relaxed. The stability of the reaction intermediates was calculated by
adopting the Computational Hydrogen Electrode approach (CHE)
[64-66]. The Gibbs free energy was estimated as:

AG = AE — TAS + AEzpg

where AE is the calculated DFT energy, TAS is the entropic contribution

0.0 1.0

a 0, o)

0.1 e

> L 0.6
S -0.2 @

120 mVidec 04

03 L 0.2

Oy
04 demmee e e 0.0
40 30 20 -10 00 10 20 30 40

logliliy|

and AEzpg is the zero-point energy correction. TAS of solid-state species
was neglected, and that of gas-phase molecules was taken from Inter-
national Tables. At 298 K, TASys, is equal to 0.40 eV. We adopted the
value 0.04 eV, for the zero-point energy correction [67]. In CHE, any
reaction barriers different from those arising from thermochemistry are
neglected. In our case, we need to introduce microkinetic model reaction
barriers. We assigned to the activation energies the value of 0.6 eV, to
achieve an exchange current density for the Volmer-Heyrovsky mech-
anism comparable to that of platinum electrodes [68,69]. Of course, for
better quantitative predictions more elaborated approaches should be
adopted [70,71], however this is outside the scope of this work. Starting
from the kinetic energy barriers (AGf ) we estimate kinetic constants
(k?) using Eyring equation from the framework of transition state
theory.

KeT S0

K = Te RT (2.3.1)

i

This leads to a value of iy equal to —1.15 mA ¢cm~2 for Volmer-
Heyrovksy and —0.02 mA cm 2 for molecular hydrogen Volmer-
Heyrovsky.

b 0.0 1.0
0.1 N 08
\
\
' 0.6
2 02 @
S N k , 0.4
03 7 / On;
-0. /, 120\;r‘1V/dec ’ g 0.2
GH- /—’ \ .
04 t====7 . , TR . . 0.0
40 -30 -20 -10 00 1.0 20 30 40
log|iiy|

Fig. 3. Simulated Tafel plots for volmer-heyrovsky mechanism (panel a) and molecular hydrogen volmer-heyrovsky mechanism (panel b). The potential range
between 0 and —0.1 V vs NHE was not considered because it is not included in the validity region of Tafel regime., [80] The trends of intermediate coverages are

shown as colored dashed lines.
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Fig. 4. Simulated Nyquist plots for volmer-heyrovsky mechanism at —0.1 V vs NHE (panel a), —0.2 V vs NHE (panel c), —0.3 V vs NHE (panel e) and molecular
hydrogen volmer-heyrovsky mechanism at —0.1 V vs NHE (panel b), —0.2 V vs NHE (panel d), —0.3 V vs NHE (panel f). Characteristic frequencies are determined as
the roots of the electrochemical admittance function. The impedance calculated without diffusion is shown as a grey dashed line, while the impedance from the

diffusion-corrected model is shown as black dots.
3. Results and discussion

We start with the analysis of the DFT calculations performed on the
model system and reaction, which provide the thermodynamic param-
eters used in the subsequent microkinetic and electrochemical imped-
ance model. The adsorption of H* is nearly thermoneutral with respect
to HER reactants and products with calculated Gibbs free energy equal
to 0.11 eV, Fig. 1. The calculated Pd-H distance (dpqy) is 1.78 A.Itisalso
possible to adsorb H* on top of the metal atom, Fig. S1. The resulting
structure is slightly less stable, AGy+ = 0.22 eV, with a value of dpgy =
1.60 A. Once H* is formed through adsorption, it is possible to form a
hydrogen complex (Hp*) characterized by dpgy = 1.88 A. The H—H
distance is slightly elongated (0.80 10\) with respect to the value of iso-
lated Hy, 0.75 A, in line with the typical values of hydrogen complexes
[72-74]. The formation of the complex is slightly endergonic, with
AGya* = 0.32 eV. Table S1 reports calculated distances and free energy.
As mentioned above, once determined the thermodynamic reaction
profile we assume that reaction barriers 0.6 eV higher than reaction
intermediates. This leads to the picture sketched in Fig. 2. It must be
underlined that our purpose is not to provide quantitative predictions on
a real case but to work on a model system where both H* and Hy* could
play a role in the reaction mechanism.

By numerically solving the kinetics derived in the microkinetic
modeling, it is possible to simulate the Faradaic current density as a
function of the applied potential. The simulated results can be repre-
sented as Tafel plots, where the applied potential (¢) is plotted against

log|i/io|, Fig. 3. In the Tafel regime, both the Volmer-Heyrovsky
mechanism and the molecular hydrogen Volmer-Heyrovsky mechanism
yield slopes of 120 mV/decade. This slope is known to be characteristic
of the Volmer step, as well as of the Heyrovsky step under strongly
reducing conditions [75,76]. Moreover, it is possible to observe that the
value of log|i/i0| in the two cases is different at —0.4 V, Fig. 3a and 3b
However, this aspect cannot be used as clear information to distinguish
between the two proposed mechanisms, as it directly depends by the
DFT calculated Gibbs free adsorption energy of intermediates. Since DFT
calculations are known to have limited quantitative accuracy, adsorp-
tion energies should be treated with caution [77,78]. Consequently, any
exchange current density calculated from such parameters cannot have
quantitative agreement with experiments [79]. Then, Tafel analysis
alone does not provide a clear information to distinguish the formation
of hydrogen complexes on PA@TiN. Specifically, there is no significant
difference in the Tafel slopes that could serve as a descriptor for
hydrogen complex formation.

Simulated EIS spectra in the form of Nyquist plots, calculated at 0.1
V vs NHE and -0.2 V vs NHE, are reported in Fig. 4. Focusing on the
Volmer-Heyrovsky mechanism, presented in Fig. 4a-4c for the two po-
tentials, it is possible to always observe a single semicircle at high fre-
quencies, linked to charge transfer processes. In contrast, assuming the
molecular hydrogen Volmer-Heyrovsky mechanism already from -0.1 V
vs NHE (Fig. 4b) two separate semicircles are visible, one at low fre-
quencies and one at high frequencies. This behavior is even more pro-
nounced at -0.2 V vs NHE (Fig. 4d). It is important to underline that the
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Fig. 5. Simulated EIS parameters for volmer-heyrovsky (black lines) and molecular hydrogen volmer-heyrovsky mechanism (grey lines) with respect to polariza-

tion potential.

number of visible semicircles in the impedance spectra is not a universal
indicator of a specific reaction mechanism [31,81,82]. Nevertheless, the
qualitative difference in the spectra provides a positive indication of the
possible detection of hydrogen complexes by properly fitting experi-
mental data.

When a more reductive polarization potential, such as -0.3 V vs NHE,
is applied, the difference between the two simulated impedance spectra,
corresponding to the proposed mechanisms, becomes even more pro-
nounced, as seen in Fig. 4e-4f. For the Volmer-Heyrovsky mechanism
(Fig. 4e), the spectrum displays a single semicircle, followed by a 45
diffusive tail at low frequencies, linked to mass transfer processes at
electrode surface. In contrast, when hydrogen complex formation is
considered (Fig. 4f), an inductive loop appears at low frequencies. This
inductive behavior suggests that a chemical desorption step plays a
sizeable role in determining the overall reaction rate [30,83]. Indeed,
according to our model reaction profile (Fig. S2), the application of a
polarization potential ¢ equal to —-0.3 V vs NHE reduces the forward
kinetic barrier for the Heyrovsky step forming Hy* from 0.81 eV to 0.66

eV, assuming a dependence of the kinetic barrier according to ANGf# =

AGf% + e [84]. More details are reported in Section S1. Therefore, the
energy cost to form Hy* becomes comparable to that of molecular
hydrogen desorption, 0.60 eV (Fig. S2).

Simulated EIS spectra provide additional insight that may help
distinguish between the two proposed mechanisms. Interestingly, the
Volmer-Heyrovsky impedance is more affected by diffusion control

compared to that of the molecular hydrogen Volmer-Heyrovsky mech-
anism. In the former case, the diffusion tail becomes more pronounced
as the applied potential increases.

These results suggest that it is possible to theoretically detect the
formation of hydrogen complexes on SACs during HER using EIS.

In experimental electrochemical impedance spectroscopy, it is
possible to fit measured spectra using mathematical models of imped-
ance. A possible approach involves expressing the impedance as the
ratio of two polynomials in the complex angular frequency variable. This
is an already established approach for representing impedance data,
which has been demonstrated to be mathematically equivalent to the
most famous equivalent electrical circuit representations [85,86].
Defining s = jw, for Volmer-Heyrovsky and molecular hydrogen
Volmer-Heyrovsky mechanisms it is possible to express electrochemical
impedance as:

vE a; + ass
== o 3.1
ot as + ags + s2 G.1
VH-H], a; + axs + ass?
Zye =02 (3.2)

a4 + ass + ags? + s3

Where the terms a;, az, as,... sharing the same subscript in different
equations have identical physical units (dimensions).

Comparing (3.1) and (3.2) with full expression of impedance derived
from EIS models, it is possible to find the expressions for all a; param-
eters (see Appendix B.6). In Fig. 5 all EIS parameters are reported with
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respect to polarization potential, divided by their physical dimension. It
is interesting to observe that there is a clear difference in trend between
the two proposed mechanisms.

4. Conclusions

In this work, we investigated theoretically the possibility to detect
the role of hydrogen complexes in HER on Single-Atom Catalysts. We
took a model system made of a Pd-based SAC where the support is TiN,
and model electrochemical behavior in the form of Tafel curves and
impedance spectra at different polarization potentials. The results show
how it is not possible to distinguish between the two reaction paths
through Tafel analysis. On the other hand, simulated impedance spectra
show an important difference between the two reaction paths. The dif-
ference between the two systems is further accentuated at very negative
polarization potentials, where the presence of Hy* also translates into an
inductance loop, probably due to desorption of molecular hydrogen.

These results indicate that EIS has the potential to provide insight
into the role of hydrogen complexes in SACs, as the qualitative shape of
spectra is sensitive. Indeed, the fitting of models neglecting and ac-
counting for hydrogen complexes to experimental data will help to
better understand their role in HER in Single-Atom Catalysis. This is
expected to be even more true when classical EIS is substituted by dEIS,
as the latter is known to provide a much greater amount of information
(i.e., number of spectra per single experiment) than a classical
experiment.

To conclude, we would like to propose here to raise a series of aspects
relevant to design experiments that can be used in practice to evaluate
which of the two mechanisms is dominant in the electrocatalyst under
consideration. Since diffusion is never the rate determining step of the
molecular hydrogen Volmer-Heyrovsky mechanism, one can simply
measure the impedance at different potentials and, most importantly,
RDE rotating speed. If the spectra remain unchanged upon rotation
speed change, this will mean that Hy* intermediates are present and that
their desorption is indeed the rate determining step, otherwise a more
common Volmer-Heyrovsky mechanism is probably dominant. Also, a

Supplementary materials
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study of the parameters resulting from the fitting of the experimental
data with the ratio of polynomials could also be added, as they have
different trends in the Volmer-Heyrovsky and molecular hydrogen
Volmer-Heyrovsky mechanisms and can be used to detect which model
is better suitable to fit the data. Last, one could perform quantum
chemical calculation considering and neglecting the formation of Hy*,
and use the predicted quantities to predict EIS spectra to be compared
with measured ones.
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Appendix

A. Microkinetic modeling

A.1. Volmer-heyrovsky mechanism

The Volmer-Heyrovsky mechanism consists of the following elementary steps:

K
H +e + *=H

1

k+
H +H' +e’k%H2 + %

2

Fp

(a.1.1)

(a.1.2)

(A-pFe
where kj = ki+ Q¢ RT, ki =k 0¢ RT  are the forward and backward kinetic constants for the i th step, respectively.
We define 6y as the coverage of H* intermediate adsorbed on the catalyst, N the moles of active sites per unit of area, cy+ the concentration of H"
and cy, the concentration of Hy at electrode surface. We also assume f, the symmetry factor, always equal to 0.5.

The rate of each step is:

rn = r;r — r; = k;rCHJrN(l — HH‘) — k;N9H>

ry =13 — 1y =kjcy N0y — ki, N(1 — 0-)

The main assumption of the steady-state approximation is that the rate of change in the coverage of intermediates is

(a.1.3)

(a.1.4)

doy

a- = 0. If we explicit it, we
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obtain:

dHHw _rl — I
d N

=kica (1—0n) —kiOp —kycy- O +kycm,(1 =0 ) =0 (a.1.5)

Solving (a.1.5), the following expression of the coverage of adsorbed hydrogen (H*) is obtained:

+ _
kl Cy+ + k2 CH,

Oy =
" kfew + ki +kjens + ke,

(a.1.6)

At steady-state conditions, the overall reaction rate can be expressed either asr; or r,, as they are equal. Substituting (a.1.6) in (a.1.3) it is possible
to write:

ki +kicy kicyr +k;cn
Toveral =11 = ki N L~ 2 — kN L 2% a.l1.7
el = T e e v kgt ke +hyem, L Kgene +ky F ko +kyen, @17
Finally, the Faradaic current density can be calculated as:
ki +kicys kicys +k;cn
ir = —2Froyerar = —2F |kj ¢y N L —k N L — alsg
¥ overal E S o T R (@18

In Tafel plots it is common to express log|i/ip| rather than log|i|, where iy is the exchange current density of the electrochemical reaction. The
exchange current density describes the rate at which oxidation and reduction reactions occur simultaneously and at the same rate on the surface of the
electrode when it is at equilibrium, implying:
icathodic = ianodic = iO (a.1.9)

An analytical expression of iy for hydrogen evolution can be derived by applying the steady-state approximation to the reaction rate at zero
polarization potential. For instance, considering the cathodic direction, one can proceed as follows.

o
H' +e +*:H (a.1.10)

ky

o
H*+H*+e*::H2+ * (a.1.11)

2
The rate of each step is:
rio =1y =T =k %uN(1 -0y ) — ki °NOy o (a.1.12)
o0 =Tho —Too = ki ¢ NOy o — k3 °cu, N(1 — O o) (a.1.13)

Using steady-state assumption, it is possible to find the expression of the coverage:

dog: -
0 D0 T80 e (1= O1a.0) — KO0 — K O o + K iy (1= 0 ) = O (a.1.14)
KoV ey + k3¢
0= g e (a.1.15)
ki eus + k37 + ky e +ky e,
Finally, it is possible to obtain the expression of the overall rate at zero polarization potential and then the exchange current density.
k) e + k5 c
Foven k%N 1 CH 2 CH, (a.1.16)
overall0 =110 =M K ey + K07 + K ey + K3 e,
Koy +k5¢
io = —2FToeraro = —2Fk; “cy: N LA 2 (a.1.17)
0 overat0 O e K K e + KO e,
A.2. Molecular hydrogen volmer-heyrovsky mechanism
The mechanism passing through the formation of hydrogen complexes in SAC consists of three elementary steps:
k+
H' +e + * k:H (a.2.1)
1
ky
H* +H" +e k:’H; (a.2.2)
2
ky
sz?Hz 4+ % (a.2.3)

3

where ki = k;o and k3 = kg 0 are the forward and backward kinetic constants of the chemical desorption step of molecular hydrogen.
The rate of each step is:
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ro=ri = = ke N(1= 0 —0,) ki Now
ry = r%’ -1, = k;CH»NGH* - kENHH;

r3 = r; — r; = k;NgHa 7k§CH2N<1 791.1‘« 791.1;)

(a.2.4)

(a.2.5)

(a.2.6)

In the molecular hydrogen Volmer-Heyrovsky mechanism there are two intermediates: H* and Hy*. Then, steady-state assumption imposes:

dt‘}H« rn—nry _ _
=T = ke (1 — O feH;) —k; O — Kkj O + Ky 0, = O

deHzirz—r3
d N

= ks cn- O — Ky O, — K3 Oy + ks e, (1= 0 — 0,) = 0

An expression for intermediate coverage can be found by solving a system made by (a.2.7) and (a.2.8).

_ kik; ey + kiky ey + kykscp,
kiky ey +kikgcnr + kykscn, +kiky ¢, +kiky +kiks + ko ks ey + kyks cm, + ks ks cprcn,

Oy-

O — kikyck. + kikscn, + kyks cp-ca,
2 kikycus +kikjcu +kokscm, +kiky ek +kiky +kiky + kokdcu- + kikzcn, + ki ks cuecn,

Substituting (a.2.9) and (a.2.10) in either (a.2.4), (a.2.5) or (a.2.6), it is possible to write an expression of overall rate.

kiky + kiki + ko k3 cpe

T, =r =kjcu-N
overall = L B g ks e + Ky kg e + K3 Ky, + Ky kg ¢ + krk + kikg + kg kg car + kK3 Car, + kg K Care Car,

kikycus + kikgcue + kykg e,

kiN
Y kTky e +kikycnr +kokgen, +kikyc2y +kiky +kiky +kykgcae + kiks e, + kg ks caica,

Current density is given by:
ir = —2F
kiky +kiks +kykicns
kikycnr + kikica + kykyen, +kikycd, +kiky +kyki + ko k3 e + kyks cn, + k3 k; cu+cn,
kiky ey + kikicnr + kykscn,
kiky ey +kikjcnr + kykscn, +kikyc. +kiky +kiki + ko ki cu + kyks e, + ki ks cnrcn,

kIrCHJfN

kN

Similar to Volmer-Heyrovsky mechanism, it is possible to derive the expression of exchange current density.

o
H +e +x=H'

1
K
H' +H +e =H,
2

kD.+
3
H; = H, + *

3

The rate of each step is:

o= rr_o — rio = kTOCHv N(l — gH*.O — 9Hé,0) — k;ONGH*O
Tao =T34 —Tyo = k3 ¢ Nog o — ky *Nbg; o

rsp = T';r_o — r;_o = k;’ONgHEV() — k;OCHZN(l — Oy o — F)H;O)

Steady-state assumption imposes:

dby: ro—r _ ,
= =k e (1 o — aH;AO) — k%00 — kj c- O 0 + Ky 00 = O

dgH*TO _ a0 — T30
dt N

= k;CH‘FgH*_O — k;ogHéo — k;oeﬂé,o + k;OCH2 <1 — 91.130 — aﬂé_o) =0

Solving the system made by (a.2.19) and (a.2.20), it is possible to obtain:

B K 0ky Ocu + kg Ocn +k; %ks O,
kO, Cens + ki kg Ocu + kg ks O, + kg0, + ki %ky 0 + ky ks 0 + kg kg Ok 4 ki %ks Ccn, + ki %ks Ocucn,

QH*AO

(a.2.7)

(a.2.8)

(a.2.9)

(a.2.10)

(a.2.11)

(a.2.12)

(a.2.13)

(a.2.14)

(a.2.15)

(a.2.16)

(a.2.17)

(a.2.18)

(a.2.19)

(a.2.20)

(a.2.21)
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+07.4.0 2 ~0.-0 +.07,-.0
O o ki "ky "¢ + ki ks en, +k; ks enrcn,

= (a.2.22)
7k k e K Cen Ky ks e, + KK Ok KOk K Ok K kg Cens + kg ks ew, + kg ks Ocus ca,

Finally, it is possible to obtain the expression of the overall rate at zero polarization potential and then, substituting into (a.2.12), the exchange
density current.

k;r.Ok;OCH+ + k?ok;OCHf + k;ok;OCHz

+,0 +,0
Toveral =17 =k cg+ N - —— —— - = —— — (a.2.23)
v Ky Ok i+ 0ks Cen + kg ks Cen, + ki Oky Ok + kg ky® + Ky ks + kg ks e + kg ks Cen, + ks Ok i,
,07.—,0 ,07.+,0 —,07.—-,0
i = —2Fk; ¢y N ki Ty T +k Tk Ten + K ks e (@.2.24)
! K%k, Cen + ki kg Ocms + kg ks Ocm, + ki 0ky 0. + ki ®ky® + ki Ok + ky kg Ccms + Ky ks Ocn, + Ky Oky Ocpi i
A.3. 1D diffusion correction
Levich equation allows to linearly correlate the Faradaic current density with cy+ at electrode surface:
: 3ok L bulk
ir(cy) = 0.0620nFD; Q2076 (e — c) (a.3.1)

Where Q is the rotation rate, v is the kinematic viscosity, c’;}ﬁ”‘ is the reactant concentration in bulk and cy+ is the reactant concentration at electrode

surface. From (a.3.1) it is possible to define a function that is cy+-dependent that can be used for a convergence algorithm based on Newton-Raphson
method.

fley) = _ Jwlen) + chulk _ ¢y, (a.3.2)

2 1 1
0.0620D3 Q216

Where Jy (cy+ ) = ip(cy+ ) /nF and represents the flux of H' from bulk to electrode surface. The updated value of cy+ is defined as:
Cg} = C;H 7f(c;.l+)
fley)

After achieving the convergence for ¢y, it is possible to determine the value of cy, at the same potential applying thermodynamic consistency. For
HER, reaction quotient is defined as:

(a.3.3)

Q= Cry (a.3.4)

=z
Reaction Gibbs free energy can be written as:

AG, = AG: + RTInQ (a.3.5)

Where AG; is zero for HER. From (a.3.5) reaction quotient can be also written as:

AG,
Q=¢e RT (a.3.6)
Since AG, = — nF¢, substituting (a.3.6) in (a.3.4), it is possible to find an expression for cy,.
nF
Ch, = C4.€Xp (—R—f> (a.3.7)

B. Electrochemical impedance spectroscopy modeling

B.1. Diffusion-free volmer-heyrovsky model
Electrochemical Faradaic admittance (Y = 1/Z, Zr is Faradaic impedance) can be defined as:

(b.1.1)

Where iy is the phasor of ir and ¢ is the phasor of ¢. In the case of Volmer-Heyrovsky mechanism, without considering diffusion phenomena, Faradaic

10
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current density can be expressed in function of polarization potential and adsorbed hydrogen coverage:
ip = ip(gh, O (b.1.2)

Then, we can write Faradaic current density with a first order Taylor series expansion with respect to steady-state values of applied potential (¢°)
and H* coverage (6;,.).

=1, + <ZL¢F> G- d)+ <£z ) (0 — 6, (b.1.3)
O /¢

We define the potential perturbation A¢ = (¢ —¢") and coverage perturbation Afy. = (6 — 6}.). A time-dependent term like ix(t) can be
expressed in terms of steady-state value (i) and a sinusoidal time-dependent contribution:

ip = i, + |ir|cos (ot + @) (b.1.4)

Where |ir| is the magnitude of the perturbation, o is angular frequency and ¢ is phase shift. Applying Euler’s formula, ¢ = cos(«) + jsin(a) (where j is
imaginary unit), (b.1.4) can also be expressed as:

Aip = iy — iy, = Re{ize™} (b.1.5)

Where ir = |ir|e”. A similar expression for A¢ and Ay can be easily found.
Substituting (b.1.5) in (b.1.3) and dividing by ¢, we obtain a new expression of Faradaic admittance:

i (Oip dip > On
Yr=== (= + = b.1.6
F (/} <a¢)9;{* (09;1* ” (/) ( )

(%* is the only unknown term of (b.1.6). Then, to find its expression we can write first order Taylor series expansion of the function g(¢, 0y- ), defined as

g = dfi%, with respect to steady-state values of polarization potential and H* coverage.
. o 0
g, 0n) = (4. 6) + <—g> A+ (—g) Ay (b.1.7)
op 7, 00u- )

Where g(¢°,63;) = 0. It is possible to express g(¢, ) also as:

doy. d Aoy . ~ .
8. 0n) = —= = = (O +805) = =27 = joby & (b.1.8)

Substituting (b.1.8) into (b.1.7), expressing potential and coverage perturbations in exponential form, and dividing by %, it is possible to obtain:

w0 _ (%8) (%8 Ou
A <0¢> 0 " (0911‘)4? 1 (b.1.9)

Isolating % from (b.1.9) we obtain:
»

%
b
a

On _ 2 (b.1.10)
P ()

Substituting (b.1.10) into (b.1.6), it is possible to write the expression of Faradaic admittance for Volmer-Heyrovsky mechanism in the absence of
diffusion correction.

1 (()ip) ( Oip ) b
1 (R N (b.1.11)
Ze = \p) g, "\ )y, ( t,g>

B.2. Diffusion-free molecular hydrogen volmer-heyrovsky model
Faradaic current density can be expressed in function of polarization potential and adsorbed hydrogen and hydrogen complexes coverage:

11
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ir = is (6, 01z, O (b.2.1)

Similar to the previous case of Volmer-Heyrovsky mechanism, adopting a first order Taylor series expansion of ir, it is possible to find an expression
of Faradaic admittance.

Zy op O O 00 0 ;/; aHH} ”o a o
2 2 VH

O
and —2 are unknown terms of (b.2.2). Then, to find their expressions we can write the first order Taylor series expansion of the functions g(¢, [
[

O

[

by
F)H;), defined as g = d(;—’;‘, and q ((/), O ,9H£>, defined as ¢ = %, with respect to steady-state values of polarization potential, H* and Hy* coverages.

_ (9% g g
g(qh gngH;) B <5¢)a;,*,9;,~ i <39H*)¢°,a;,~ At <69H‘ A, (b.2.3)
2 2 T

_ (9% oq 9q
q<¢7 gH*’gHi) B ( ¢>6;1x e - <30H'>¢°,€;,* A (agH’ ) A ®.24)
2 2 H*

But it is possible to express g(q’), On , Oy ) and q(d)7 On, O, ) also in another way:

doy. d -

§( O 0n) = = 2 (O + 80s.) = jobiy e (b.2.5)
doy:  d .

q(¢7 HHnHH;) = d'f =& (9;,; + Abg, ) = joOu, & (b.2.6)

Substituting (b.2.5) in (b.2.3) and (b.2.6) in (b.2.4), and dividing by $, it is possible to write:

5 o o,
i _ (élg) . (;Tg> O, (;;g) O, (b.2.7)
) b QHP% i ¢n70;qé ¢ H;, v, ¢

2

O B On;
jol% _ (% (e e (%) % (b.2.8)
¢ %) ... Ou) . 0, o,
2 2 TH*

H

O
Hy

Solving the system of equation made by (b.2.7) and (b.2.8), we find the expression of %= and —2.
¢ ¢

og aq - og og aq
. ‘(%) (ﬁ) n ‘J‘”(%), , +(w), , (a—>
O ¥, o, 0, 0,0 Ore ,HHE "G

-~ i O
H2 Hz

? — (b.2.9)
9% _9q_ o 2 _ [ _% 99 ol 2
(M’Q) (MH*) o +ie <MH*) 0 e (agﬂ’ ) 0 ("0’5) e (a(’“§>
G B 7, ¥, 7, . G
g aq g aq - aq
9 (M"*> ° 0 <%> 0.0 - (%)9' o (00"3> o0 I <7¢) 0.0
% _ (& Hy 1y 1 by (& Hy h Ouy (b.2.10)
o aq ; [ 2 _ [ % 99 7y
(ae,,;) <09H*) _ fe (aa;,) T (aa,,x) ] (ae,%) +Jjw <ae,,5>
O e 4 -"L; 4 '€H§ 4 %; 0, 0
2

Substituting (b.2.9) and (b.2.10) in (b.2.2), it is possible to write the final expression of Faradaic admittance for Volmer-Heyrovsky mechanism
mediated by the formation of hydrogen complexes.

12
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1 (i
7 (5)

[T
H*UH]

Gl \ 2
2 2
2 _ [ % 99 i oq
o to <09H~> N +Io| s, (b.2.11)
0 00, \"%) g ) yar

o 2 2 H
o8 % (% 99 —jw(%
(aem ) 0" (ad)) : ° (dd)) : ° ( HHY > °.0° ]a) (a¢> :
N ( di ) ] JIHE - JIHE - '”H; ] ‘(/H; O JI;_,;
0011«
o [ % g o -2 2 _ (% 99 iow| =%
" (asﬂi) (aa,,v> +jo <aa,,v) tw <aa,,*) ('39“2) +Jjo (oa,,;)
- * 0 o 6 . .
G s ¥, 7, G, 8, .

B.3. Diffusion model choice and its validity

To describe better the chemistry of the process it is important to add diffusion correction to our models. Different from the previous cases of
diffusion corrected steady-state microkinetic models, it is not enough just to estimate the value of cy+ and cy, at the electrode surface under steady-
state conditions, but it must also be considered that cy+ and cy, are time-dependent. This means that also active species’ concentrations are per-
turbated by the application of a potential perturbation to the system. The use of Levich equation (see A.3) implies the presence of a finite length
diffusion. That said, we decided to include a semi-infinite diffusion in our impedance model, in order to simplify the equations involved. From a
practical point of view, this is a good approximation of the system if the penetration depth generated by the alternating signal used for the impedance
study is small enough. Such depth is defined as:

5= \/% (b.3.1)

where D represents the diffusion coefficient of the species in exam (in this case H") and w is the angular frequency used in the impedance analysis. The
value of §; is to be compared to the thickness of the diffusion layer L; which can be calculated from Levich’s equation:

11 1
Ls = 1.61D30p6Q 2 (b.3.2)

where v is the kinematic viscosity and Q the rotation speed of the RDE. When §;<L, the effect of the bound is not felt, and the diffusion behave like in
the semi-infinite case. In the case of mono-dimensional diffusion, the diffusion impedance can be written in the following form: [87]

RT A,

1
4= W ﬁ5(ja})72 (b33)

where R is the gas constant, T is the temperature, n the valency, F the Faraday’s constant, ¢ the concentration of the moving species, and j the
imaginary unit. In the two case limits of reflective and transmissive boundary the factor 1; is either coth (%f) or tanh (%‘f) respectively, both

approaching a value of 1 when %‘f > 3, which ultimately translates in equation b.3.3 simplifying as that of semi-infinite diffusion. Finally, the limit
frequency below which the semi-infinite diffusion approximation holds can be calculated as follows:

1 1
Wlimit = 3.47D3p 3Q (b.3.4)

Fig. B1 reports the magnitude of the impedance spectra calculated at different RDE rotation speed and at —0.4 V for the two models, together with
the limit frequency for semi-infinite diffusion approximation. The following considerations can be drawn up:

e As previously mentioned (see Fig. 4 and the relative discussion), diffusion only plays a role in the pure Volmer-Heyrovsky model (upper panel of
Fig. B1), and only at very low potential.

e The limit frequency for semi-infinite approximation validity scales linearly with the rotation speed of the RDE, reaching circa 100 Hz at 1000 rpm
(which is the value used for all the simulations in this work).

Although this frequency is relatively high, it is possible to observe that most of the information of the model (i.e., the whole region associated with
the semicircle in the Nyquist plot) appears to be contained in the higher frequencies.

13



M. Spotti et al. Electrochimica Acta 545 (2026) 147758

Frequency /Hz
102 107" 10° 10" 10% 10® 10* 10° 10°

1 N ':"l HLRALL LA '":"l T '":"l MR IR B IR | 4

: : : VH ;

o — -
G 01} | :
G i P 3
N i P ]
001} | P .
ol VH-H,']

N B _
e 1
(@] ]
e ]
0.01 L

102 107" 10° 10" 10% 10°® 10* 10° 10°
Frequency /Hz

Fig. B1. Comparison between the Bode plots (only |Z|) of the impedance simulated at different rotation speed of the RDE for the two models. The upper panel
(Volmer-Heyrovsky model) also features the respective limit frequencies for semi-infinite diffusion, as calculated from equation b.3.4.

This is clearly seen in Fig. B2, where the Nyquist plot from a spectrum simulated with rotation speed equals to 1000 rpm and potential equals to
—0.4 V is shown.

0.08
(3Y]
§
g 0044 Seml-lr_\ﬂnltg d.n‘fusmn
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S5/ Non Valid
' — Valid
0.00 . : T
0.00 0.04 0.08 0.12 0.16
Zge 1Q cm?

Fig. B2. Nyquist plot of an impedance spectrum simulated with the VH model, rotation speed equals to 1000 rpm and potential equals to —0.4 V. The portion of the
spectrum where diffusion can be approximated as semi-infinite is shown as a straight black line, while red dotted line is used where it is not.

B.4. 1D diffusion corrected volmer-heyrovsky model
Taking into account all considerations made in the previous section, it is possible to express the Faradaic current density as:

ir = ip (¢, O, Corv , Crry ) (b.4.1)

The first order Taylor series expansion applied to (b.4.1) brings to the expression of Faradaic admittance.

L) () By () G ba
Zp 0p Oy €11 2 00y ¥, 2 @ acus ) ya. o & dcu, ¢ e, P

H

To find ¢y it is possible to solve a set of Fick’s laws, applied to flux and concentration perturbations of H" and Hy. Dy+ and Dy, are diffusion
coefficients associated with H™ and Ha.
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Adu (x,) = —Dyy, 2B (X, 0) (b.4.3)
ox
l)ACHf (x, t) _ 62ACH+ (.X'7 t)
T A (b.4.4)
AJHZ (X‘, t) = 7DH26AL(X’I) (b45)
ox
0Acy, (x,t) _bD 0*Acy, (x, 1) (b.4.6)
o R ox2 o
Making the Fourier transformation to (b.4.3)-(b.4.6) involves applying the following operations:
FTf(x,t)} =f(x, o) (b.4.7)
Jaf (x, t Jaf (x,
yt{—f E)x )} _Yxo) (ax“’) (b.4.8)
Jt{af (a"t’ t)} —j0¥ (j;t"”) (b.4.9)

Applying (b.4.7)- (b.4.9) to (b.4.3)-(b.4.6), it is possible to obtain a new set of Fick’s laws in terms of frequency-dependent fluxes and
concentrations.

Adis (x,0) — Dy, 286 (X, ®) (b.4.10)
0x
jwhcy: (x, ) = me (b.4.11)
0x
Ay (x,0) = Dy, 220X ) (b.4.12)
ox
. . 0"Acy,(x,0)
jwAcy, (x,w) = Dpg, a2 (b.4.13)
Solutions for (b.4.11) and (b.4.13) have the following expressions:
i Az
Acy+ (x, ) = M(w)e VP  N(w)e "V P (b.4.14)
Ny e
Acy, (x,0) = M (w)e VP + N (0)e VP (b.4.15)
We can impose the following boundary conditions for H':
Ifx=o0: Acgi(x,0) =0 (b.4.16)
Ifx=0: Ay (x,0) = A(—r1 —13) (b.4.17)
And for Hy:
If x=00: Acy,(x,0) =0 (b.4.18)
IFx=0: Ay (x,0) = Ar (b.4.19)
From (b.4.16) and (b.4.17) we obtain:
B Jjo
Acy+ (x, ) = N(w)e ~ V Put (b.4.20)

A(=r1 —13) = Dy [])iAcm (x, ) (b.4.21)
\ D

And from (b.4.18) and (b.4.19) we obtain:

ey [
Acy, (x,0) = N (w)e \/1:2 (b.4.22)

APy = Dy /lgﬁAcﬂz (x,0) (b.4.23)
Hy

The notation Acy: (x,w) (or Acy,(x, ®)) simply denotes the phasor ¢y (or ¢y,), which is the frequency-dependent term of the concentration
perturbation after Fourier transform. In fact, Fourier transform is defined as:
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T} = / F(t)e T dr (b.4.24)

And applying (b.4.24) to Acy-+ (x,t) brings to:
T {Aege (x,0)} = T {Cpr €'} =T (b.4.25)

It is important to underline that, under the conditions chosen for the simulation, the Fourier transform produces the same effect as the Laplace
transform, another transform typically used in signal processing. In fact, we assume steady-state is reached before the application of ac sine-wave
signals (i.e., complex variable s = jo with no transient component). Moreover, we assume periodic perturbations with a domain big enough (i.e.,
ac current and potential measured for enough periods) so that they can be approximated as infinite. Under such conditions, the two transform deliver
the same result.

Defining w = — r; — ry, it is possible to rewrite Aw and Ar; with a first order Taylor series expansion. The expression of r1 (¢, Oy, cy+ ) and ra(¢,
O, cu+, Cx, ) is defined by (a.1.3) and (a.1.4) from the microkinetic discussion.
0 ow ow ow
Aw = (—W) n (—) Ay + (—) Acy + < ) Acy, (b.4.26)
op oo oy 42 0O ¢y g2 dc g Cy2 dex, F O,
Ary = <%) N (ﬂ) Ay + ( or2 ) Acy- + (ar2 ) Acy, (b.4.27)
9/, e g2 Ou ) 5 Gy 2 ou ) o, oo 0,/ g, <

Substituting (b.4.26) in (b.4.21) and (b.4.27) in (b.4.23), expressing perturbation terms with exponential form, and dividing by &, it is possible to
write:

[io @ _ (o W\ T (w\ G (w) G
Du éi e _ (a_) + <W> L <a_) L <a > Cy (b.4.28)
He ) e G 32 H ) e, 2 ¢ CHt ) . 2 @ CH, # e, ¢
jo ¢ a a Op- d Ty [0 ¢
Dy |22 G (L) + ( r: ) O | ( ra ) G ( “) Gy (b.4.29)
Dy, ¢ op O €0 12 00y- By 2 ¢ ocy+ ¢ 2 P ocy, ¥ Oy ¢
Similar to the previous diffusion-free model, we can define the function g = %‘. This time g = g(¢, On, Cu+ ., ).
(), @), @),
¢ . o ity 0Or $ oy P acus ) g Gy P 9Cr, ) s g, b
Solving the system of equations made by (b.4.28), (b.4.29) and (b.4.30), it is possible to find the expression of the three unknown terms % fnt gnd
[

N Substituting the solutions into (b.4.2), we find the final expression of Faradaic admittance for Volmer-Heyrovsky mechanism with the inclusion of

diffusion correction.

B.5. 1D diffusion corrected molecular hydrogen volmer-heyrovsky model
In this case, in contrast to the previous one, the Faradaic current density is dependent by polarization potential, H* and Hy* coverages and just H™
concentration at electrode surface:

ip =i <¢79H*79H;7CH+) (b.5.1)

The first order Taylor series expansion applied to (b.5.1) brings to the expression of Faradaic admittance.

Zl: <?) + <;;F ) @+ <a[;iF > @Jr <aaiF > G (b.5.2)
F ¢ Oy ,9;,;C;_l+ H ‘/’0'0;1% 'C;# (/) H rﬁ".t‘)"H,c;IJr (/) Cr & Oy '9;1; (/)

The set of equations (b.4.10)-(b.4.13) and solutions (b.4.14)-(b.4.15) still describes correctly the behavior of H™ and H; concentration at electrode
surface for molecular hydrogen Volmer-Heyrovsky. But we should change the boundary conditions. For H':

If x=00: Acy+(x,0) =0 (b.5.3)

Ifx=0: Ady(x,0) = A(—r1 —13) (b.5.4)
And for Ha:

If x=00: Acy,(x,0) =0 (b.5.5)

Ifx=0: AJy,(x,0) = Ars (b.5.6)

From (b.5.3) and (b.5.4) we obtain:

o
Acy: (x,0) = N(w)e ~ V Drr (b.5.7)
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A(—11 — 1) = Dy #Acm (x, ) (b.5.8)
o

And from (b.5.5) and (b.5.6) we obtain:

e 2
Acy, (x,) = N'(w)e Py (b.5.9)
jo
Arg = DH2 7ACH2 (X,CO) (b510)
Dy,
Defining w = — r; — ry, it is possible to rewrite Aw and Ar; with a first order Taylor series expansion. The expression of r; <¢,0Hx,9,.p2,cm), Ty (qﬁ,

O, Oy, cH+) and r3 (éJH‘ O cHZ) is defined by (a.2.4), (a.2.5) and (a.2.6) from the microkinetic discussion, respectively.

ow ow ow ow

Aw = (a_) + (_69 ) NGy + <—69 > Abg; + <_d > Acy+ (b.5.11)
P/ 0y, ) o ) g e <H ) bty

Ary = (aar3 ) Oy + (aars ) A+ ( ;j ) Ack, (b.5.12)
Ot/ g0, 2 %) g 2 H2 ) 0

Substituting (b.5.11) in (b.5.8) and (b.5.12) in (b.5.10), expressing perturbation terms with exponential form, and dividing by (?5, it is possible to
write:

o Ty [ow ow O [ ow 0 ow T
Dy |22 S (—) + (—) L LA 2y (—) n (b.5.13)
Dy ¢ o G 00y p e, ¢ 00, poc O ocyr v a0, b
Dy, (|32 G _ (—ar:") O (0rs. Oy | (6r3> G (b.5.14)
*\'Du, ¢ 00y F .2 P 004, P ¢ dcp, v o0, §
H Ve Oy 5

oy
We can express the functions g = ‘”T’; and q = % starting from a first order Taylor series expansion. This time g = g(¢, 0y, cy+) and ¢ = q((pﬂm,

HHE,CHJH,CHZ).

ot — (%) N (ﬂ) O, (E) G- (b.5.15)
¢ ¢ O ot B v, ¢ ot v, O
5 0 N 5 Cu+ <

jo—2 = (a—q> + (a—q) O <aq> =y ( % ) L ( % > o] (b.5.16)
¢ b/ g, Ty o iy 06+ P e o i ¢ 0, POy i ¢ o) g, G iy ¢ dc, b O i @

Solving the system of equations made by (b.5.13), (b.5.14), (b.5.15) and (b.5.16), it is possible to find the expression of the three unknown terms

~ 5 -
% 2 and % Substituting the solutions into (b.5.2), we find the final expression of Faradaic admittance for diffusion-corrected Volmer-Heyrovsky
¢ ¢

mechanism passing through the formation of hydrogen complexes.

B.6. EIS parameters
For Volmer-Heyrovsky mechanism, after substituting Faradaic impedance expression in (2.2.6), it is possible to compare the total electrochemical
impedance expression with the following mathematical expression:

_ % (b.6.1)
Where x = jo. We obtain the following parameters:
a = - (%’i) s Ca' (b.6.2)
as = Cy (b.6.3)

— (% (2% dr) (%8 \ca

“ < (60},‘)‘#, (645) O " <6¢> o, (aeﬂ*)qsu) Ca (b.6.4)
o Oip 1 og

as = — < - (ﬂ) . Cdl + (%) ¢°> (b.6.5)
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For molecular hydrogen Volmer-Heyrovsky mechanism, after substituting (b.2.11) into (2.20), the final impedance expression should be compared
with the mathematical expression:

a; + arx + asx?

= b.6.6
a4 + asX + agx® + X3 (b.6.6)
We obtain the following parameters:
%8 ( 9q ) ( % ) 9 -
a = — — — C (b.6.7)
! by, ), \Bu) gy \0B) g \OOw,) |7
H* ll; 2 2 U HY
g 9q -1
=—| (= — C b.6.8
a; ( ang)dfgﬂ + %60, » a ( )
as =Cyl (b.6.9)
e\ ),, )., ), G, (), ),
00, ’ ) g \OD) g a. u-) s o \ 06h; - 0/ g, a.
H* H* HE 5
), 68,0, o)., (), () o)
% 4 (% n (b.6.10)
O4:) i, N 0 O Sy N g NP g NP i,
o)., @), (o), o), o), (), )
Bn) g \OD) g\, ;o 00/ . 0. \9 ) s g, \ O0ny o dl
Oip ) (0g) (0iF) ( 0g ) Oip (0q> og ( oq ) oq (aiF)
as=—| - = +( 5 - - —= +C, + —
> ( (aaﬂ* v, 0B g g \0b) g g O ) g \OOw,)  \OB) g N, ), \0Ou )y "\ 00m, o N0 g g
2 2 2 2 H* 2 H*"HY 2 H* 2
aq og 1
-C, C
a (aaw (aam> P
(b.6.11)
R (%) +Ca (ﬂ) o i o (b.6.12)
op i ) o 06k, o
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