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A B S T R A C T

Single Atom Catalysts (SACs) are an emerging frontier in heterogeneous electrocatalysis. They are made of metal 
atoms atomically dispersed on a matrix. A lot of attention has been dedicated to the study of Hydrogen Evolution 
Reaction (HER) mechanism, due to its relevance in energy conversion technologies, both with computational and 
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 Pd@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 

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 (H2*) 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 

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− + ∗ ⇌H∗ Volmer (2.1.1) 

H∗ + H+ + e− ⇌H2 + ∗ Heyrovsky (2.1.2) 

H∗ + H∗ ⇌H2 + ∗ 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: 

H+ + e− + ∗⇌
k+1

k−1
H∗ (2.1.4) 

H∗ + H+ + e− ⇌
k+2

k−2
H2 + ∗ (2.1.5) 

where k+
i = k+,0

i e−
βFϕ
RT , k−i = k− ,0

i e
(1− β)Fϕ

RT are the forward and backward 
kinetic constants for the i th step, respectively.

We here define θH∗ as the coverage of H* intermediate adsorbed on 
the catalyst, N the moles of active sites per unit of area, cH+ the con
centration of H+ and cH2 the concentration of H2 at electrode surface. We 
also assume β, the symmetry factor, always equal to 0.5.

Assuming steady-state approximation, the coverage of adsorbed 
hydrogen (H*) remains constant: dθH∗

dt = 0. As a result, the Volmer and 
Heyrovsky rates are equal, and the overall rate of the reaction can be 
expressed as either roverall = r1 = r2. (The detailed derivation is reported 
in Appendix A.1). Then, Faradaic current density can be written as:  

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: 

H∗ + H+ + e− ⇌
k+2

k−2
H∗

2 (2.1.7) 

H∗
2⇌

k+3

k−3
H2 + ∗ (2.1.8) 

where k+
3 = k+,0

3 and k−
3 = k− ,0

3 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 H2*. Then, steady-state assumption imposes: 
dθH∗

dt = 0 and 
dθH∗

2
dt = 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+ (cH+ ) and H2 (cH2 ) 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 
cH+ at electrode surface: 

iF(cH+ ) = 0.0620nFD
2
3
HΩ

1
2ν−

1
6
(
cH+ − cbulk

H+

)
(2.1.9) 

Where n is the number of electrons involved in the reaction, Ω is the 
rotation rate, v is the kinematic viscosity, cbulk

H+ is the reactant concen
tration in bulk and cH+ 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 cH+ . The change in 

iF = − 2Froverall = − 2F
[

k+
1 cH+N

k−
1 + k+

2 cH+

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

− k−
1 N

k+
1 cH+ + k−

2 cH2

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

]

(2.1.6) 
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concentration of H2 near the electrode surface has been taken into ac
count by applying the thermodynamic consistency: 

cH2 = c2
H+exp

(

−
nFϕ
RT

)

(2.1.10) 

A detailed discussion is reported in Appendix A.3

2.2. Modeling EIS

Electrochemical Faradaic admittance, YF = 1/ZF (where ZF is Fara
daic impedance), is defined as the ratio between the frequency- 
dependent current density perturbation (the phasor of iF, ĩF) and the 
frequency-dependent applied potential perturbation (the phasor of ϕ, 
ϕ̃). For the Volmer–Heyrovsky mechanism without diffusion, iF depends 
on both the polarization potential ϕ and the adsorbed hydrogen 
coverage θH∗ .

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: 

1
ZF

=
ĩF
ϕ̃
=

(
∂iF
∂ϕ

)

θ∘
H∗

+

(
∂iF

∂θH∗

)

ϕ∘

θ̃H∗

ϕ̃
(2.2.1) 

θ̃H∗

ϕ̃ 
is the only unknown term of (2.2.1) and can be derived through 

dynamic equations governing the coverage, leading to: 

θ̃H∗

ϕ̃
=

(
∂g
∂ϕ

)

θ∘
H∗

jω −

(
∂g

∂θH∗

)

ϕ∘

(2.2.2) 

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). 

1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗

+

(
∂iF

∂θH∗

)

ϕ∘

(
∂g
∂ϕ

)

θ∘
H∗

jω −

(
∂g

∂θH∗

)

ϕ∘

(2.2.3) 

To account for diffusion of H+ and H2, additional terms are intro
duced in the current expression, now depending also on concentrations: 
iF = iF(ϕ,θH∗ , cH+ , cH2 ). The resulting admittance is: 

1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2
+

(
∂iF

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

θ̃H∗

ϕ̃
+

(
∂iF

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

c̃H+

ϕ̃

+

(
∂iF

∂cH2

)

ϕ∘ ,θ∘
H∗ c∘

H+

c̃H2

ϕ̃
(2.2.4) 

Unknown terms θ̃H∗

ϕ̃
, c̃H+

ϕ̃ 
and c̃H2

ϕ̃ 
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 

complexes, the dependencies of density current are different than the 

conventional case: iF = iF
(

ϕ, θH∗ , θH∗
2
, cH+

)
. Following an analogous 

approach, the admittance becomes: 

1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

c∘
H+

+

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
,c∘

H+

θ̃H∗

ϕ̃
+

(
∂iF

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ c∘

H+

θ̃H∗
2

ϕ̃

+

(
∂iF

∂cH+

)

ϕ∘ ,θ∘
H∗ ,θ∘

H∗
2

c̃H+

ϕ̃
(2.2.5) 

Unknown terms θ̃H∗

ϕ̃
, 

θ̃H∗
2

ϕ̃ 
and c̃H+

ϕ̃ 
can again be determined by solving 

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, Cdl. 

Z =
ZF

1 + jωCdlZF
(2.2.6) 

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 Pd@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 10–5 eV between different steps. The DFT + U 
approach was used to tame the self-interaction error of pure GGA 

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

Parameter Simulation value

N/mol cm− 2 10–9

β 0.5
T/K 298
cbulk

H+ /mol L− 1 1
cbulk

H2
/mol L− 1 1

ω/rad s− 1 1 - 106

Cdl/μF cm− 2 20
DH+ /m2 s− 1 9.31⋅10–9

DH2 /m2 s− 1 4.50⋅10–9

Ω/rpm 1000
ν/m2 s− 1 10–6
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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 PBE0 data [60–62]. Geometry optimization convergence 
criterion was set to 10− 2 eV⋅Å− 1. Grimme’s D3 scheme was used to ac
count for dispersion forces [63]. Reciprocal space was sampled with a 2 
× 2 × 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 × 2 expansion of the primitive cell was considered, yielding 
lattice parameters of a = b = 8.384 Å and γ = 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: 

ΔG = ΔE − TΔS + ΔEZPE 

where ΔE is the calculated DFT energy, TΔS is the entropic contribution 

and ΔEZPE is the zero-point energy correction. TΔS of solid-state species 
was neglected, and that of gas-phase molecules was taken from Inter
national Tables. At 298 K, TΔSH2, 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 (ΔG∕=

i ) we estimate kinetic constants 
(k0

i ) using Eyring equation from the framework of transition state 
theory. 

k0
i =

KBT
h

e−
ΔG∕=

i
RT (2.3.1) 

This leads to a value of i0 equal to − 1.15 mA cm− 2 for Volmer- 
Heyrovksy and − 0.02 mA cm− 2 for molecular hydrogen Volmer- 
Heyrovsky.

Fig. 1. Adsorption configurations of H* (panel a) and H2* (panel b) on Pd@TiN.

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).

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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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 (dPdH) is 1.78 Å. It is also 
possible to adsorb H* on top of the metal atom, Fig. S1. The resulting 
structure is slightly less stable, ΔGH* = 0.22 eV, with a value of dPdH =

1.60 Å. Once H* is formed through adsorption, it is possible to form a 
hydrogen complex (H2*) characterized by dPdH = 1.88 Å. The H–H 
distance is slightly elongated (0.80 Å) with respect to the value of iso
lated H2, 0.75 Å, in line with the typical values of hydrogen complexes 
[72–74]. The formation of the complex is slightly endergonic, with 
ΔGH2* = 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 H2* 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 (ϕ) is plotted against 

log|i/i₀|, 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 Pd@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 

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.
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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 ϕ equal to –0.3 V vs NHE reduces the forward 
kinetic barrier for the Heyrovsky step forming H2* from 0.81 eV to 0.66 

eV, assuming a dependence of the kinetic barrier according to Δ̃G
∕=

f =

ΔG∕=

f + βeϕ [84]. More details are reported in Section S1. Therefore, the 
energy cost to form H2* 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 = jω, for Volmer-Heyrovsky and molecular hydrogen 
Volmer-Heyrovsky mechanisms it is possible to express electrochemical 
impedance as: 

ZVH
tot =

a2 + a3s
a5 + a6s + s2 (3.1) 

ZVH− H∗
2

tot =
a1 + a2s + a3s2

a4 + a5s + a6s2 + s3 (3.2) 

Where the terms a1, a2, a3,… 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 ai param
eters (see Appendix B.6). In Fig. 5 all EIS parameters are reported with 

Fig. 5. Simulated EIS parameters for volmer-heyrovsky (black lines) and molecular hydrogen volmer-heyrovsky mechanism (grey lines) with respect to polariza
tion potential.
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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 H2* 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 H2* 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 

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 H2*, 
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: 

H+ + e− + ∗⇌
k+1

k−1
H∗ (a.1.1) 

H∗ + H+ + e− ⇌
k+2

k−2
H2 + ∗ (a.1.2) 

where k+
i = k+,0

i e−
βFϕ
RT , k−

i = k− ,0
i e

(1− β)Fϕ
RT are the forward and backward kinetic constants for the i th step, respectively.

We define θH∗ as the coverage of H* intermediate adsorbed on the catalyst, N the moles of active sites per unit of area, cH+ the concentration of H+

and cH2 the concentration of H2 at electrode surface. We also assume β, the symmetry factor, always equal to 0.5.
The rate of each step is: 

r1 = r+1 − r−1 = k+
1 cH+N(1 − θH∗ ) − k−

1 NθH∗ (a.1.3) 

r2 = r+2 − r−2 = k+
2 cH+NθH∗ − k−

2 cH2 N(1 − θH∗ ) (a.1.4) 

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

dt = 0. If we explicit it, we 
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obtain: 

dθH∗

dt
=

r1 − r2

N
= k+

1 cH+ (1 − θH∗ ) − k−
1 θH∗ − k+

2 cH+ θH∗ + k−
2 cH2 (1 − θH∗ ) = 0 (a.1.5) 

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

θH∗ =
k+

1 cH+ + k−
2 cH2

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

(a.1.6) 

At steady-state conditions, the overall reaction rate can be expressed either as r1 or r2, as they are equal. Substituting (a.1.6) in (a.1.3) it is possible 
to write: 

roverall = r1 = k+
1 cH+N

k−
1 + k+

2 cH+

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

− k−
1 N

k+
1 cH+ + k−

2 cH2

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

(a.1.7) 

Finally, the Faradaic current density can be calculated as: 

iF = − 2Froverall = − 2F
[

k+
1 cH+N

k−
1 + k+

2 cH+

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

− k−
1 N

k+
1 cH+ + k−

2 cH2

k+
1 cH+ + k−

1 + k+
2 cH+ + k−

2 cH2

]

(a.1.8) 

In Tafel plots it is common to express log|i/i0| rather than log|i|, where i0 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 = i0 (a.1.9) 

An analytical expression of i0 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. 

H+ + e− + ∗⇌
k0,+

1

k0,−
1

H∗ (a.1.10) 

H+ + H∗ + e− ⇌
k0,+

2

k0,−
2

H2 + ∗ (a.1.11) 

The rate of each step is: 

r1,0 = r+1,0 − r−1,0 = k+,0
1 cH+N

(
1 − θH∗ ,0

)
− k− ,0

1 NθH∗ ,0 (a.1.12) 

r2,0 = r+2,0 − r−2,0 = k+,0
2 cH+NθH∗ ,0 − k− ,0

2 cH2 N
(
1 − θH∗ ,0

)
(a.1.13) 

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

dθH∗ ,0

dt
=

r1,0 − r2,0

N
= k,0+

1 cH+

(
1 − θH∗ ,0

)
− k0,−

1 θH∗ ,0 − k0,+
2 cH+θH∗ ,0 + k0,−

2 cH2

(
1 − θH∗ ,0

)
= 0 (a.1.14) 

θH∗ ,0 =
k0,+

1 cH+ + k0,−
2 cH2

k0,+
1 cH+ + k0,−

1 + k0,+
2 cH+ + k0,−

2 cH2

(a.1.15) 

Finally, it is possible to obtain the expression of the overall rate at zero polarization potential and then the exchange current density. 

roverall,0 = r+1,0 = k+,0
1 cH+N

k0,+
1 cH+ + k0,−

2 cH2

k0,+
1 cH+ + k0,−

1 + k0,+
2 cH+ + k0,−

2 cH2

(a.1.16) 

i0 = − 2Froverall,0 = − 2Fk+,0
1 cH+N

k0,+
1 cH+ + k0,−

2 cH2

k0,+
1 cH+ + k0,−

1 + k0,+
2 cH+ + k0,−

2 cH2

(a.1.17) 

A.2. Molecular hydrogen volmer-heyrovsky mechanism
The mechanism passing through the formation of hydrogen complexes in SAC consists of three elementary steps: 

H+ + e− + ∗⇌
k+1

k−1
H∗ (a.2.1) 

H∗ + H+ + e− ⇌
k+2

k−2
H∗

2 (a.2.2) 

H∗
2⇌

k+3

k−3
H2 + ∗ (a.2.3) 

where k+
3 = k+,0

3 and k−
3 = k− ,0

3 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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r1 = r+1 − r−1 = k+
1 cH+N

(
1 − θH∗ − θH∗

2

)
− k−

1 NθH∗ (a.2.4) 

r2 = r+2 − r−2 = k+
2 cH+NθH∗ − k−

2 NθH∗
2

(a.2.5) 

r3 = r+3 − r−3 = k+
3 NθH∗

2
− k−

3 cH2 N
(

1 − θH∗ − θH∗
2

)
(a.2.6) 

In the molecular hydrogen Volmer-Heyrovsky mechanism there are two intermediates: H* and H2*. Then, steady-state assumption imposes: 

dθH∗

dt
=

r1 − r2

N
= k+

1 cH+

(
1 − θH∗ − θH∗

2

)
− k−

1 θH∗ − k+
2 cH+ θH∗ + k−

2 θH∗
2
= 0 (a.2.7) 

dθH∗
2

dt
=

r2 − r3

N
= k+

2 cH+θH∗ − k−
2 θH∗

2
− k+

3 θH∗
2
+ k−

3 cH2

(
1 − θH∗ − θH∗

2

)
= 0 (a.2.8) 

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

θH∗ =
k+

1 k−
2 cH+ + k+

1 k+
3 cH+ + k−

2 k−
3 cH2

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2 + k+
1 k+

2 c2
H+ + k−

1 k−
2 + k−

1 k+
3 + k−

2 k+
3 cH+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

(a.2.9) 

θH∗
2
=

k+
1 k+

2 c2
H+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2 + k+
1 k+

2 c2
H+ + k−

1 k−
2 + k−

1 k+
3 + k−

2 k+
3 cH+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

(a.2.10) 

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. 

roverall = r1 = k+
1 cH+N

k−
1 k−

2 + k−
1 k+

3 + k−
2 k+

3 cH+

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2 + k+
1 k+

2 c2
H+ + k−

1 k−
2 + k−

1 k+
3 + k−

2 k+
3 cH+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

−

k−
1 N

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2 + k+
1 k+

2 c2
H+ + k−

1 k−
2 + k−

1 k+
3 + k−

2 k+
3 cH+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

(a.2.11) 

Current density is given by: 

iF = − 2F
[

k+
1 cH+N

k−
1 k−

2 + k−
1 k+

3 + k−
2 k+

3 cH+

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2 + k+
1 k+

2 c2
H+ + k−

1 k−
2 + k−

1 k+
3 + k−

2 k+
3 cH+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

−

k−
1 N

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2

k+
1 k−

2 cH+ + k+
1 k+

3 cH+ + k−
2 k−

3 cH2 + k+
1 k+

2 c2
H+ + k−

1 k−
2 + k−

1 k+
3 + k−

2 k+
3 cH+ + k−

1 k−
3 cH2 + k+

2 k−
3 cH+cH2

]
(a.2.12) 

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

H+ + e− + ∗⇌
k0,+

1

k0,−
1

H∗ (a.2.13) 

H+ + H∗ + e− ⇌
k0,+

2

k0,−
2

H∗
2 (a.2.14) 

H∗
2 ⇌

k0,+
3

k0,−
3

H2 + ∗ (a.2.15) 

The rate of each step is: 

r1,0 = r+1,0 − r−1,0 = k+,0
1 cH+N

(
1 − θH∗ ,0 − θH∗

2 ,0

)
− k− ,0

1 NθH∗ ,0 (a.2.16) 

r2,0 = r+2,0 − r−2,0 = k+
2 cH+NθH∗ ,0 − k− ,0

2 NθH∗
2 ,0 (a.2.17) 

r3,0 = r+3,0 − r−3,0 = k+,0
3 NθH∗

2 ,0 − k− ,0
3 cH2 N

(
1 − θH∗ ,0 − θH∗

2 ,0

)
(a.2.18) 

Steady-state assumption imposes: 

dθH∗ ,0

dt
=

r1,0 − r2,0

N
= k+,0

1 cH+

(
1 − θH∗ ,0 − θH∗

2 ,0

)
− k− ,0

1 θH∗ ,0 − k+
2 cH+ θH∗ ,0 + k− ,0

2 θH∗
2 ,0 = 0 (a.2.19) 

dθH∗
2 ,0

dt
=

r2,0 − r3,0

N
= k+

2 cH+ θH∗ ,0 − k− ,0
2 θH∗

2 ,0 − k+,0
3 θH∗

2 ,0 + k− ,0
3 cH2

(
1 − θH∗ ,0 − θH∗

2 ,0

)
= 0 (a.2.20) 

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

θH∗ ,0 =
k+,0

1 k− ,0
2 cH+ + k+,0

1 k+,0
3 cH+ + k− ,0

2 k− ,0
3 cH2

k+,0
1 k− ,0

2 cH+ + k+,0
1 k+,0

3 cH+ + k− ,0
2 k− ,0

3 cH2 + k+,0
1 k+,0

2 c2
H+ + k− ,0

1 k− ,0
2 + k− ,0

1 k+,0
3 + k− ,0

2 k+,0
3 cH+ + k− ,0

1 k− ,0
3 cH2 + k+,0

2 k− ,0
3 cH+cH2

(a.2.21) 
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θH∗
2 ,0 =

k+,0
1 k+,0

2 c2
H+ + k− ,0

1 k− ,0
3 cH2 + k+,0

2 k− ,0
3 cH+cH2

k+,0
1 k− ,0

2 cH+ + k+,0
1 k+,0

3 cH+ + k− ,0
2 k− ,0

3 cH2 + k+,0
1 k+,0

2 c2
H+ + k− ,0

1 k− ,0
2 + k− ,0

1 k+,0
3 + k− ,0

2 k+,0
3 cH+ + k− ,0

1 k− ,0
3 cH2 + k+,0

2 k− ,0
3 cH+cH2

(a.2.22) 

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. 

roverall = r+,0
1 = k+,0

1 cH+N
k+,0

1 k− ,0
2 cH+ + k+,0

1 k+,0
3 cH+ + k− ,0

2 k− ,0
3 cH2

k+,0
1 k− ,0

2 cH+ + k+,0
1 k+,0

3 cH+ + k− ,0
2 k− ,0

3 cH2 + k+,0
1 k+,0

2 c2
H+ + k− ,0

1 k− ,0
2 + k− ,0

1 k+,0
3 + k− ,0

2 k+,0
3 cH+ + k− ,0

1 k− ,0
3 cH2 + k+,0

2 k− ,0
3 cH+cH2

(a.2.23) 

i = − 2Fk+,0
1 cH+N

k+,0
1 k− ,0

2 cH+ + k+,0
1 k+,0

3 cH+ + k− ,0
2 k− ,0

3 cH2

k+,0
1 k− ,0

2 cH+ + k+,0
1 k+,0

3 cH+ + k− ,0
2 k− ,0

3 cH2 + k+,0
1 k+,0

2 c2
H+ + k− ,0

1 k− ,0
2 + k− ,0

1 k+,0
3 + k− ,0

2 k+,0
3 cH+ + k− ,0

1 k− ,0
3 cH2 + k+,0

2 k− ,0
3 cH+cH2

(a.2.24) 

A.3. 1D diffusion correction
Levich equation allows to linearly correlate the Faradaic current density with cH+ at electrode surface: 

iF(cH+ ) = 0.0620nFD
2
3
HΩ

1
2ν−

1
6
(
cH+ − cbulk

H+

)
(a.3.1) 

Where Ω is the rotation rate, v is the kinematic viscosity, cbulk
H+ is the reactant concentration in bulk and cH+ is the reactant concentration at electrode 

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

f(cH+ ) =
JH+ (cH+ )

⎛

⎝0.0620D
2
3
HΩ

1
2ν−

1
6

⎞

⎠

+ cbulk
H+ − cH+ (a.3.2) 

Where JH+ (cH+ ) = iF(cH+ )/nF and represents the flux of H+ from bulk to electrode surface. The updated value of cH+ is defined as: 

ci+1
H+ = ci

H+ −
f
(
ci

H+

)

fʹ(ci
H+ )

(a.3.3) 

After achieving the convergence for cH+ , it is possible to determine the value of cH2 at the same potential applying thermodynamic consistency. For 
HER, reaction quotient is defined as: 

Q =
cH2

c2
H+

(a.3.4) 

Reaction Gibbs free energy can be written as: 

ΔGr = ΔG∘
r + RTlnQ (a.3.5) 

Where ΔG∘
r is zero for HER. From (a.3.5) reaction quotient can be also written as: 

Q = e−
ΔGr
RT (a.3.6) 

Since ΔGr = − nFϕ, substituting (a.3.6) in (a.3.4), it is possible to find an expression for cH2 . 

cH2 = c2
H+exp

(

−
nFϕ
RT

)

(a.3.7) 

B. Electrochemical impedance spectroscopy modeling

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

1
ZF

=
ĩF
ϕ̃

(b.1.1) 

Where ̃iF is the phasor of iF and ϕ̃ is the phasor of ϕ. In the case of Volmer-Heyrovsky mechanism, without considering diffusion phenomena, Faradaic 
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current density can be expressed in function of polarization potential and adsorbed hydrogen coverage: 

iF = iF(ϕ, θH∗ ) (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 (ϕ∘) 
and H* coverage (θ∘

H∗ ). 

iF = i∘F +
(

∂iF
∂ϕ

)

θ∘
H∗

(ϕ − ϕ∘) +

(
∂iF

∂θH∗

)

ϕ∘

(
θH∗ − θ∘

H∗

)
(b.1.3) 

We define the potential perturbation Δϕ = (ϕ − ϕ∘) and coverage perturbation ΔθH∗ =
(
θH∗ − θ∘

H∗

)
. A time-dependent term like iF(t) can be 

expressed in terms of steady-state value (i∘F) and a sinusoidal time-dependent contribution: 

iF = i∘F + |iF|cos (ωt+φ) (b.1.4) 

Where |iF | is the magnitude of the perturbation, ω is angular frequency and φ is phase shift. Applying Euler’s formula, ejα = cos(α) + jsin(α) (where j is 
imaginary unit), (b.1.4) can also be expressed as: 

ΔiF = iF − i∘F = Re
{
ĩFejωt} (b.1.5) 

Where ̃iF = |iF |ejφ. A similar expression for Δϕ and ΔθH∗ can be easily found.
Substituting (b.1.5) in (b.1.3) and dividing by ϕ̃, we obtain a new expression of Faradaic admittance: 

YF =
ĩF
ϕ̃
=

(
∂iF
∂ϕ

)

θ∘
H∗

+

(
∂iF

∂θH∗

)

ϕ∘

θ̃H∗

ϕ̃
(b.1.6) 

θ̃H∗

ϕ̃ 
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(ϕ, θH∗ ), defined as 

g = dθH∗

dt , with respect to steady-state values of polarization potential and H* coverage. 

g(ϕ, θH) = g
(
ϕ∘, θ∘

H
)
+

(
∂g
∂ϕ

)

θ∘
H∗

Δϕ +

(
∂g

∂θH∗

)

ϕ∘
ΔθH∗ (b.1.7) 

Where g
(
ϕ∘,θ∘

H
)
= 0. It is possible to express g(ϕ, θH) also as: 

g(ϕ, θH) =
dθH∗

dt
=

d
dt
(
θ∘

H∗ +ΔθH∗

)
=

dΔθH∗

dt
= jωθ̃H∗ejωt (b.1.8) 

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

jω θ̃H∗

ϕ̃
=

(
∂g
∂ϕ

)

θ∘
H∗

+

(
∂g

∂θH∗

)

ϕ∘

θ̃H∗

ϕ̃
(b.1.9) 

Isolating θ̃H∗

ϕ̃ 
from (b.1.9) we obtain: 

θ̃H∗

ϕ̃
=

(
∂g
∂ϕ

)

θ∘
H∗

jω −

(
∂g

∂θH∗

)

ϕ∘

(b.1.10) 

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
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗

+

(
∂iF

∂θH∗

)

ϕ∘

(
∂g
∂ϕ

)

θ∘
H∗

jω −

(
∂g

∂θH∗

)

ϕ∘

(b.1.11) 

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: 
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iF = iF
(

ϕ, θH∗ , θH∗
2

)
(b.2.1) 

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

1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

θ̃H∗

ϕ̃
+

(
∂iF

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

θ̃H∗
2

ϕ̃
(b.2.2) 

θ̃H∗

ϕ̃ 
and 

θ̃H∗
2

ϕ̃ 
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

(
ϕ, θH∗ ,

θH∗
2

)
, defined as g = dθH∗

dt , and q
(

ϕ, θH∗ ,θH∗
2

)
, defined as q =

dθH∗
2

dt , with respect to steady-state values of polarization potential, H* and H2* coverages. 

g
(

ϕ, θH∗ , θH∗
2

)
=

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

ΔθH∗ +

(
∂g

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

ΔθH∗
2

(b.2.3) 

q
(

ϕ, θH∗ , θH∗
2

)
=

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

ΔθH∗ +

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

ΔθH∗
2

(b.2.4) 

But it is possible to express g
(

ϕ, θH∗ , θH∗
2

)
and q

(
ϕ, θH∗ , θH∗

2

)
also in another way: 

g
(

ϕ, θH∗ , θH∗
2

)
=

dθH∗

dt
=

d
dt
(
θ∘

H∗ +ΔθH∗

)
= jωθ̃H∗ejωt (b.2.5) 

q
(

ϕ, θH∗ , θH∗
2

)
=

dθH∗
2

dt
=

d
dt

(
θ∘

H∗
2
+ΔθH∗

2

)
= jωθ̃H∗

2
ejωt (b.2.6) 

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

jω θ̃H∗

ϕ̃
=

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

θ̃H∗

ϕ̃
+

(
∂g

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

θ̃H∗
2

ϕ̃
(b.2.7) 

jω
θ̃H∗

2

ϕ̃
=

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

θ̃H∗

ϕ̃
+

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

θ̃H∗
2

ϕ̃
(b.2.8) 

Solving the system of equation made by (b.2.7) and (b.2.8), we find the expression of θ̃H∗

ϕ̃ 
and 

θ̃H∗
2

ϕ̃
. 

θ̃H∗

ϕ̃
=

−

(

∂g
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

− jω
(

∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(

∂g
∂θH∗

2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ jω
(

∂g
∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ ω2 −

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

+ jω
(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(b.2.9) 

θ̃H∗
2

ϕ̃
=

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

−

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

− jω
(

∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2(

∂g
∂θH∗

2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ jω
(

∂g
∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ ω2 −

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

+ jω
(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(b.2.10) 

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. 
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1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

−

(

∂g
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

− jω
(

∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(

∂g
∂θH∗

2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ jω
(

∂g
∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ ω2 −

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

+ jω
(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

+

(
∂iF

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

−

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

− jω
(

∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2(

∂g
∂θH∗

2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ jω
(

∂g
∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+ ω2 −

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

+ jω
(

∂q
∂θH∗

2

)

ϕ∘ ,θ∘
H∗

(b.2.11) 

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 cH+ and cH2 at the electrode surface under steady- 
state conditions, but it must also be considered that cH+ and cH2 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: 

δl =

̅̅̅̅
D
ω

√

(b.3.1) 

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

Ld = 1.61D
1
3υ

1
6Ω−

1
2 (b.3.2) 

where υ is the kinematic viscosity and Ω the rotation speed of the RDE. When δl≪Ld 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] 

Zd =
RT

n2F2
λL

c
̅̅̅̅
D

√ (jω)−
1
2 (b.3.3) 

where R is the gas constant, T is the temperature, n the valency, F the Faraday’s constant, c the concentration of the moving species, and j the 

imaginary unit. In the two case limits of reflective and transmissive boundary the factor λL is either coth
(

Ld
δl

)

or tanh
(

Ld
δl

)

respectively, both 

approaching a value of 1 when Ld
δl
≥ 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: 

ωlimit = 3.47D
1
3υ−

1
3Ω (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: 

• 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.

• 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. 
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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.

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: 

iF = iF(ϕ, θH∗ , cH+ , cH2 ) (b.4.1) 

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

1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2
+

(
∂iF

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

θ̃H∗

ϕ̃
+

(
∂iF

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

c̃H+

ϕ̃
+

(
∂iF

∂cH2

)

ϕ∘ ,θ∘
H∗ c∘

H+

c̃H2

ϕ̃
(b.4.2) 

To find c̃H+ it is possible to solve a set of Fick’s laws, applied to flux and concentration perturbations of H+ and H2. DH+ and DH2 are diffusion 
coefficients associated with H+ and H2. 
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ΔJH+ (x, t) = − DH+

∂ΔcH+ (x, t)
∂x

(b.4.3) 

∂ΔcH+ (x, t)
∂t

= DH+

∂2ΔcH+ (x, t)
∂x2 (b.4.4) 

ΔJH2 (x, t) = − DH2

∂ΔcH2 (x, t)
∂x

(b.4.5) 

∂ΔcH2 (x, t)
∂t

= DH2

∂2ΔcH2 (x, t)
∂x2 (b.4.6) 

Making the Fourier transformation to (b.4.3)-(b.4.6) involves applying the following operations: 

F t{f(x, t)} = f(x,ω) (b.4.7) 

F t

{
∂f(x, t)

∂x

}

=
∂f(x,ω)

∂x
(b.4.8) 

F t

{
∂f(x, t)

∂t

}

= jω ∂f(x,ω)

∂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. 

ΔJH+ (x,ω) = − DH+

∂ΔcH+ (x,ω)
∂x

(b.4.10) 

jωΔcH+ (x,ω) = DH+

∂2ΔcH+ (x,ω)

∂x2 (b.4.11) 

ΔJH2 (x,ω) = − DH2

∂ΔcH2 (x,ω)

∂x
(b.4.12) 

jωΔcH2 (x,ω) = DH2

∂2ΔcH2 (x,ω)

∂x2 (b.4.13) 

Solutions for (b.4.11) and (b.4.13) have the following expressions: 

ΔcH+ (x,ω) = M(ω)e
x
̅̅̅̅̅̅̅
jω

DH+

√

+ N(ω)e
− x

̅̅̅̅̅̅̅
jω

DH+

√

(b.4.14) 

ΔcH2 (x,ω) = Mʹ(ω)e
x
̅̅̅̅̅̅
jω

DH2

√

+ Nʹ(ω)e
− x

̅̅̅̅̅̅
jω

DH2

√

(b.4.15) 

We can impose the following boundary conditions for H+: 

If x = ∞ : ΔcH+ (x,ω) = 0 (b.4.16) 

If x = 0 : ΔJH+ (x,ω) = Δ(− r1 − r2) (b.4.17) 

And for H2: 

If x = ∞ : ΔcH2 (x,ω) = 0 (b.4.18) 

If x = 0 : ΔJH2 (x,ω) = Δr2 (b.4.19) 

From (b.4.16) and (b.4.17) we obtain: 

ΔcH+ (x,ω) = N(ω)e
− x

̅̅̅̅̅̅̅
jω

DH+

√

(b.4.20) 

Δ(− r1 − r2) = DH+

̅̅̅̅̅̅̅̅

jω
DH+

√

ΔcH+ (x,ω) (b.4.21) 

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

ΔcH2 (x,ω) = Nʹ(ω)e
− x

̅̅̅̅̅̅
jω

DH2

√

(b.4.22) 

Δr2 = DH2

̅̅̅̅̅̅̅̅
jω
DH2

√

ΔcH2 (x,ω) (b.4.23) 

The notation ΔcH+ (x,ω) (or ΔcH2 (x, ω)) simply denotes the phasor c̃H+ (or c̃H2 ), which is the frequency-dependent term of the concentration 
perturbation after Fourier transform. In fact, Fourier transform is defined as: 
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F t{f(t)} ≡

∫+∞

− ∞

f(t)e− jωtdt (b.4.24) 

And applying (b.4.24) to ΔcH+ (x, t) brings to: 

F t{ΔcH+ (x, t)} = F t
{
c̃H+ejωt} = c̃H+ (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 = jω 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 = − r1 − r2, it is possible to rewrite Δw and Δr2 with a first order Taylor series expansion. The expression of r1(ϕ, θH∗ , cH+ ) and r2(ϕ,
θH∗ , cH+ , cH2 ) is defined by (a.1.3) and (a.1.4) from the microkinetic discussion. 

Δw =

(
∂w
∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2
+

(
∂w

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

ΔθH∗ +

(
∂w

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2
ΔcH+ +

(
∂w

∂cH2

)

ϕ∘ ,θ∘
H∗ c∘

H+

ΔcH2 (b.4.26) 

Δr2 =

(
∂r2

∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2
+

(
∂r2

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

ΔθH∗ +

(
∂r2

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2
ΔcH+ +

(
∂r2

∂cH2

)

ϕ∘ ,θ∘
H∗ c∘

H+

ΔcH2 (b.4.27) 

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 ϕ̃, it is possible to 
write: 

DH+

̅̅̅̅̅̅̅̅̅

jω
DH+

√

c̃H+

ϕ̃
=

(
∂w
∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2
+

(
∂w

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

θ̃H∗

ϕ̃
+

(
∂w

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

c̃H+

ϕ̃
+

(
∂w

∂cH2

)

ϕ∘ ,θ∘
H∗ c∘

H+

c̃H2

ϕ̃
(b.4.28) 

DH2

̅̅̅̅̅̅̅̅̅
jω

DH2

√
c̃H2

ϕ̃
=

(
∂r2

∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2
+

(
∂r2

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

θ̃H∗

ϕ̃
+

(
∂r2

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

c̃H+

ϕ̃
+

(
∂r2

∂cH2

)

ϕ∘ ,θ∘
H∗ c∘

H+

c̃H2

ϕ̃
(b.4.29) 

Similar to the previous diffusion-free model, we can define the function g = dθH
dt . This time g = g(ϕ,θH∗ , cH+ ,cH2 ). 

jω θ̃H∗

ϕ̃
=

(
∂g
∂ϕ

)

θ∘
H∗ ,c∘

H+
,c∘

H2

+

(
∂g

∂θH∗

)

ϕ∘ ,c∘
H+

,c∘
H2

θ̃H∗

ϕ̃
+

(
∂g

∂cH+

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

c̃H+

ϕ̃
+

(
∂g

∂cH2

)

ϕ∘ ,θ∘
H∗ ,c∘

H+

c̃H2

ϕ̃
(b.4.30) 

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 θ̃H∗

ϕ̃
, c̃H+

ϕ̃ 
and 

c̃H2

ϕ̃
. 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 H2* coverages and just H+

concentration at electrode surface: 

iF = iF
(

ϕ, θH∗ , θH∗
2
, cH+

)
(b.5.1) 

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

1
ZF

=

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

c∘
H+

+

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
,c∘

H+

θ̃H∗

ϕ̃
+

(
∂iF

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ c∘

H+

θ̃H∗
2

ϕ̃
+

(
∂iF

∂cH+

)

ϕ∘ ,θ∘
H∗ ,θ∘

H∗
2

c̃H+

ϕ̃
(b.5.2) 

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 H2 concentration at electrode 
surface for molecular hydrogen Volmer-Heyrovsky. But we should change the boundary conditions. For H+: 

If x = ∞ : ΔcH+ (x,ω) = 0 (b.5.3) 

If x = 0 : ΔJH+ (x,ω) = Δ(− r1 − r2) (b.5.4) 

And for H2: 

If x = ∞ : ΔcH2 (x,ω) = 0 (b.5.5) 

If x = 0 : ΔJH2 (x,ω) = Δr3 (b.5.6) 

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

ΔcH+ (x,ω) = N(ω)e
− x

̅̅̅̅̅̅̅
jω

DH+

√

(b.5.7) 
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Δ(− r1 − r2) = DH+

̅̅̅̅̅̅̅̅

jω
DH+

√

ΔcH+ (x,ω) (b.5.8) 

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

ΔcH2 (x,ω) = Nʹ(ω)e
− x

̅̅̅̅̅̅
jω

DH2

√

(b.5.9) 

Δr3 = DH2

̅̅̅̅̅̅̅̅
jω
DH2

√

ΔcH2 (x,ω) (b.5.10) 

Defining w = − r1 − r2, it is possible to rewrite Δw and Δr3 with a first order Taylor series expansion. The expression of r1

(
ϕ,θH∗ ,θH∗

2
,cH+

)
, r2

(
ϕ,

θH∗ , θH∗
2
, cH+

)
and r3

(
θH∗ , θH∗

2
, cH2

)
is defined by (a.2.4), (a.2.5) and (a.2.6) from the microkinetic discussion, respectively. 

Δw =

(
∂w
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2
,c∘

H+

+

(
∂w

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
,c∘

H+

ΔθH∗ +

(
∂w

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ c∘

H+

ΔθH∗
2
+

(
∂w

∂cH+

)

ϕ∘ ,θ∘
H∗ ,θ∘

H∗
2

ΔcH+ (b.5.11) 

Δr3 =

(
∂r3

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
,c∘

H2
ΔθH∗ +

(
∂r3

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

ΔθH∗
2
+

(
∂r3

∂cH2

)

ϕ∘ ,θ∘
H∗ ,θ∘

H∗
2

ΔcH2 (b.5.12) 

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 ϕ̃, it is possible to 
write: 

DH+

̅̅̅̅̅̅̅̅̅

jω
DH+

√

c̃H+

ϕ̃
=

(
∂w
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2
,c∘

H+

+

(
∂w

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
c∘
H+

θ̃H∗

ϕ̃
+

(
∂w

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ c∘

H+

θ̃H∗
2

ϕ̃
+

(
∂w

∂cH+

)

ϕ∘ ,θ∘
H∗ ,θ∘

H∗
2

c̃H+

ϕ̃
(b.5.13) 

DH2

̅̅̅̅̅̅̅̅̅
jω

DH2

√
c̃H2

ϕ̃
=

(
∂r3

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
,c∘

H2

θ̃H∗

ϕ̃
+

(
∂r3

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ ,c∘

H2

θ̃H∗
2

ϕ̃
+

(
∂r3

∂cH2

)

ϕ∘ ,θ∘
H∗ θ∘

H∗
2

c̃H2

ϕ̃
(b.5.14) 

We can express the functions g =
dθH∗

dt and q =
dθH∗

2
dt starting from a first order Taylor series expansion. This time g = g(ϕ, θH∗ , cH+ ) and q = q

(
ϕ,θH∗ ,

θH∗
2
, cH+ , cH2

)
. 

jω θ̃H∗

ϕ̃
=

(
∂g
∂ϕ

)

θ∘
H∗ ,c∘

H+

+

(
∂g

∂θH∗

)

ϕ∘ ,c∘
H+

θ̃H∗

ϕ̃
+

(
∂g

∂cH+

)

ϕ∘ ,θ∘
H∗

c̃H+

ϕ̃
(b.5.15) 

jω
θ̃H∗

2

ϕ̃
=

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2
,c∘

H+
,c∘

H2

+

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2
,c∘

H+
,c∘

H2

θ̃H∗

ϕ̃
+

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗ ,c∘

H+
,c∘

H2

θ̃H∗
2

ϕ̃
+

(
∂q

∂cH+

)

ϕ∘ ,θ∘
H∗ ,θ∘

H∗
2
,c∘

H2

c̃H+

ϕ̃
+

(
∂q

∂cH2

)

ϕ∘ ,θ∘
H∗ θ∘

H∗
2
,c∘

H+

c̃H2

ϕ̃
(b.5.16) 

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 

θ̃H∗

ϕ̃
, 

θ̃H∗
2

ϕ̃ 
and c̃H+

ϕ̃
. 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: 

Z =
a2 + a3x

a5 + a6x + x2 (b.6.1) 

Where x = jω. We obtain the following parameters: 

a2 = −

(
∂g

∂θH∗

)

ϕ∘
C− 1

dl (b.6.2) 

a3 = C− 1
dl (b.6.3) 

a4 = −

(

−

(
∂iF

∂θH∗

)

ϕ∘

(
∂g
∂ϕ

)

θ∘
H∗

+

(
∂iF
∂ϕ

)

θ∘
H∗

(
∂g

∂θH∗

)

ϕ∘

)

C− 1
dl (b.6.4) 

a5 = −

(

−

(
∂iF
∂ϕ

)

θ∘
H∗

C− 1
dl +

(
∂g

∂θH∗

)

ϕ∘

)

(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: 

Z =
a1 + a2x + a3x2

a4 + a5x + a6x2 + x3 (b.6.6) 

We obtain the following parameters: 

a1 = −

⎛

⎜
⎝

(
∂g

∂θH∗
2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

−

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

⎞

⎟
⎠C− 1

dl (b.6.7) 

a2 = −

⎛

⎝

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

⎞

⎠C− 1
dl (b.6.8) 

a3 = C− 1
dl (b.6.9) 

a4 = −

⎛

⎜
⎝

(
∂iF

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

−

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂g

∂θH∗
2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

−

(
∂iF

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂g

∂θH∗
2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

−

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

⎞

⎠C− 1
dl

(b.6.10) 

a5 = −

⎛

⎜
⎝ −

(
∂iF

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

(
∂g
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

−

(
∂iF
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2

)
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H∗

(
∂q
∂ϕ

)

θ∘
H∗ ,θ∘
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2

+Cdl

(
∂g

∂θH∗
2

)

θ∘
H∗ ,θ∘

H∗
2

(
∂q

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘
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2

− Cdl

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

⎞

⎟
⎠C− 1

dl

(b.6.11) 

a6 = −

⎛

⎝ −

(
∂iF
∂ϕ

)

θ∘
H∗ ,θ∘

H∗
2

+Cdl

(
∂g

∂θH∗

)

ϕ∘ ,θ∘
H∗

2

+Cdl

(
∂q

∂θH∗
2

)

ϕ∘ ,θ∘
H∗

⎞

⎠C− 1
dl (b.6.12) 

Data availability

Data will be made available on request.

References
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