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Scanning electrochemical microscopy (SECM) in the feedback mode was used to analyze the complete mecha-
nism of the hydrogen oxidation reaction (hor). A general SECM equation was proposed to carry out the kinetic
analysis of the dependences of the tip current (iT) on the substrate potential (ES) and on the tip-substrate distance
(d). This SECM equation involves the contribution of a thin-layer cell (TLC) with no aprioristic restrictions about
the reaction mechanism. A dependence of the TLC current on ES previously developed for the hor operating
through the Tafel-Heyrovsky-Volmermechanismwas included in the proposed SECMmodel. The domain of con-
ditions where the equation properly reproduces the SECM responses was determined by contrasting the calcu-
lated iT(ES, d) dependences with simulated curves obtained by a numerical method using varied kinetic and
geometric parameters. The experimental conditions where the model can be used were explored by analyzing
the hor on Pt. The present treatment provides a versatile tool for the application of SECM to the kinetic andmech-
anistic analysis of the hor, which can be easily adapted for the analysis of anymulti-step electrocatalyzed reaction
on infinite substrates.
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1. Introduction

Scanning electrochemical microscopy (SECM) is a powerful electro-
chemical technique for the analysis of reaction mechanisms of
electrocatalyzed reactions [1–3]. The great spatial resolution of this
technique allows to restrict the kinetic analysis over confined
submicrometer-sized domains of a macroelectrode and to achieve
high mass transport rates (equivalent to those attained with micro-
and nanoelectrodes). These properties make SECM (and its variants)
an exceptional tool to analyze the effects of the surface state on reac-
tions electrocatalyzed by heterogeneous electrode surfaces (i.e. struc-
tural [4–6], conformational [7,8], and compositional [9–11] effects).
The technique has already been employed to study mechanistic aspects
of a number of emblematic reactions in Electrocatalysis, which in gener-
al involve several elementary steps and the participation of one ormore
adsorbed intermediates, as are the hydrogen electrode reaction (HER)
and the oxygen electrode reaction (OER) [1,2]. More specifically, the
HERwas studied by SECM in different operationmodes, both to analyze
its cathodic branch, the hydrogen evolution reaction (her) [12–17], and
its anodic branch, the hydrogen oxidation reaction (hor) [7,10,17–27].
This last one (which is defined in acid media by Eq. (1)), is
).
technologically important in energy conversion systems such as hydro-
gen-based fuel cells [28] where it operates on the anode under mixed
control in the highly demanding mass-transport optimized conditions
of real devices. Thus, the hor mechanism and kinetics play important
roles in the anode performance. Besides, the knowledge of mechanisms
related with poisoning by CO or impurities in the fuel, and with the tol-
erance to poisoning by cooperative effects still requires deeper investi-
gations.

H2 gð Þ⇆2Hþ þ 2e− ð1Þ

Under these premises, the hor on different types of electrodes was
analyzed using both feedback-based and generation collection modes.
Bard and co-workers [18] were the first to analyze the hor by SECM
pointing to understand the metal oxidation and adsorption of anions
at high overpotentials. Contemporarily, Hillier and co-workers reported
a kinetic analysis of the hor in the presence of CO on polycrystalline Pt
[19,21], on Pt nanoparticle ensembles [20], and on combinations of Pt,
Ru and Mo through combinatorial studies [22]. Furthermore, Zoski
[23] carried out a kinetic study of the hor on polycrystalline Pt, Ir and
Rh using feedback-based approach curves to obtain the exchange cur-
rent densities on these metals. More recently, studies of the hor onmul-
timetallic catalysts [10,24], supported nanoparticle arrays [17,25] and
single nanoparticles [7] were reported. These works proved the
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usefulness of SECM to reveal mechanistic details of this reaction even
though they used approximate models to describe the hor mechanism
(single step irreversible reaction [29]).

The kinetic analysis of electrode reactions by SECM in the feedback
mode was recently comprehensively reviewed [30]. This type of study
is usually carried out by correlation of experimental dependences of
the tip current (iT), or of its normalized value (IT) respect to the current
at infinite tip-substrate distance (iT,∞), on the normalized tip-substrate
distance (L= d/a, where a is the tip radius) and on the substrate poten-
tial (ES). The theoretical dependences to perform the correlations were
generated by solving the diffusion equations for the SECM geometry
and assuming a particular reaction mechanism for the substrate elec-
trode reaction. On this sense, numerically simulated IT-L-Es curves for
a single Butler-Volmer type electrode reaction at the substratewere ear-
lier reported [31] and can be used to analyze single-step electrode reac-
tions. Moreover, an analytical equation is available for an irreversible
first-order reaction [29]. For the case of electrode reactions whose
mechanisms involve more than one elementary step, these theoretical
formalisms can be applied only in restricted potential ranges where
one step becomes the rate determining step and a first-order depen-
dence of the reaction rate on the reactant surface concentration is ac-
complished [32]. Thus, the rate constant (or the exchange current
density) measured under these conditions is only an apparent indicator
of the electrocatalytic activity and can hardly be related to the complete
set of elementary kinetic parameters.

The hor operates by a three-step mechanism known as Tafel-
Heyrovsky-Volmer (THV) mechanism, which in acid media involves
steps (2) to (4) [32] (where S denotes an active site). The reaction pro-
ceeds simultaneously by two independent routes, which are the Tafel-
Volmer and the Heyrovsky-Volmer routes, respectively [33]. The contri-
bution of each of these routes to thewhole reaction rate depends on the
relative values of the elementary kinetic parameters. Thus for example,
experiments carried out on Pt rotating disk electrodes (RDEs) [34,35],
nanoelectrode arrays [36,37], and ultramicroelectrodes (UMEs) [38,
39] in acid media demonstrated that the hor operates principally
through the Tafel-Volmer route at low overpotentials (b0.2 V) and it
reaches a kinetic limiting current (current plateau) before the
Heyrovsky-Volmer route becomes significant. For a direct observation
of the transition between both routes, the diffusion limiting current
density must be large enough (for example that verified on sub-mi-
crometer UMEs [38] or highly-dispersed ensemble electrodes [36]) to
become significantly different to the kinetic limiting value.

H2 gð Þ þ 2 S⇆2SHad Tafel ð2Þ

H2 gð Þ þ S⇆SHad þHþ þ e− Heyrovsky ð3Þ

SHad⇆SþHþ þ e− Volmer ð4Þ

Taking into account the advantageous mass-transport properties of
SECM, it is clear that this technique is particularly useful for the exami-
nation of the hormechanism and for the determination of its elementa-
ry kinetic parameters on any substratematerial, but a proper theoretical
model to correlate the experimental IT(Es, L) curves should be used. On
that sense, there were a few attempts to generate more general models
by applying corrections to the ideal thin-layer cell (TLC) configuration
[40,41], which can be rigorously solved for the particular mechanism
of the analyzed reaction. Moreover, a formalism to analyze the hor on
an ideal TLC was already reported [42]. Thus, by incorporating this for-
malism in the TLC-based SECM theoretical equations, it should be possi-
ble to develop a model to carry out the mechanistic analysis of this
reaction and the quantification of the complete set of elementary rate
constants. In this context, this work reports a general equation for the
analysis of IT(ES, L) dependences, which introduces the TLC contribution
in such a way that any reaction mechanism occurring at the substrate
can be accounted. This equation is applied to describe the SECM
feedback both for a typical quasi-reversible reaction (to test it against
a well-known case) and for analyzing the THV mechanism of the hor,
and contrasted with results of numerical simulations to verify its de-
scriptive capabilities. The use of this equation to correlate experimental
results is shown and discussed.

2. Theory

2.1. Analytical model

2.1.1. General model
A recent model that incorporates the TLC contribution as a TLC cur-

rent (iTLC) into the dependence of IT on ES and on L was reported by
Zoski et al. [40] to carry out SECM tip voltammetry experiments on re-
versible reactions. On the basis of this model, the analytical expression
for IT given by Eq. (5) is proposed here.

IT ES; Lð Þ ¼ ITLC ES; Lð Þφ Lð Þ þ Idisk ES; L; tð Þ ð5Þ

The core of this equation is the dependence of the normalized TLC
current (ITLC = iTLC/iT,∞) for the reaction under study (for example the
hor) on ES andon L. This is affected by a parameterφ(L)=(4/π)Lβ(IPFT−
INFT), which guarantees the attainment of the positive and negative
feedback normalized limiting currents (IPFT and INFT, respectively),
where β is the correction factor due to the finite tip-sheath radius (rg),
which depends on the ratio Rg = rg/a [29].

The reaction at themicroelectrode tip is the backward reaction of the
substrate operating under diffusion control. Then, Eq. (5) also involves
the term Idisk defined by Eq. (6), which incorporates the contribution
of the diffusion-limiting current at the microelectrode tip at a distance
L (iT,L) normalized respect to iT,∞.

Idisk ES; L; tð Þ ¼ iT;L ES; L; tð Þ
iT;∞

� �
INFT Lð Þ ¼ c ES; L; tð ÞINFT Lð Þ ð6Þ

Note that iT,L can be approximated by iT,L=4βFDC(L)a [40], where D
is the diffusion coefficient of the tip reactant, C(L) is the local concentra-
tion at the distance L of the tip reactant, which could depend on ES and
time (t), and F is the Faraday constant. Moreover, iT,∞=4βFDC⁎a, where
C⁎ is the bulk concentration of the tip reactant. Thus, iT,L/iT,∞ results equal
to the dimensionless reactant concentration (c = C(L)/C⁎) at the dis-
tance L. In fact, the radial diffusion toward the disk tip is affected by
the blocking effect that the substrate causes at a certain distance L. In
Eq. (6) this effect is accounted by INFT [40]. Over the ES interval where
the substrate reaction proceeds in the studied direction (opposite to
the tip reaction) the tip reactant concentration should not be modified
(C= C⁎ for all L), so c= 1. However, over the ES interval where the re-
action proceeds at the tip and at the substrate in the same direction, the
reactant concentration is modified by the substrate, producing a time-
dependant concentration profile (so called “shielding effect” [43]). As
the substrate is infinite, the mass transport of the reactant toward its
surface is carried out by linear diffusion. Then, under shielding condi-
tions the value of c depends on ES, on L, and on t. Such c(ES,L,t) depen-
dence is determined by the reaction rate at the substrate, which is
governed by the kinetics of the reaction.

The mechanism and kinetics of the studied reaction defines the
ITLC(ES,L) and c(ES,L,t) dependences. Two different cases are presented
in this work. The first case is the quasireversible single-step reaction,
which is verywell known and can be used as amodel-system for testing
Eq. (5). The second case, which is the actual focus of thiswork, is the hor
operating through the THVmechanism (Eqs. (2)–(4)). In both cases, re-
ported expressions for IPFT, INFT and β [29] were used.

2.1.2. Quasi-reversible single-step reaction
For a quasi-reversible single step oxidation reaction (R ⇆ O + e−)

operating at the substrate, the ITLC(ES,L) and c(ES,L,t) dependences
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were previously reported [43]. These are rearranged in Eqs. (7) and (8)
(for equal diffusion coefficients of O and R), where Θ = exp[F(ES − E-
ref) / RT] (Eref in this case is the standard potential of the reaction, E0),
Λ= k0a/DO (k0 is the standard rate constant), and τ= DOt/a2 is the nor-
malized time.

ITLC ES; Lð Þ ¼ π=4βð ÞΘ
ΛΘα þ Θþ 1ð ÞL ð7Þ

c ES; L; τð Þ ¼
Θþ erf

L
2
ffiffiffi
τ

p
� �

þ eΛ
1þΘ
Θαð Þ LþΛ 1þΘ

Θαð Þτ½ �erfc L
2
ffiffiffi
τ

p þ Λ
1þ Θ
Θα

� � ffiffiffi
τ

p� �
1þ Θ

ð8Þ

2.1.3. The hydrogen oxidation reaction
The ITLC(ES,L) for the hor can be obtained by rearranging the hor TLC

current density previously reported [42] and expressing it in terms of L
and iT,∞, which results in Eq. (9). The involved parameters are the cover-
age of Had at a certain value of ES (θ) and at the reference potential con-
ditions (θe) [42], the normalized equilibrium elementary rates Ve

i =
veia / (DH+C⁎H+) (where i indicates the elementary step V,H,T) and
the symmetry factor α of both electrochemical steps. The Frumkin ad-
sorption isotherm introduces the term Γ = exp[u(θ − θe)] (where u is
the Frumkin interaction parameter) and the symmetry factor of the ad-
sorption process (λ) [35]. The reference potential involved inΘ is the re-
versible hydrogen electrode (ERHE) at C⁎H+ and PH2 = 1 atm. The
parameter ξ is defined as ξ = DH+C⁎H+/(2DH2C

ref
H2) = C⁎H+/

3.59 × 10−4 (dm3 mol−1) [44,45], where CrefH2 is the solubility of H2

at PH2 = 1 atm. From theses equalities, both the ITLC(ES,L) and the
θ(ES,L) dependences can be obtained.

ITLC ¼
π
4β

� �
Ve
V

θ
θe

� �
Γþ Ve

Hξ
1−θ
1−θe
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Θ
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ð9Þ

On the other hand, the rigorous c(ES,L,t) analytical profile should also
be derived by solving the hydrogen evolution reaction on the infinite
substrate. This is a rather difficult problem if the complete mechanism
is considered. However, an approximated expression can be obtained
assuming a Butler-Volmer type dependence with an exchange current
density (jo = Fvo) calculated with the contributions of all the elementa-
ry step rates [44]. To gain even more simplicity a linear concentration
profile can be considered through the diffusion layer thickness (δ). Be-
sides, taking into account the time-dependence of δ given by the Cottrell
equation [46], δ=(πDH+t)1/2, an approximate c(ES,L,t) dependence can
be established by Eq. (10), valid for L b (πτ)1/2, where the term IS(ES,t) is
defined by Eq. (11) and Vo = voa/(DH+C⁎H+).

c ES; L; τð Þ ¼ 1−IS ES; τð Þ½ � þ Lffiffiffiffiffiffi
πτ

p
� �

IS ES; τð Þ ð10Þ

IS ES; τð Þ ¼ 1þ ξe2 F ES−Erefð Þ=RT
2

þ e2 1−αð ÞF ES−Erefð Þ=RT
2Vo ffiffiffiffiffiffi

πτ
p

 !
−

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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πτ

p
 !2

−1

vuut ð11Þ
2.2. Simulations

Steady state IT(ES,L) curves were simulated by an iterative explicit fi-
nite difference method [47,48] written in Fortran programming lan-
guage. The SECM discrete model for carrying out the finite different
method is identical to that previously reported and fully described else-
where [40] with the tip operating under diffusion limiting conditions.
The only difference is the boundary condition at the substrate surface,
which relates the fluxes and concentrations of reactants and products
at this locationwith the reactionmechanism. For a quasireversible reac-
tion the reaction rate (v) was defined in term of the surface concentra-
tions by the Butler-Volmer equation. For the hor, the THV mechanism
was incorporated into the SECMmodel through the boundary condition
given by Eqs. (12)–(15) [44], where v(r), vi(r), θ(r) and Csi(r) are the re-
action rate, the elementary rates, the coverage of Had and concentra-
tions of dissolved species at the substrate surface, respectively, at the
radial coordinate r from the tip axial axis.

2v rð Þ ¼ vV rð Þ þ vH rð Þ ¼ 2 vH rð Þ þ vT rð Þ½ � ¼ 2 vV rð Þ−vT rð Þ½ � ð12Þ

vT rð Þ ¼ veT
Γ rð Þ2λ

Cs
H2

rð Þ
Cref
H2

 !
1−θ rð Þ
1−θe

� �2

−
θ rð Þ
θe

� �2

Γ rð Þ2
" #

ð13Þ

vH rð Þ ¼ veHΘ
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Γ rð Þλ
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rð Þ
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Hþ

� �
1−θ rð Þ
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ð15Þ

Time-based iterations were carried out from the initial conditions,
and the steady-state situation at a certain pair of ES and L values was
set when no significant changes on time were detected for the calculat-
ed concentrations and coverage values. The calculations started from an
anodic ES value thatwas kept during a quiet time (τqt = 100) and the ES
valuewas changed every steps of−0.05 V (for the quasireversible case)
and of−0.02 V (for the THV case) with step times τstep = 50. It should
be noted that for ES–Eref b0 the shielding effect is important [43] and a
true steady state cannot be reached. The computation of v(r) and of
θ(r) necessary for recalculation of the surface concentrations every
cycle in the finite difference method was carried out by a Newton-
Raphson iterative algorithm [49].

3. Experimental

3.1. Chemical and materials

Analytical grade lithium perchlorate, sulphuric acid (98%), and
perchloric acid (70%) from Merck (Germany) were used as received.
Water was deionized with an exchange resin, doubly distilled, and
treated with a Purelab purifier (Elga Labwater, resistivity
≥18.2 MΩ cm). Compressed gases (Ar 99.998% and N2 99.999%) were
from Indura (Argentina). Glassy carbon (GC) plates (1 mm thick, type
I) used as film supports were from Alfa Aesar (USA).

3.2. Instrumentation

Scanning electrochemical microscopy experiments were carried out
using a home-built SECM instrument described elsewhere [45]. A sput-
ter coater EmitechK500X (UK) operating at 2 kVwith Ar at a pressure of
0.1 mbar, furnished with a Pt disk target, was used for metallization of
GC substrates with Pt. A benchtop Scanning Electron Microscope
PhenomWorldmodel PROX (The Netherlands) was used for acquisition
of SEM images of backscattered electrons.



Fig. 1. Simulated (symbols) and calculated (lines) IT(ES) dependencies for a single-step
quasi-reversible reaction at L = 0.1 (a), 0.3 (b) and 0.8 (c) for the values of Λ indicated
in the figure. τ = 50. Lines below the IT(ES) dependencies show the difference between
simulated and calculated IT values (dashed lines indicate null difference).
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3.3. Electrodes

Disk-shaped SECM tips (diameter b 25 μm)were fabricated by heat-
sealing sharpened Pt wires in borosilicate glass capillaries followed by
polishing, as it was described elsewhere [50]. A Hg/calomel electrode
in saturated KCl solution was used as reference electrode, but all poten-
tials are referred to the Reversible Hydrogen Electrode (RHE) in the
same solution and at 1 atm of H2 pressure. A Pt wire (1 mm diameter)
was used as counter-electrode. SECM substrates were GC-supported
thin films of Pt deposited by sputtering at 30 mA for 4 min. These elec-
trodes were electrochemically treated by cyclic voltammetry in 0.5 M
H2SO4 between 0 V and 1.4 V vs. RHE until reproducible cyclic voltam-
mograms (CVs) were obtained, which allowed the estimation of the
electroactive areas from the adsorbed-hydrogen electro-desorption
charge [51]. A 0.3-mm thick Pt foil (Vega & Camji, Argentina) was also
used as a substrate in some SECM experiments.

3.4. SECM experiments

Steady-state iT(ES) curves were measured at different tip-substrate
distances on a Pt foil and on GC-supported Pt thin films using the H+/
H2 mediator loop [18,48] in deareated solutions of HClO4 (0.02 M and
0.005 M) with 0.1 M LiClO4 as supporting electrolyte under a N2 envi-
ronment. A Pt tip was approached at a tip potential ET = −0.7 V vs.
RHE and ES = 0.4 V vs. RHE, measuring the positive feedback current
for the diffusion-limited proton reduction. The approach curves were
properly fitted with the theoretical expression for total positive feed-
back, which allowed to know the tip-substrate distances during the ac-
quisition of iT(ES) curves. Once the tip was positioned at a certain tip-
substrate distance, the steady state iT(ES) curve was measured by a
slow potentiodynamic scan at −1 mV s−1 of the substrate potential
from anodic (0.7 V vs. RHE) to cathodic (−0.25 V vs. RHE) values
while keeping the tip potential at −0.7 V vs. RHE. After acquisition of
a complete iT(ES) curve the solution was agitated by a gentle bubbling
of N2, the tip-substrate distance was changed, and a new curve was
measured.

4. Results and Discussion

4.1. Analytical equation vs. simulations

4.1.1. Quasi-reversible reaction
IT(ES,L) curves for a single-step quasi-reversible reaction were simu-

lated using a wide range of normalized standard rate constants
(10−3 ≤ Λ ≤ 25) in the interval 0.1 ≤ L ≤ 1 and over an ES range that in-
volved the diffusion limiting current, the kinetically affected region,
the negative feedback region (in cases where it existed), and the
shielding region. The comparison of the most representative simulated
curves (SCs) with those calculated (CCs) with the same conditions
using Eqs. (5)–(8) is shown in Fig. 1. Moreover, the differences between
simulated and calculated IT values are included below the respective
IT(ES) dependencies (in the same scale) to have a better andmore quan-
titative image of the discrepancies between the approximate TLC-based
model and the numerical calculations.

For L= 0.1 (Fig. 1a) the agreement between SCs and CCs is globally
very good for all Λ values. Only slight differences between them, never
larger than 0.5, can be detected at the potentials where the current be-
gins to rise from thenegative feedback value. As itwas previously point-
ed out [29], the description of the SECM feedback process by a TLC is
very good for small L and large reaction rates, but may not be as good
when these conditions are not accomplished. In line with this, it is ver-
ified that in cases where the feedback current is only slightly larger than
the negative feedback (low reaction rate), the TLC current underesti-
mates the positive feedback contribution. On the other hand, due to
the small L value, the negative feedback current that should be evident
in curves obtained with small Λ values is almost imperceptible.
Something similar occurs with the current drops that proceed at
ES b 0 V due to the shielding effect. Fig. 1b (L = 0.3) and 1c (L = 0.8)
show that as the distance increases the differences between SCs and
CCs at low rates becomemore pronounced (as expected) but still small-
er than 0.5 at any potential, and both the negative feedback and the
shielding regions are better observed. While Eq. (5) leads to a proper
description of the negative feedback limiting behavior, the description
of the shielding region is poor, and becomes worst as L increases. This
is not surprising since the current in the shielding region is strongly de-
pendant on time and on the initial condition [40,43], which are not ex-
actly the same in the compared SCs and CCs. Thus for example, in the
SCs the initial condition for each simulated IT(ES) point is the last con-
centration profile that resulted at the previous potential step (Section
2.2), while in the CCs the initial condition is the initial solution without
perturbation. In spite of the described discrepancies between SCs and
CCs, the agreement is acceptable and Eq. (5) could be used as a good ap-
proximation, particularly at the smaller distances (L b 0.8) and for the
larger rate constants (Λ ≥ 0.1) where the irreversible models may not
be valid.

4.1.2. The hydrogen oxidation reaction
The IT(ES) curves for the hor operating through the THV mechanism

are affected by a group of five kinetic and adsorption parameters, with-
out taking into account the symmetry factors. The analysis of the effect
of all these parameters would be too extensive, and it actually was al-
ready carried out in a previous report [42]. Then, this work confines



Fig. 2. Simulated (symbols) and calculated (lines) IT(ES) dependencies for the hor
operating through the THV mechanism at L = 0.1 (a), 0.37 (b) and 0.62 (c) for the
values of Ve

T indicated in the figure. Other kinetic parameters: Ve
V = 1; Ve

H = 0.01;
θe = 0.01; u = 0; α = λ = 0.5. τ = 50. Lines below the IT(ES) dependencies show the
difference between simulated and calculated IT values (dashed lines indicate null
difference).
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the kinetics conditions used for comparing SCs and CCs to values that
are in the order of those reported for the hor on electrocatalysts based
on noble metals that lead to high reaction rates. Thus, Fig. 2 shows
Fig. 3. Simulated (symbols) and calculated (lines) IT(ES) dependencies for the hor operating thr
0.5; θe = 0.01; u = 0; α = λ= 0.5; (a) VeV indicated in the graph, Ve

H = 0.005; (b) VeV = 1, V
some IT(ES) SCs and CCs generated with Eqs. (5), (6), (9) and (10),
that were obtained with the same kinetic parameters for varying L
and Tafel equilibrium rates. As in the previous case, difference lines
were also included below the IT(ES) dependencies.

Similarly to the quasi-reversible case, good agreement between SCs
and CCs was verified at small distances (typically L b 0.4), and only sub-
tle discrepancies (differences smaller than 0.2) were detected over the
potential interval between 0 and 0.2 V where the Tafel-Volmer kinetic
limiting current [33,38] becomes evident. More pronounced differences
are observed at larger distances, particularly over the potential interval
of the shielding region (≤0 V). The deficient description of the shielding
process at large distance may be caused not only by the differences of
initial conditions between SCs and CCs (as in the quasi-reversible
case), but also by the oversimplified linear model used for computing
the time-dependant c(L) dependence in Eq. (5), which in fact should
be proportional to erfc(L) [43]. This analysis shows that Eq. (5) can be
used with good accuracy to correlate experimental IT(ES,L) curves for
the hor measured on efficient electrocatalysts where the reaction is
fast, as long as L is not larger than 0.5 (IPFT N 2). At increasing distances
Eq. (5) becomes less accurate, particularly over the shielding region,
but still its use could be acceptable up to L ≅ 1. However, it is important
to keep in mind that the analysis of a fast reaction like the hor only
makes sense when it is performed at small distances where the mass
transport rate is fast and the mechanistic features are fully revealed
[42]. Finally, the effect of the other equilibrium rates of the elementary
steps (VeV and VeH) are succinctly exemplified in Fig. 3, where the sensi-
tivity of the IT(ES) curves to these parameters at low L values is clearly
realized.

4.2. Phenomenological issues affecting the analysis of hor IT(ES,L) curves

The experimental IT(ES,L) curves for the hor that are measured by
SECM on any smooth substrate are affected by a number of phenomena
that are not taken into account in the TLC-based model, which compli-
cate the analysis. On the one hand, we recently demonstrated that
electro-adsorption and surface diffusion of underpotentially adsorbed
hydrogen (HUPD) leads to a peak-shaped IT(ES) dependence that is over-
lapped to the hor response [48]. The TLC-basedmechanisticmodel obvi-
ously cannot reproduce this peak-shaped behavior. On the other hand,
the evolution of H2 from the substrate surface at cathodic potentials
may involve the mass-transport of dissolved hydrogen not only by dif-
fusion but also by convection, either natural or induced by nucleation
of H2(g) bubbles. Such convective processes are hard to model and
would strongly affect the IT(ES,L) response over the shielding region. In
order to visualize and address these effects, Fig. 4 shows IT(ES) curves
ough the THVmechanism showing the effects of VeV and of VeH. Kinetic parameters: VeT =
e
H indicated in the graph. τ = 50.



Fig. 4. Experimental IT(ES) curves (lines) measured at different L values on a Pt foil in
20 mM [48] (a) and 5 mM (b) HClO4 with 0.1 M LiClO4. Tip conditions: (a) a = 12.5 μm,
Rg = 8; (b) a = 5.6 μm, Rg = 7. Symbols are curves calculated with Eqs. (5), (6), (9) and
(10) using the following kinetic parameters: (a) veV = 7.9 × 10−7, veH = 2.3 × 10−10,
veT = 2.2 × 10−7, θe = 0.18, u = 0.3; (b) veV = 6.1 × 10−7, veH = 2.1 × 10−9, veT =
1.9 × 10−7, θe = 0.18, u = 0.3. vei in mol cm−2 s−1.

Fig. 5. Stabilized cyclic voltammogram of a typical GC-supported Pt thin film studied in
this work, in 0.5 M H2SO4. Scan rate: 0.1 V s−1.
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measured on a Pt foil in solutions with two different proton concentra-
tions, and the best possible correlations with Eqs. (5), (6), (9) and (10).

The surface diffusion peaks are observed in both cases over ES N 0 V
vs. RHE, and the detrimental effects that they cause in the fitting ability
are clearly pictured. This parallel surface process hampers the analysis
of the hor with this model (and with any other SECM kinetic model)
on continuous substrates that have the ability to adsorb HUPD, such as
Pt or the other noblemetals. Such problem could probably be overcome
either by limiting the substrate area to the region underneath the tip
(using a finite substrate) or by using a discontinuous film supported
on an inert conductor, with secluded surface domains that are unable
to exchange adsorbed species by surface diffusion among them.

Another effect that is evident over the cathodic potentials is caused
by the mass transport of dissolved H2 from the substrate. It is clear
that the concentration of proton plays an important role in this process.
The observed fact is that when C⁎H+ is not low enough (as in Fig. 4a,
where C⁎H+=20mM) the experimental currents over the cathodic re-
gion aremuch larger than those expected for a pure diffusional process.
However, when C⁎H+ is small (as in Fig. 4b, where C⁎H+ = 5 mM), the
diffusional model reproduces very well the experimental IT(ES) curve
over this potential region. Even though generation of bubbles was not
visually verified during the experiments, they still may be formed
with undetectable nanometer sizes [52] andmay add convective mech-
anisms to the H+ mass transport. It was demonstrated that the genera-
tion of H2 bubbles can be avoided on amicroelectrode byworking at low
H+ concentrations (typically C⁎H+ b 50 mM for a 25-μm diameter disk
[18]), since rapid removal of dissolved H2 from the surface is attained
by radial diffusion. However, such value becomes much smaller on an
infinite substrate where diffusion is slow and CsH2may reach the critical
oversaturation values required to nucleate bubbles. Diffusion-
controlled voltammetric profiles for hydrogen evolution on
macroelectrodes were reported for solutions with proton concentra-
tions not larger than 10 mM [53,54]. Then, it is quite probable that the
large deviations observed in the shielding region in Fig. 4a but not
observed in Fig. 4b are caused by convective and/or resistive effects of
H2(g) nanobubbles generated on the substrate surface.

Finally, a decrease of the diffusion-limiting feedback current is de-
tected at very anodic potentials, which shifts to less anodic potentials
as the proton concentration decreases. This deactivation is caused by
electro-oxidation of Pt, which inhibits the hor [18,55]. While it would
be possible to incorporate this inhibition process into the TLC-based
hor model [55], this was not done in this work. Thus, the analysis of
IT(ES) curves is constrained to the potential interval where no inhibition
by electro-oxidation is detected.

4.3. Analysis of the hor on metallic thin films by SECM

4.3.1. Characterization of metallic thin films
The GC-supported Pt films that were obtained by sputtering were

mounted in the SECM cell exposing a geometric electrode area of
0.38 cm2 (7-mm diameter) and their potential were cycled between
0.05 and 1.4 V vs. RHE at 0.1 V s−1 in 0.5 M H2SO4 solution. The cyclic
voltammograms (CVs) varied from the first to the successive cycles
but reached stable profiles after approximately 50 cycles, which are
shown in Fig. 5. These CVs present the typical voltammetric behavior
of carbon supported Pt in acid [39], where the H-adsorption/desorption
peaks and the metal oxidation/reduction currents can be clearly identi-
fied. From the first ones it was possible to estimate the metal
electroactive areas [51], resulting values of around 1.7 cm2, or rough-
ness factors between 4.5 and 4.8.

The morphology of the sputtered films after potential cycling in
0.5 M H2SO4 can be observed in the SEM micrographs shown in Fig. 6.
Due to the great differences of the metal and carbon atomic weights,
the images of backscattered electrons produces a sharp contrast be-
tween regions of these two materials, which allow to reveal the pres-
ence of film fractures and to distinguish the discontinuous nature of
thesefilms. Such crackedmorphology is not detected in the as-prepared
sputtered films and is surely caused by sintering of the sputtered metal
nanoparticles induced by potential cycling in acid medium [54]. This
type of morphology makes possible the SECM analysis of the hor on
these Pt films without interferences from surface diffusion of HUPD.

4.3.2. SECM analysis of the hor on GC-supported Pt thin films
The IT(ES) curves measured at different tip-substrate distances on

GC-supported Pt thin films previously described are shown in Fig. 7
(solid lines). Theyweremeasured in solutionswith twodifferent proton
concentrations, 0.02 M (a) and 0.005 M (b), to illustrate the analysis in
the presence (a) and absence (b) of convective effects over the shielding
potential region. The best possible fittings with Eqs. (5), (6), (9) and
(10) are also shown as open symbols.



Fig. 6. SEMmicrographs of backscattered electrons obtained at 29000× (left) and 63000× (right) on the glassy carbon supported Pt thin films studied in thiswork. Scale bars indicate 3 μm
(left) and 1 μm (right).
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The GC support is an inertmaterial unable to electrocatalyze the hor.
Then, only negative feedback is verified on pure GC over the anodic po-
tential ranges, and shielding due to hydrogen evolution is only detected
at ES b 0.5 V vs. RHE (results not shown). The discontinuous structure of
thefilm hampers the surface diffusion of HUPD from the tip-affected area
to the tip-unaffected region, causing the vanishing of the consequent
peaks that should be expected between 0 and 0.3 V vs. RHE [48]. This
problem was thus overcome by working with this type of substrate.
However, the convective/resistive effects caused by bubble generation
on the substrate surface at cathodic potentials at the larger proton con-
centration, clearly evident in Fig. 7a, still are important and impede the
analysis of the complete IT(ES) curves. In spite of that, most of the anodic
branch that is unaffected by the shielding can be correlated with the
TLC-based model, allowing the estimation of the hor kinetic parameters
shown in Table 1. In contrast, all the IT(ES) curves measured at a low H+
Fig. 7. Experimental IT(ES) curves (lines) measured at different L values on GC-supported
Pt thin films in 20 mM (a) and 5 mM (b) HClO4 with 0.1 M LiClO4. Symbols are curves
simulated with Eqs. (5), (6), (9) and (10), using the kinetic parameters listed in Table 1.
Tip conditions: (a) a = 6.7 μm, Rg = 8; (b) a = 12.1 μm, Rg = 3.
concentration (Fig. 7b) were free of convective and surface diffusion ef-
fects, andwere properly correlated over thewhole potential range with
the TLC-based model using a single set of hor kinetic parameters listed
in Table 1. Overall, these parameters agree with those reported for the
HER on polycrystalline Pt in similar pH conditions [44,45], and indicate
the prevalence of the Tafel-Volmer route at low potentials. Neverthe-
less, it results surprising the apparent dependences of the equilibrium
rates on the proton concentration. As the proton concentration falls,
while the Volmer equilibrium rate decreases and the Tafel equilibrium
rate remains almost unchanged (as expected [44]), the Heyrovsky equi-
librium rate clearly grows almost one order ofmagnitude (in opposition
to the expected dependence [44]). Such result was also visualized in the
hor analysis of the Pt foil (Fig. 4) andwas consistently observed inmany
other experiments carried out on similar Pt thin-films (not shown).
Moreover, reported data of HER elementary rate constants as a function
of pH show an increase of the Heyrovsky rate constant with decreasing
proton concentration [44]. This unexpected trend should be the focus of
a deeper analysis.

5. Conclusions

The TLC-based empirical equation proposed to analyze the IT(ES,L)
dependences is a versatile tool for the feedback-based SECM analysis
of reactions with complex mechanisms. However, by contrasting the
equationwith numerical simulation for a single quasireversible reaction
and for the hor operating through the THVmechanism, itwas found that
a number of conditions need to be accomplished to guarantee a good ac-
curacy. The first input involved in the equation, which is the TLC contri-
bution, properly represents the feedback process as long as the
deviation of the SECM arrangement from the TLC configuration is not
large. Thus, the equation has a good performance at L values typically
smaller than 0.5 and for reactions that operate with large reaction
rates. The secondpart involved in the proposed equation is the shielding
contribution. Even though this is the least accurate term, it actually af-
fects a part of the IT(ES) curve that has little influence on the calculated
kinetic parameters.

The kinetics of the hor was successfully studied on Pt substrates by
analyzing IT(ES) curves with a THV TLC contribution incorporated in
Table 1
Kinetic parameters resulting from correlations of SECM IT(ES) curves for the hor shown in
Fig. 7. vei in mol s−1 cm−2, u (in RT units) = 0.3, α = λ= 0.5.

CH+ (mol dm−3) veV veH veT θe

0.02 6.4 × 10−7 2.1 × 10−10 1.3 × 10−7 0.181
0.005 4.3 × 10−7 1.9 × 10−9 1.1 × 10−7 0.185
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this equation. The analysis of the complete experimental IT(ES) curve is
only feasible when the proton concentration is smaller than 10mMand
when the substrate surface has a configuration that hampers the surface
diffusion of HUPD (for example a discontinuousfilm). Under these condi-
tions the kinetic parameters of the hormechanism can be properly cal-
culated from the curve fittings. Thus, the elementary kinetic parameters
were calculated from correlations of IT(ES) curves measured on GC-sup-
ported Pt thin films, and resulted similar to those previously measured
on polycrystalline Pt. However, when the first condition is not accom-
plished (too large proton concentration), the generation of small H2(g)

bubbles from the substrate over the cathodic potential range produces
convection, which makes impossible the correlation of the complete
curves with the proposed model. However, this interference does not
affect the fitting of the curves over the anodic region and the calculation
of the hor kinetic parameters still is possible. Moreover, when surface
diffusion of Had is not blocked (i.e. when using a continuous substrate),
the consequent peaks from this process are overlapped to the anodic
branch of the curve, impeding its correlation with the proposed
equation.
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