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Abstract: Molecular-level understanding of electrified solid/liquid interfaces has recently been enabled
thanks to the development of novel in situ/operando spectroscopic tools. Among those, ambient
pressure photoelectron spectroscopy performed in the tender/hard X-ray region and coupled with the
“dip and pull” method makes it possible to simultaneously interrogate the chemical composition of
the interface and built-in electrical potentials. On the other hand, only thin liquid films (on the order
of tens of nanometers at most) can be investigated, since the photo-emitted electrons must travel
through the electrolyte layer to reach the photoelectron analyzer. Due to the challenging control
and stability of nm-thick liquid films, a detailed experimental electrochemical investigation of such
thin electrolyte layers is still lacking. This work therefore aims at characterizing the electrochemical
behavior of solid/liquid interfaces when confined in nanometer-sized regions using a stochastic
simulation approach. The investigation was performed by modeling (i) the electron transfer between
a solid surface and a one-electron redox couple and (ii) its diffusion in solution. Our findings show
that the well-known thin-layer voltammetry theory elaborated by Hubbard can be successfully
applied to describe the voltammetric behavior of such nanometer-sized interfaces. We also provide an
estimation of the current densities developed in these confined interfaces, resulting in values on the
order of few hundreds of nA-cm~2. We believe that our results can contribute to the comprehension
of the physical/chemical properties of nano-interfaces, thereby aiding to a better understanding of the
capabilities and limitations of the “dip and pull” method.

Keywords: in situ ambient pressure XPS; dip and pull; confined solid/liquid interface; thin-film
voltammetry; Hubbard’s model; nano-interfaces

1. Introduction

The development of in situ/operando characterization tools aiming to directly probe solid/liquid
interfaces [1-8] has greatly advanced our comprehension of molecular-level processes occurring at
these interfaces, such as specific adsorption of ions, charge transfer dynamics and electrical (Galvani)
potential formation. Several spectroscopic methods based on photon in/photon out and photon
in/electron out approaches have been developed and successfully applied to investigate electrified
solid/liquid interfaces. In recent years, ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
has proven to be a powerful in situ characterization technique, since it offers elemental and chemical
sensitivity, while simultaneously making it possible to measure local built-in electrical potentials under
realistic working conditions [9-18]. The extension of AP-XPS to high photon energies (and, therefore,
high photoelectron KEs) [7-17,19] is particularly suited for investigating solid/liquid interfaces. First,
the reduced scattering of high-energy photoelectrons by gas molecules provides detectable signal
intensity at relatively high gas pressures, up to and beyond the vapor pressure of water at room
temperature (~25 mbar). Second, photoelectrons with a KE between 2000 and 10,000 eV have an

Surfaces 2020, 3, 392-407; doi:10.3390/surfaces3030029 www.mdpi.com/journal/surfaces


http://www.mdpi.com/journal/surfaces
http://www.mdpi.com
https://orcid.org/0000-0002-3502-8332
http://www.mdpi.com/2571-9637/3/3/29?type=check_update&version=1
http://dx.doi.org/10.3390/surfaces3030029
http://www.mdpi.com/journal/surfaces

Surfaces 2020, 3 393

inelastic mean free path (IMFP) in water between approximately 5 and 20 nm, enabling the investigation
of solid/liquid junctions through electrolyte layers with thicknesses on the same order as the IMFP [7-9].

The key factor for investigating solid/liquid interfaces using electron detection is therefore the
preparation of (stable) liquid films thick enough to be representative of a realistic interface, but thin
enough to allow photoelectrons ejected from the interfacial region to penetrate and emerge from
the liquid on their path to the photoelectron analyzer [7]. Currently, two different preparation and
investigation approaches are used, which differ from each other by the side of the interface through
which the X-ray incidence and electron detection are performed [20]. In the first approach, the latter
are carried out on the “solid side” of the junction using membranes composed of few graphene layers
supporting the solid phase, the latter typically in the form of finely dispersed nanoparticles [21-24].
This method offers the great advantage of allowing gases or liquids to flow through the system, thereby
providing facile mass transport. The disadvantage is that only thin solid films can be investigated
since the photo-emitted electrons must travel through the solid phase/graphene membrane to reach
the photoelectron analyzer [7]. In the second approach, the X-ray incidence and electron detection are
instead conducted on the “liquid side” of the solid/liquid interface. This requires the preparation of a
thin liquid layer atop the solid surface [20]. This method allows investigating a broader range of solid
materials of arbitrary thickness, and it is, therefore, particularly important for photoelectrochemical
(PEC) interfaces, where the thickness of the semiconducting photoanode/cathode must match the
diffusion length of the photo excited charge carriers (typically spanning from tens to hundreds of
nm). In addition, such approach is applicable to fundamental investigations of interfaces such as the
simultaneous probing of the electrical potential distribution within the solid (i.e., band-bending) and
the liquid side of the junction (the double/diffuse layer) [11,15,25].

The preparation of liquid layers characterized by a thickness on the order of few tens of nanometer
that are stable for the duration of the measurements (often several hours) is not straightforward. So far,
three experimental procedures have been developed to obtain such “free-surface” liquid layers [7]:
the “emersion technique” (known also as “dip and pull”) [9,26-29], “the tilted sample” procedure [30],
and the “offset droplet” method [31]. These techniques, widely used within the AP-XPS community;,
share, however, two limitations: first, they can only be used with solid samples characterized by
wettable surfaces. More specifically, the contact angle 1) at the liquid meniscus must be smaller than
90° (thus indicating relatively intense interactions between the solid and the liquid). Second, the mass
transport in the liquid along the direction parallel to the solid surface is severely limited in these thin
liquid films, which limits the electrochemical current densities that can be reached during the in situ
experiments [7,32,33]. Therefore, due to the described limitations and the corresponding experimental
challenges (e.g., control and stability of nm-thick liquid layers), a detailed experimental electrochemical
investigation of such thin electrolyte layers is still lacking.

This work therefore aims at characterizing the electrochemical behavior of solid/liquid interfaces
in confined spaces, where the diffusion of reactants is limited to the direction orthogonal to the interface.
The investigation has been performed using a stochastic modeling of (i) the electron transfer (ET)
between a solid surface and a one-electron redox couple and (ii) its diffusion in solution. The simulations,
carried out using the freely available Kinetiscope program package [34], were performed for both
non-confined and confined geometries in order to provide a benchmark for our simulations and
therefore to highlight the true electrochemical properties of nano-sized interfaces. The voltammetric
response of such confined interfaces was investigated in terms of the electrolyte layer thickness,
the standard reaction rate, the potential scan rate, and the transfer coefficient. Our findings show that
the electrochemical behavior of these “confined interfaces” can be described in terms of the well-known
thin-layer voltammetry theory elaborated by Hubbard [35], due to the mass transport limitations along
the direction parallel to the solid/liquid interface. Therefore, we find that the electrochemical current
is not limited by the diffusion of reactants, but is instead controlled by the reaction rate itself at the
electrode. We also provide an estimation of the current densities developed in such confined spaces,
resulting on the order of few hundreds of nA-cm™2 at most. In particular, and in agreement with the
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Hubbard’s model, we find that the current density is a linear function of the thickness of the liquid
layer atop the solid surface. Our findings are general and valid for one-electron redox couples in both
aqueous and non-aqueous media.

We believe that our results can contribute to the comprehension of the true physical/chemical
properties of solid/liquid interfaces where the liquid side is characterized by thicknesses of few tens
of nanometers.

2. Methods: Stochastic Simulation Details

The stochastic simulations reported in this work were generated using the freely available
Kinetiscope program package, developed by F.A. Houle and W.D. Hinsberg [34]. Merging and
extending the previous numerical codes CKS and VSIM [34,36,37], Kinetiscope makes it possible to treat
the electron transfer (ET) and the Fick diffusion (FD) at the molecular level via a random walk through
the reaction event space, instead using the more typical approach involving deterministic-coupled
differential equations. This approach was therefore chosen to carry out the simulations reported in this
work because it is particularly useful to simulate small volumes (as it is the case with confined liquids)
containing a small number of molecules [38]. An extensive description of the software and tutorials
explaining how to simulate different reactive environments (including the “three dimensional scheme
with electrochemistry” example) can be found on the web page [34] and in refs. [36,37,39].

The simulated electrochemical medium was a solution at room temperature (r.t., 298 K) containing
a symmetric monovalent supporting electrolyte (e.g., C* A7) at a concentration (ionic strength, I) of
0.1 M (0.1 mol-L 7). Under these conditions, the Debye length (k~!) for the electrolyte (describing the
electrostatic screening of the charges in solution) can be calculated as follows (Equation (1)) [40]:

k! = [ereoRT/A2 x 10F)]” 1)

¢r and ¢ are the relative and vacuum (8.854 x 10712 F-m~!) dielectric permittivity, respectively. F and
R are the Faraday constant (9.64853 x 10* C-mol™!) and the molar gas constant (8.31447 Jmol 1K1,
respectively. T is the temperature (in K). For a 0.1 M aqueous solution at r.t (¢;water = 80.2 [41]),
k™! = 0.96 nm. The quantity 3k~ (2.88 nm), which is the distance in the solution at which the
electrostatic potential due to the charged electrode is reduced to 5% of its value at the electrode
surface, can be thereby taken as the thickness of the electrical double layer (EDL). Within the
Gouy—Chapman-Stern model [40], the definition of the EDL given in this study comprises the Stern
and the diffuse layer. Please note that within this definition, the thickness of the EDL is also equivalent
to the separation at which the electrostatic interaction between the charge density at the electrode
surface and an elementary charge is comparable in magnitude to the thermal energy, kgT (equal to
about 25.7 meV (4.12 x 10721 J) at r.t.).

The simulations in Kinetiscope were carried out as schematically reported in Figure 1, with the
solid/liquid interface parametrized as discrete square volume elements [34] with surface area of
1 x 1 cm?. The first element (0) is the working electrode (WE). The elements from 1 to 10 represent the
electrolyte solution atop the electrode surface, with element 1 simulating the EDL.

The simulated molecular probe was a one-electron redox couple with a diffusion coefficient D at
r.t. equal to 0.5 x 10~° cm?-s~! for both the oxidized and reduced species. The redox couple obeys the
following electrochemical equilibrium at zero overpotential (i.e., at E°) (Equation (2)):

O+e =R )

O and R indicate the oxidized and reduced species in solution, respectively.

For the “bulk interface” simulations, the liquid element size perpendicular to the electrode surface
exponentially expands from 2.88 x 10~7 cm (2.88 nm) for the element 1 to 1.0 X 107! cm for the element
10. The total thickness of the liquid electrolyte d was therefore equal to 1320 pm. This value was
chosen to ensure that the liquid layer thickness was larger than the diffusion layer thickness [ for
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all the investigated potential sweep ranges (either in the anodic or cathodic direction starting from
the equilibrium potential E° of the redox couple) and scan rates. The values of [ for all the different
simulated conditions are reported in Table 1, and have been determined using the following relation
(Equation (3)) [38]:

I =6-(D-At)” 3)

Ixy
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Figure 1. Solid/liquid interface parametrization used in this work. The elements from 1 to 10 represent
the electrolyte solution atop the WE surface (element 0), with element 1 simulating the EDL. The colored
arrows indicate electron transfer (ET) and Fick diffusion (FD) between the different elements. The right
inset reports the schematization of the two possible diffusion pathways (DP), parallel and orthogonal
to the interface.

Table 1. Diffusion layer thickness [ for all the investigated potential sweep ranges and scan rates.
The values of  have been determined using Equation (3) and the diffusion coefficient D of the redox
couple, equal to 0.5 X 1075 cm?-s~!. The electrochemical “bulk” conditions are guaranteed by the
total thickness of the liquid layer atop the electrode surface (d = 1320 um), which exceeds I for all the
investigated parameters.

Potential Scan Rate o (mV-s-1) Potential Sweep Duration Af (s)  Diffusion Layer Thickness I (um)

forAV =12V forAV =12V
25 48 930
50 24 660
100 12 465
200 6 330

For the “confined interface” simulations, we investigated three electrolyte layer thicknesses (d):
10, 20, and 30 nm. These values are in line with the typical values achieved experimentally when
performing “dip and pull” measurements [7-15,19,20]. In this case, the Ax dimensions of liquid
elements 2-10 were identical and set at a fixed value for the different liquid layer thicknesses simulated
in this work (Table 2).

Table 2. Ax dimensions for the liquid elements used to simulate a total electrolyte layer thickness of 10,
20, 30, 40, and 50 nm.

Liquid Electrolyte Layer Thickness d (nm)  Ax Element1 (EDL) (nm)!  Ax Elements 2-10 (nm)

10 2.88 0.79
20 2.88 1.90
30 2.88 3.01
40 2.88 4.12
50 2.88 5.24

L EDL thickness (defined as 3-k™!) for a supporting electrolyte concentration of 0.1 M (see text for details).

As reported in Figure 1, two transfer paths were then introduced between the liquid elements:
the ET path between the WE (element 0) and the redox couple present in the element 1 (EDL) and the
FD path between the different liquid elements (1-10). The stochastic simulations were then performed
by setting the voltammetric pattern and following the solute concentration and current flowing through
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the WE as a function of time. The simulations of the “bulk” (and “confined”) interfaces were performed
setting the number of Monte Carlo trajectories to 1 x 10® (and 1 x 10°, respectively).

The electrochemical kinetics of the ET path were implemented in Kinetiscope using the
Butler-Volmer model. The relation between the current density flowing through the electrode
at the time ¢ and the overpotential between the latter and the bulk electrolyte has the following form
(Equation (4)) [38]:

J(x=0,t) = FK>-[Co (x = 0, t)-exp [~anF/RT] — Cr(x = 0, t)-exp [(1 — a) nF/RT] (4)

k0 is the standard rate constant (in cm-s~!). The transfer coefficient & (which is a dimensionless number)
represents a measure of the symmetry of the reaction energy barrier (AG?). For a = ¥ the barrier is
symmetric. For 0 < a <2 the activated complex (or transition state) is closer to the product R, whereas
when 2 > a > 1 the activated complex is closer to the reagents O + e~ [42].

1 is the overpotential (in V), while C5(0,t) and Cg(0,t) are the concentrations (in mol-L71) of the
oxidized and reduced species at the electrode surface (x = 0) at the time f. The simulations were
performed setting a concentration of 0.5 mM at x = 0 for both the reduced R and oxidized O species,
at the equilibrium potential of the redox couple E° at t = 0. The total concentration of the redox
couple in solution at each time ¢ of the simulation was therefore equal to 1.0 mM. Different values and
combinations of k? and a were investigated, as described in the “Results and Discussion” section.

Let us now describe how the diffusion of the redox couple was treated in the stochastic simulations.
It is possible to identify two diffusional pathways (DP): parallel (DP, along the z direction in Figure 1)
and orthogonal to the sample surface (DP, along the x direction in Figure 1). It should be realized,
however, that the time scale for the diffusion along the DP, path is some orders of magnitude longer
compared to that for the DP, path, and therefore it can be ignored. To demonstrate that, we use Fick’s
first law of diffusion (Equation (5)) [38]:

J (x,y,z) =n/(X-At) = =D-VC(x, y, z) 5)

where | represents the diffusional flux, which is the number of moles of redox couple (1) contained
in a volume V that flows through the liquid layer cross-section () within the time At. VC(x, y, z) is
the concentration gradient in the solution that drives the diffusion. After rearrangement, Equation (5)
leads to the following expression for the diffusional time scale (Equation (6)), where the concentration
gradient is approximated to its finite difference along the x, y, or z direction:

At = [n/Z-1/D[VC(x, y, 2)I "} ~ In/Z-1/D-[AC(x, y, 2)/Ax, y, z] '] (6)

For the calculation, we take into account a liquid layer thickness 4 and a lateral dimension of the
electrode of 30 X 107 c¢m (30 nm) and 1.0 cm, respectively. Therefore, n = 3 X 10712 mol (for a redox
couple concentration C of 1.0 mM = 1 x 107® mol-cm~3), and the electrolyte layer cross-section Txy
(Xyz) on the xy (yz) plane is equal to 30 X 1077 em x 1.0 ecm =3 x 107® em? (1.0 cm x 1.0 cm = 1.0 cm?).
We then define At/ (At ) as the time needed to completely deplete the redox couple in the liquid layer
having DP, (DP,,) as the only active diffusion pathway (Az = 1 cm and Ax = 30 x 1077 cm, respectively,
see Figure 1). We found values for At; and At, of 2 x 10° s and 1.8 X 107° s, respectively, thereby
justifying the choice of considering the DP, as the only active pathway for the redox couple diffusion
in solution during the simulations.

The diffusion of the redox couple along the direction x between the liquid elements (DP,)
was modeled using the Fick’s second law (Equation (7)), which describes how diffusion causes the
concentration of the solutes to change with respect to time under the assumption of mass conservation
(absence of chemical reactions in solution) [38]:

ICoR(X, t)/dt = D-9*Cor(x, t)/ox* (7)
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For each investigated set of parameters, we simulated cyclic voltammograms (CVs) with the
initial and final potential fixed at = 0.0 V (i.e., at the equilibrium potential of the redox couple, E°),
acquiring a current value every 0.1 s. The initial concentration of the oxidized (O) and reduced species
(R) in solution was set to 0.5 mM, for a total concentration of the redox couple equal to 1.0 mM.

To benchmark the outputs obtained for the “confined interface”, we also simulated the
voltammetric response of a conventional “bulk interface” (4 = 1320 um) under the application
of the overpotential with different scan rates. The results for a symmetric (@ = 0.5), reversible ET
process (k" = 1.0 cm's™!) are reported in Figure 2a. The anodic and cathodic peaks, exhibiting a typical
asymmetric line shape, do not shift by varying the scan rate as expected from a purely reversible ET.
This is also confirmed by the peak-to-peak separation (App) equal to 59.16 + 0.25 mV, in agreement
with the separation expected at r.t. (T = 298 K) for one electron, Nernstian-reversible ET (In10-RT/F
~ 2.303-RT/F = 59.13 mV) [43]. The anodic (cathodic) current density at the peak maxima (minima)
is proportional to the square root of the scan rate v, as reported in Figure 2b, and in line with the
Randles-Sevcik equation for planar, semi-infinite diffusion conditions (Equation (8)) [38]:

jp A = 0.4463-(F/RT)"*-D"*-C(x = 0)o 0" (8)
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Figure 2. Simulation results of a symmetric (@ = 0.5), Nernstian-reversible (k* =1.0 cm-s7! (a,b) and
irreversible ET (k° = 1.0 X 1077 ecm-s™! (c,d) for a “bulk interface” (d = 1320 um). For both set of
simulations, the initial concentration of the oxidized and reduced species in solution was set to 0.5 mM,
for a total concentration of the redox couple equal to 1.0 mM. (a,c) and (b,d) report the simulated
cyclic voltammograms and the corresponding peak current densities as a function of the potential
scan rate v. For both ET processes, the simulations show that the peak current density obeys the
Randles-Sevcik equation.
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Figure 2c reports the simulated CVs for a symmetric (¢ = 0.5), non-reversible ET
(kO =1.0 x 1077 cm-s~!) as a function of the potential scan rate. In contrast to the fast ET, the App
between the anodic and cathodic branch of the cyclic voltammetry increases by increasing the scan
rate, with the App significantly exceeding the quantity 2.303-RT/F = 59.13 mV as expected from an
irreversible redox couple (App passes from 545 mV at a scan rate of 25 mV-s~! to 650 mV at 200 mV-s™).
Additionally, in this case, the simulations are in agreement with the experimental results [44,45],
showing that the anodic and cathodic peak currents obey Equation (8) as well (Figure 2d).

3. Results and Discussion

Now that the simulation methodology has been validated, we proceed to characterize the
voltammetric response of the “confined interface”. For this, we use the well-known thin film
voltammetry theory outlined by A. T. Hubbard in 1969 [35]. Our aim was to verify whether this model,
which has been successfully used to describe electrochemical systems with liquid film thicknesses
spannig from tens to hundreds of um [35,43,46], can also be used to qualitatively and quantitatively
describe nanometer-sized interfaces. We start by briefly summarizing the main points and equations
of Hubbard’s model.

First of all, to help discriminating between the “bulk” and “confined” regimes, and to remove the
dependency from the choice of the electrolyte layer thickness and potential scan rate, we introduce
the “Hubbard number” H. This is defined as the ratio between the electrolyte layer thickness and the
potential scan rate (H = d/v). For instance, for the simulations reported in Figure 2 (with d = 1320 um),
H went from 5.28 cm-V~!-s at a scan rate of 25 mV-s~! t0 0.66 cm-V~!-s at 200 mV-s~!. For the simulations
of a “confined interface” with d = 30 nm, H ranges instead from 1.2 x 107* cm-V~!'s at a scan rate of
25mV-s™! t01.5x 107 cm-V~'s at 200 mV-s ™!

If H < 0.5 cm-V~1s, Equation (8) does not hold and must be substituted by the Hubbard relations.
For a reversible (K >> 4 x 1072 cm-s~! [35]) monoelectronic ET, the oxidation and reduction peaks are
centered at the equilibrium potential of the redox couple (1 = 0), and are characterized by a full-width
at half-maximum (FWHM) equal to 3.530-RT/F = 90.6 mV at r.t. (T =298 K) [43]. The peak current
density j, is found to be linearly dependent on the thickness of the liquid layer (d), the concentration of
reactants at the electrode surface (C(x = 0)o r), and the potential scan rate (v) [35] (Equation (9)):

jpact® =+ VeFY/(RT)-d-C(x = 0)o g0 )

Notably, the Hubbard’s model predicts that for an irreversible monoelectronic ET the peak current
density j, depends also on the transfer coefficient & (Equation (10)):

jpac™ =+ /2.718-F2/(RT)-d-C(x = 0)o g0 (10)

This is of particular interest for fundamental investigations of electrochemical reactions, since
it makes it possible to access to the symmetry of the reagent and product free energy curves around
the reaction energy barrier. For an irreversible ET, the potential at which the oxidation and reduction
peaks are centered shifts according to Equation (11):

Mp Ac™ = £ RT/(oaF)-In [(RTK")/(aFdv)] (11)

Note that Equation (11) holds when kK9 <1.0%x107% cm-s~! and Npc,a =100 mV [35].

Taking our cue from Hubbard’s findings, we conducted a series of stochastic simulations where
the “confined interface” was investigated in terms of the electrolyte layer thickness d, the standard
reaction rate k°, the potential scan rate v, and the transfer coefficient a.
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3.1. Voltammetric Response of the “Confined Interface” for a Symmetric (o« = %2) ET as a Function of d
(v=100mV-s~1)

First, we focus our attention on the influence of the electrolyte layer thickness, d, on the
voltammetric response of the “confined interface”. We carried out a series of simulations for two
reaction kinetics, considering a reversible (fast) and an irreversible (sluggish) ET (kO equal to 1.0 cm-s™!
and 1.0 x 107 cms~!, respectively). For both kinetics, we simulated a symmetric (& = %) energy
barrier. The CVs for the reversible and irreversible ET simulated at a scan rate of 100 mV-s~! are shown

in Figure 3a,b, respectively, as a function of d (equal to 10, 20, 30, 40, and 50 nm).
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Figure 3. Simulation results for a symmetric (a = ¥2) ET between the redox couple in solution and
the electrode surface, as a function of d (at a fixed scan rate v of 100 mV-s~!); (a) reversible ET
(kK% =1.0 cm-s™1); (b) irreversible ET (k% = 1.0 x 10~ cm-s™1). For both sets of simulations, the initial
concentration of the oxidized and reduced species in solution was set to 0.5 mM, for a total concentration
of the redox couple equal to 1.0 mM.

For the reversible ET process (k” = 1.0 cm's™!), the anodic and cathodic peaks are symmetric
around the standard potential of the redox couple (n = 0). This is confirmed by the fact that the
peaks can be fitted with a single Gaussian function, as reported in Figure 4a for the anodic peak
simulated for d = 30 nm and v = 100 mV-s~!. For the irreversible ET process (k' =1.0x10"7 cm=s7}),
the voltammetric peaks are instead well-separated and exhibit a pronounced asymmetric tail at low
overpotentials. The anodic peak reported in Figure 4a, obtained for the irreversible ET with d = 30 nm
and v = 100 mV-s~!, shows that the line shape can be reproduced by using a Lognormal function.
A decrease in the reaction rate not only induces an asymmetry of the peak line shape, but also causes
a broadening of the voltammetric features (Figure 4b). A FWHM of 90.6 + 1.4 mV is found for
K¥=1.0cms™} as expected for a Nernstian-reversible ET process at r.t [43]. For K0 =1.0x10"7 em-s71,
the peak FWHM for both the anodic and cathodic peaks is instead equal to 120.6 + 1.2 mV.

Figure 4c shows the peak current density j, as a function of the electrolyte layer thickness, for the
reversible and irreversible ET processes. The trend is linear in both cases, in agreement with the
functional dependency outlined by Equations (10) and (11), respectively. Furthermore, the current
density slightly decreases when passing from reversible to irreversible ET, with the corresponding
ratio equal to 1.32. This is in agreement with the peak current density that results from the Hubbard’s
model: Equations (9) and (10) provide, in fact, a ratio equal to 2.718/(4-«) = 1.36, for a symmetric energy
barrier («x = ).

Finally, the peak overpotential ), (Figure 4d) is centered at = 0 V for all the investigated d values
for the reversible ET, whereas it shows a logarithmic dependency from d for k° = 1.0 X 10~7 cm's™},
in agreement with Equation (11).
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Figure 4. (a): Anodic peaks and corresponding Gaussian and Lognormal fits for a reversible
(K% = 1.0 cm's™1) and irreversible ET (k* = 1.0 x 1077 cm-s™1), respectively. The simulations were carried
out for a symmetric energy barrier (a = %) and setting d = 30 nm and v = 100 mV-s~!. Trends of the
peak FWHM (b), current density jp (c), and overpotential 1, (d) as a function of the electrolyte layer
thickness d (symbols). The figures also report the corresponding predictions of the Hubbard’s model
(red lines).

3.2. Voltammetric Response of the “Confined Interface” (d = 30 nm) for a Symmetric ET (o = ¥2) as a Function
of K

We simulated the electrochemical properties of the “confined interface” over a wide range of
reaction kinetics, namely 10 orders of magnitude in k°, with a symmetric energy barrier (@ = ¥). Figure 5a
reports the simulated CVs (at a fixed scan rate of 100 mV-s~1) for a reversible (A: kK = 1.0 x 1072 cm-s™1)
and three irreversible ET processes (B: K =10x10"°cem=st, C: k% =1.0 x 108 cm-s7!, and D:
K=1.0x10"10 cm-s™).

Two observations can be made by comparing the reversible and the irreversible ET processes. First,
the current density decreases when passing from reversible to irreversible ET, with the corresponding
ratio equal to 1.32, as discussed above. For the irreversible ET process, we also observe that the peak
current density remains constant for each simulated value of k°, in agreement with Equation (10).
Second, strongly asymmetric anodic/cathodic peaks characterize the irreversible ET, as discussed
above. The FWHM increases from 90.6 + 1.3 mV (3.53-RT/F = 90.6 mV [43]) for the reversible ET
to 120.6 + 1.1 mV for all kK < 1.0 x 107> ecms™'. kY = 1.0 X 107> cm's™! can therefore be taken
as a value separating the reversible from the irreversible ET. This is confirmed by the negligible
App for K > 1.0 x 107> ecm's~!, whereas for k < 1.0 X 1075 cm's~! the peak separation increases
with decreasing reaction rates (Figure 5b). For values of k’ < 1.0 x 10~ cm's™!, the trend of the
overpotential 7, ¢, A Ir at which the voltammetric peaks are centered is linear with the natural logarithm
of K9, in agreement with Hubbard’s model for an irreversible ET processes occurring in a confined
environment (Equation (11)) [35].
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Figure 5. Simulation results for a symmetric ET (a = %) between the redox couple in solution and the
electrode surface, with d = 30.0 nm. (a) CVs simulated at a scan rate v of 100 mV-s~}, as a function of the
standard rate constant k° (A: k0 = 1.0 x 1072 em-s™!, B: k% = 1.0 x 107® ecm-s™, C: k2 = 1.0 x 1078 cmis 7L,
D: k% =1.0 x 10710 em-s71). (b) Overpotentials 1, o and 17, ¢ at which the anodic and cathodic waves
are centered as a function of k? and its natural logarithm (full symbols). The solid red lines describe the
p AT and Tp """ trends as predicted by the Hubbard’s model (Equation (11)), whereas Tp Rev=ov
(E = E°) for a Nernstian-reversible ET (k% > 1.0 x 10~ cm-s~1). The initial concentration of the oxidized
and reduced species in solution was set to 0.5 mM, for a total concentration of the redox couple equal
to 1.0 mM.
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We begin the analysis by simulating a (Nernstian-reversible) fast ET process between the redox
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Figure 6. Simulation results of a symmetric (a = 0.5), Nernstian-reversible ET (k% = 1.0 cm-s™1)

between the redox couple in solution and the electrode surface, for a “confined interface” (d = 30 nm).

(a,b) Simulated voltammetric response and corresponding peak current densities as a function of the
potential scan rate v. The initial concentration of the oxidized and reduced species in solution was set
to 0.5 mM, for a total concentration of the redox couple equal to 1.0 mM.

couple in solution and the electrode surface, with @ = 0.5 and k° = 1.0 cm-s~!. To simulate the “confined
interface”, the thickness of the electrolyte layer was set to 30.0 nm. The corresponding voltammetric
response of the interface under the application of the overpotential with different scan rates is reported
in Figure 6a. As expected for a reversible ET process, the line shape of the voltammetric peaks is purely
Gaussian (with a FWHM of 90.6 + 1.1 mV) and no separation exists between the anodic and cathodic
peaks, which are centered at the equilibrium potential of the redox couple (1 =0V, E = E°) irrespective
of the scan rate. As Figure 6b shows, the current density at the anodic and cathodic peaks increases
linearly with the potential scan rate, in line with the Hubbard’s model for a reversible ET (Equation (9)).
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Let us now describe the “confined interface” for a symmetric (a = %), irreversible ET (k® = 1.0 x
1077 ecm-s~1) as a function of the scan rate. The simulated CVs are reported in Figure 7a. The FWHM
of both the anodic and cathodic peaks remains constant at around 120.6 + 1.3 mV, thereby ruling out
any effect of the scan rate on the broadening of the voltammetric waves. Finally, in agreement with
Equations (10) and (11), the peak current density j, (Figure 7c) and overpotential 1, (Figure 7d) show a
linear and logarithmic dependency on the scan rate, respectively.
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Figure 7. Simulation results for a symmetric (o = %), irreversible ET (k9 =1.0 x 1077 cm-s~1) between
the redox couple in solution and the electrode surface, with d = 30.0 nm. (a) Simulated CVs as a function
of the scan rate v. The trends of the peak FWHM, current density jp,, and overpotential 7, as a function
of v (full symbols) are reported in (b—d), respectively, together with the corresponding predictions of
the Hubbard’s model (solid red lines). The initial concentration of the oxidized and reduced species in
solution was set to 0.5 mM, for a total concentration of the redox couple equal to 1.0 mM.

3.4. Voltammetric Response of the “Confined Interface” (d = 30 nm) for an Irreversible ET
(k" = 1.0 x 10~7 em-s~1) as a Function of «

7

Finally, to explore the influence of aon the voltammetric response of the “confined interface”
(for d = 30 nm), we performed a series of simulations of an irreversible ET process (k” = 1.0 x 10~7 cm-s~1)
with aspanning a range of 0.1-1.0 and a fixed potential scan rate of 100 mV-s~!. The simulated CVs are
reported in Figure 8a. It is clear that ahas a strong influence on the FWHM, the magnitude, and the
potential at which the voltammetric waves are centered. The FWHM of both the anodic and cathodic
peaks decreases when aincreases (Figure 8b). We found that the trend can be fitted with the following
function (Equation (12)):

FWHM,, o ¢ = RT/(3.926:F-)-In [V2/(10~5-RT)] (12)
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Figure 8. Simulation results for an irreversible ET (k = 1.0 x 1077 cm-s~!) between the redox couple in
solution and the electrode surface, with d = 30 nm. (a) CVs simulated at a scan rate v of 100 mV-s~}, as a
function of the transfer coefficient a. The trends of the peak FWHM, current density j,, and overpotential
1p as a function of & (full symbols) are reported in (b-d), respectively, together with the corresponding
predictions of the Hubbard’s model (solid red lines). The initial concentration of the oxidized and
reduced species in solution was set to 0.5 mM, for a total concentration of the redox couple equal to
1.0 mM.

Note that for o = V2 Equation (12) provides a value of 120.6 mV, in agreement with the findings
reported in the previous sections. With regard to the peak current density, Figure 8c shows that j, is
directly proportional to «, in agreement with the predictions of the Hubbard’s model (Equation (10)).
Similarly, the trend of the peak overpotential 1, as a function of a is well described by Equation (11),
as shown by Figure 8d.

4. Conclusions

In conclusion, in this work we described the electrochemical properties of solid/liquid interfaces
where the electrolyte layer thickness is limited to a few tens of nanometers. The investigation was
performed using stochastic modeling of the electron transfer between a solid surface and a one-electron
redox couple and its diffusion in solution. The following points summarize our findings and link
them to existing experimental results obtained using in situ AP-XPS coupled with the “dip and
pull” technique.

1. We show that the electrochemical response of nanometer-sized interfaces can be described with
the thin-layer voltammetry theory originally elaborated by Hubbard for liquid layer thicknesses
spanning from tens to hundreds of micrometers. For both space scales, the common dominant



Surfaces 2020, 3 404

factor is that the diffusion of reactants is confined to the direction orthogonal to the interface.
This is in agreement with our recent experimental work where the oxygen evolution reaction (OER)
was investigated on a poly crystalline Pt surface immersed in 1.0M KOH aqueous solution [32].
Under those conditions, the hydroxyl anions present in the solution were depleted from the thin
liquid layer due to the ongoing oxidation to molecular oxygen, eventually causing the loss of
potential control at the interface [32]. We concluded that the applied overpotential (~700 mV
with respect to the thermodynamic water oxidation potential, +1.23 V vs. RHE) sustained an
electrolyte consumption rate in the thin electrolyte layer that was not counterbalanced on the
same time scale by the diffusion rate from the macroscopic liquid meniscus.

2. Weinvestigated the confined interface by simulating reversible and irreversible electron transfer
processes as a function of the liquid layer thickness. For irreversible electron transfers, we find
that the current density and the line shape of the voltammetric features are strongly dependent
on the symmetry of the reactant and product free energy curves around the energy barrier.
In addition, for both types of electron transfers, we observe that the current density is a linear
function of the liquid layer thickness, and that the peak current density values are on the order of
hundreds of nA-cm~2 at most. It is noteworthy to compare this value with the one experimentally
retrieved using two different working electrode configurations, as reported in ref. [13]: the first
preserved the usual “dip and pull” geometry [7,13], while in the second one the bottom part of the
sample immersed in the electrolyte was masked to approximate the current density reached at the
“confined interface” [13]. We determined a current density ratio between the two experimental
configurations of about 3, with the current density for the “masked” working electrode reaching
some hundreds of pA-cm~2 at most [13]. The discrepancy between this value and the one obtained
in this work from the stochastic simulations can be easily explained in terms of the macroscopic
liquid meniscus still present on the “masked” electrode, ensuring the necessary electrochemical
continuity between the electrolyte layer on the sample and the bulk solution [13]. We use the
capillary length as a “yardstick” to characterize the curvature of the meniscus, finding a value of
about 4 mm for the liquid water/water vapor interface at r.t [47]. Therefore, although showing
an expected decreasing trend when passing from a “bulk” to a “confined interface”, the current
density values found in ref. [13] are dominated by the presence of the meniscus and do not capture
the true properties of electrolyte layers with thicknesses limited to few tens of nanometers.

We believe that our results provide information about the fundamental electrochemical properties
of electrolyte layers at the nanometer scale. Our approach and the corresponding results are general
and valid for both aqueous and non-aqueous media. In particular, we believe that this study can
contribute to a better understanding of the results obtained so far using the “dip and pull” method.
In addition, we think that the findings described in this work can be beneficial for planning future
experimental investigations using the same approach. For instance, the fact that the electrochemical
current in such “confined interfaces” is ultimately limited by the reaction rate at the electrode opens up
the possibility of directly investigating reaction kinetics coupling the “dip and pull” method with in
situ time-resolved spectroscopies.
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