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A theoretical analysis of electro-adsorption reactions and of the surface diffusion of electro-adsorbed species
based on scanning electrochemicalmicroscopy (SECM) in the feedbackmode, usually knownas scanning electro-
chemical induced desorption (SECMID), is presented. Numerical simulations of the classical feedback process
were carried out by including in themodel a potential-dependent electro-adsorption reaction from themediator
at the substrate and allowing the adsorbed species (Aad) to diffuse over the substrate surface affecting the medi-
ator loop. As in classical SECMID, the local variation of the mediator concentration underneath the tip causes a
potential-dependent gradient of the Aad surface coverage at the substrate over the tip-affected region, which
drives the Aad surface diffusion toward this area and the consequent positive feedback of mediator, reaching a
steady state. The simulated steady-state dependences of the tip current (iT) on the substrate potential (ES)
show the presence of a peak over the potential range affected by the electro-adsorption reaction, whose ampli-
tude at a given tip-substrate distance is mostly influenced by the surface diffusion coefficient of Aad and the den-
sity of adsorption sites at the substrate. When this surface process is parallel to an electrode reaction of the
mediator that proceeds over the same potential range, the adsorption/diffusion peak is overlapped with the typ-
ical Butler-Volmer type response of the electrode reaction, affecting the iT(ES) shape and interfering with the de-
termination of kinetic parameters from this dependence. These phenomenawere experimentally observedwhen
using theH+/H2mediator loop onAu and Pt, where Had is electro-adsorbed fromH+, a process that in the case of
Pt is parallel to the oxidation of the tip generated H2.
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1. Introduction

Scanning electrochemical microscopy (SECM) is nowadays a well-
established powerful electrochemical technique thoroughly used to
gain information on a great number of surface processes [1]. Among
themany variants of the technique created to address different applica-
tions, one that emerged almostwith the introduction of the technique is
the so-called scanning electrochemical microscopy induced desorption
(SECMID) [2]. This operation approach, which is based on the conven-
tional feedback mode of SECM, allows measuring kinetics of adsorp-
tion/desorption reactions and rates of surface diffusion of adsorbed
species [2]. SECMID and its variants were employed to study the behav-
ior (i.e. the surface mobility) of species such as proton and others that
were adsorbed on single-crystalline oxide surfaces [2] and on self-as-
sembled monolayers [3–5]. As it was theoretically and experimentally
demonstrated in these studies, the feedback of a mediator that involves
an adsorbed participant is locally affected by the gradient of surface con-
centration of adsorbed species (or gradient of surface coverage) that
).
develops on the substrate surface around the tip-affected area [2].
Thus, both the transient and the steady-state feedback approach curves
contain information on the adsorption process and on the surface trans-
port of the adsorbate. However, this operation mode was only barely
considered in studies of electro-adsorption reactions and electro-
adsorbed species [5]. The analysis of steady-state dependences of the
feedback tip current on the substrate potential and on the tip-substrate
distance could be potentially useful for measuring electro-adsorption
parameters such as surface density of sorption sites, surface diffusion
coefficient of an adsorbate, rate constant of an electro-adsorption reac-
tion, among others. Moreover, the potential effects of adsorption pro-
cesses on SECM voltammetric responses is lately receiving increasing
attention due to the great deviation from the expectedmodel behaviors
that can be caused by this type of processes [6]. Thus, such analysis
should also be important to understand the effect that an electro-ad-
sorption reaction could have on the feedback loop of a redox mediator
in solution that is used to investigate the kinetics of an electrode reac-
tion at the substrate.

Electro-adsorption reactions are common reactions in electrocata-
lytic processes. An emblematic example is the electro-adsorption of
atomic hydrogen (Had) from H+ through reaction (1), which proceeds
along with the hydrogen electrode reaction (HER).
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Fig. 1. Schematics of the two SECMID situations that were analyzed in this work.
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Hþ þ e−⇆Had ð1Þ

In fact, this is an important surface process with many implications
in fundamental and technological electrochemical topics including not
only electrocatalysis [7], but also corrosion [8], modified electrodes
(for examplewith self-assembledmonolayers [9]), amongmany others.
Most conductive materials are capable to electro-adsorb atomic hydro-
gen through reaction (1), and the resulting Had could have different
roles in a given electrocatalytic process depending on the particular sit-
uation. For example, the species Had may be simple spectators during
the course of an electrochemical reaction, as are the under-potential de-
posited H (HUPD) on Pt during the HER [7,10,11], which are electro-
adsorbed over a potential range anodic respect to the equilibrium po-
tential of the HER. These HUPD may also participate as inhibitors of reac-
tion sites of other reactions, as it happens during the 4 − e− oxygen
reduction on noble metals at cathodic potentials [12,13]. Moreover,
the species Had may also participate as key intermediate species in the
mechanism of an electrode reaction, as for example the over-potential
deposited H (or HOPD) in the HER [10,11], and as an important reactant
in electrochemical hydrogenation of organic molecules [14]. Thus, the
surface behavior of Had is likely to significantly affect the performance
of many electrode reactions.

In the described context, this communication reports a theoretical
study of the expected steady-state potential-dependent feedback re-
sponses of SECMID when an electro-adsorption reaction proceeds at
the substrate affecting the mediator loop. The importance of this type
of analysis is exemplifiedwith SECM resultsmeasured on gold and plat-
inum electrodes for the electro-adsorption of Had from H+ through the
reaction (1) and its surface diffusion.

2. Theory

The electrode reaction of a generic species O in solution that is
electro-reduced at the substrate to an adsorbed species Aad through
reaction (2) was considered, where ka

app and kd
app are the potential de-

pendent apparent electro-adsorption and electro-desorption rate con-
stants [15].

O disð Þ þ e− ⇄
kappa

kappd

Aad ð2Þ

The two scenarios that are schematized in Fig. 1 were theoretically
analyzed by mean of simulations.

The situation shown in Fig. 1a was proposed to explore the effect
that the surface process by itself produces on the dependences of the
tip current (iT) vs. substrate potential (ES) and tip-substrate distance
(d), usually known as “working curves”. A complete analysis of this
case would permit to have a good overview on the potentiality of
using iT(ES, d) dependencies for measuring kinetic or equilibrium pa-
rameters of electro-adsorption reactions and of surface diffusion of the
electro-adsorbed species. The second situation schematized in Fig. 1b
was proposed to analyze the possible effects on the working curves of
the surface processes occurring parallel to an electrode reaction with
dissolved species. This should be useful to understand to what extent
this phenomenon may interfere with the determination of kinetic pa-
rameters of the studied electrode reaction from fitting the feedback
iT(ES, d) dependences. The configuration shown in Fig. 1b ismore gener-
al and includes the case of Fig. 1a as a particular condition where the
rate of the electrode reaction at the substrate is null. Thus, the general
model presented in Fig. 1b is developed below.

The theoreticalmodel of Fig. 1a is essentially identical to that initially
proposed by Unwin and Bard for the SECMID studies [2], but an ES-de-
pendent adsorption rate is involved in this case. Besides, in order to
complete the model described in Fig. 1b, both the diffusion in solution
of tip-generated species R and the electrode reaction at the substrate
indicated in Eq. (3) should be taken into account. Then, the depen-
dences of the concentrations of species O (cO) and R (cR) with time (t)
and position (r and z in cylindrical coordinates) are given by Eqs. (4)
and (5), where Di (in cm2 s−1) is the diffusion coefficient of species i
(O or R) in solution.

υRR disð Þ⇆O disð Þ þ e− ð3Þ

∂cO
∂t

¼ DO
∂2cO
∂r2

þ ∂cO
r∂r

þ ∂2cO
∂z2

 !
ð4Þ

∂cR
∂t

¼ DR
∂2cR
∂r2

þ ∂cR
r∂r

þ ∂2cR
∂z2

 !
ð5Þ

Furthermore, assuming Langmuir isotherm for modeling the
electro-adsorption reaction (15), the initial and boundary conditions
are defined by Eqs. (6) to (11).

t ¼ 0 : 0≤z≤dand0≤r≤rs;−zm≤z≤0andrt ≤r≤rs : cO r; zð Þ
¼ c�O; cR r; zð Þ ¼ 0 ð6Þ

z ¼ dand0≤r≤rs : θ ¼ c�OKad ESð Þ
1þ c�OKad ESð Þ ð7Þ
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tN0 : z ¼ 0and0≤r≤a : cO r; z ¼ 0ð Þ ¼ 0; cR r; z ¼ 0ð Þ
¼ DO

υRDR

� �
c�O ð8Þ

z ¼ dand0≤rbrs : N
∂θ rð Þ
∂t

� �
¼ NDs

A
∂2θ rð Þ
∂r2

þ 1
r

� �
∂θ rð Þ
∂r

" #
þ vad rð Þ ð9Þ

DO
∂cO r; z ¼ dð Þ

∂z

�
z¼d

¼ vad rð Þ þ ver rð Þ ð10Þ

υRDR
∂cR r; z ¼ dð Þ

∂z

�
z¼d

¼ −ver rð Þ ð11Þ

In these equations, cO⁎ is the bulk concentration of O (inmol cm−3), θ
is the fractional surface coverage of species Aad that indicates the num-
ber of sites occupied by Aad relative to the total number of sites on the
surface, N is the surface density of adsorption sites (in mol cm−2) that
indicates themoles of total sites per unit area,DA

s is the surface diffusion
coefficient of Aad (in cm2 s−1), vad and ver (inmol cm−2 s−1) are the rate
of the electro-adsorption reaction and of the electrode reaction, respec-
tively, at the radial coordinate r on the substrate surface. Kad(ES) is the
potential dependent equilibrium constant of the adsorption reaction,
given by Eq. (12), where f= F / RT, ka and kd (in cm s−1) are the forward
(adsorption) and backward (desorption) rate constants of reaction (2).

Kad ESð Þ ¼ kappa

kappd

¼ ka
kd

� �
e− f ES ð12Þ

Other boundary conditions that apply at r=0, at r= rs, at z=−zm,
and on the insulating tip sheath surface are identical to the previously
reported [2]. It can be seen from Eqs. (10) and (11) that at the substrate
surface the diffusiveflux of O is related to the adsorption and to the elec-
trode reaction, while the diffusive flux of R is only related to the elec-
trode reaction. Even though the rate of the electro-adsorption can be
expressed in terms of cO(r, d), of θ(r) and of the potential-dependent
rate constants as it was done in ref. [2], this work will consider only
the particular case of a fast adsorption reaction that can be considered
always at equilibrium (reversible). In this case, Eq. (13) relates θ(r)
with cO(r, d) and with ES, where E⁎ is an arbitrary reference potential
and θ⁎ is the equilibrium coverage of Aad at E⁎ that results from Eq. (7).

θ rð Þ ¼
cO r; dð Þ

c�O

� �
1−θ�

θ�

� �
e f ES−E�ð Þ þ cO r;dð Þ

c�O

� � ð13Þ

Moreover, independently of the complexity of the electrode reaction
mechanism, for simplicity the rate of the electrode reaction can be ap-
proximated by Eq. (14) [16] in terms of the kinetic parameters of a sin-
gle-step reaction with a single standard rate constant (k0 in cm s−1),
symmetry factor (α) and standard potential (E0). As this equation is re-
ferred to E0, a potential shift respect to the previously defined reference
potential (ΔE= E⁎− E0) is included for convenience. Thus, the value of
ΔE indicates the extension of the potential overlapping between both
reactions.

ver rð Þ ¼ k0 cO r;dð Þe−αf ES−E�þΔEð Þ−cRðr;dÞe 1−αð Þ f ES−E�þΔEð Þ
h i

ð14Þ

The tip current (iT) can be calculated from Eq. (15) as a function of ES
and d.

iT ¼ nFDO

Z a

0
2πr

∂cO r;0ð Þ
∂z

�
z¼0

dr ð15Þ
3. Experimental

3.1. Chemicals and materials

Lithium perchlorate (Merck, Germany) and perchloric acid (70%,
Merck) were of analytical grade and used as received. Water used to
prepare solutions was deionized with an exchange resin, doubly dis-
tilled, and treated with a Purelab purifier (Elga Labwater,
resistivity ≥ 18.2 MΩ cm).

3.2. Instrumentation

Scanning electrochemical microscopy experiments were carried out
using a home-built SECM instrument described elsewhere [17].

3.3. Electrodes

SECM disk-shaped tips (25 μm diameter) were fabricated by the
conventional procedure of heat-sealing Pt or Au wires in borosilicate
glass capillaries under vacuum, followed by polishing and sharpening
[18]. A commercial mono-oriented Au(111) substrate grown on mica
(Agilent Technologies, Santa Clara, CA) was flame-annealed under a hy-
drogen flame prior to be used. The polycrystalline Pt substrate was a Pt
foil (Vega & Camji, Argentina) with 0.3 mm thickness. A Reversible Hy-
drogen Electrode (RHE) made in situ in the same solution was used as
reference electrode. Pt or Auwires (1mmdiameter)were used as coun-
ter-electrodes.

3.4. SECM experiments

Steady-state iT(ES) curves were measured at different tip-substrate
distances on Pt and Au substrates using the H+/H2 mediator loop in
deaerated 0.02 M LiClO4–0.1 M HClO4 under a nitrogen environment,
employing Pt or Au tips and counter-electrodes, respectively. When
studying the Pt substrate, a Pt tip was approached at a tip potential
ET = −0.7 V vs. RHE and ES = 0.6 V vs. RHE, measuring the positive
feedback current for the diffusion-limited proton reduction [19].
When studying theAu substrate, a Au tipwas approached at a tip poten-
tial ET = −1.3 V vs. RHE and ES = 0.8 V vs. RHE, measuring a negative
feedback approach curve for proton reduction. Both approach curves
were properly fitted with the theoretical expressions for total positive
or total negative feedback [1], respectively, which allowed to know
the tip-substrate distances during the acquisition 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 (0.6 V vs.
RHE for Pt and 0.9 V vs. RHE for Au) to cathodic (−0.25 V vs. RHE for
Pt and −0.3 V vs. RHE for Au) values while keeping the tip potential
at−0.7 V for Pt or −1.3 V for Au.

4. Results and discussion

4.1. Simulated iT(ES, d) dependencies

In this work the simulated iT(ES, d) dependencies in steady state
where obtained by solving the time-dependent equations by an itera-
tive explicit finite difference method [20,21]. Details of the application
of this method to the general SECM model are given elsewhere [22],
and the incorporation of the adsorption and surface diffusion boundary
conditions to this algorithm is relatively straightforward. The steady-
state dependences of the tip current normalized respect to the tip cur-
rent at infinite distance (IT = iT / iT,∞, where iT,∞ = 4βRGnFDOcO⁎a [1] is
the tip current far away from the substrate and βRG is the correction fac-
tor for the finite insulator thickness of the tip) on ES were simulated
using dimensionless variables (R = r / a, Z = z / a, Ci = ci / cO⁎, τ =
tDO / a2) for varied normalized (L = d / a, γ = N / cO⁎a, ξA = DA

s / DO,



Fig. 2. (a) 3D representation of the SECM IT(ES, L) dependence simulatedwith γξA=2and
κ0 = 0. (b) Projections of the IT(ES) at different L values indicated within the graph. (c)
Projections of the IT(L) at different ES values indicated within the graph.
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ξR= υRDR /DO, κ0= k0a /DO) and regular (θ⁎,ΔE) parameters. In all sim-
ulations a value of θ⁎= 0.5 was set, so that E⁎ corresponds to this equi-
librium coverage. Moreover, it was always assumed that DR = DO and
the stoichiometric coefficient υR = 0.5, resulting ξR = 0.5. The steady-
state condition at a certain pair of ES and L values was set when no
changes on time were detected for the calculated concentrations and
coverage values (∂Ci / ∂τ=0 and ∂θ / ∂τ=0). The calculations started
from an anodic ES value that was kept during a quiet time (τqt = 100)
and the ES value was changed every steps of −0.01 V with step times
τstep= 50. It should be noted that in conditionswhere the rate constant
of the electrode reaction is finite (κ0 N 0), at ES b E0 the shielding effect
should be important [22,23] and a true steady state cannot be reached.

The first situation that was explored is that schematized in Fig. 1a
(null rate for the electrode reaction, or κ0 = 0). The simulated IT(ES, L)
curves that resulted for a selected value of the product γξA are shown
in Fig. 2. The most important observation is the presence of a peak in
the steady state IT(ES) dependency, which develops over the negative
feedback tip current. This steady-state positive feedback contribution
is caused solely by the regeneration of O through reaction (2) at the sub-
strate, which is sustained by the replenishment of the Aad coverage by
surface diffusion from the substrate region unaffected by the tip. As it
is shown in Fig. 3a, a potential dependent radial gradient of θ develops
on the substrate, which results from Eq. (13) due to the radial change
of O concentration on the substrate surface caused by the tip reaction.
This coverage gradient leads to a surface flux density of Aad JA

s (R) =
jA
s (r) / DOcO⁎, where jA

s (r) = −NDA
s ∂θ(r) / ∂r]r, from the periphery to

the center of the tip-affected substrate region (shown in Fig. 3b), and
causes a steady-state flux of O from the substrate surface mostly focal-
ized underneath the tip. The θ gradient is strongly sensitive to the sub-
strate potential at potentials around the E⁎ value, where according to Eq.
(13) θ is more sensitive to the O concentration. Thus, the surface flux is
maximized at a substrate potential where Aad coverage underneath the
tip results much smaller than its outlying value, defining amaximum in
the tip feedback current. Thus, the peak maximum is located at a sub-
strate potential near the E⁎ value, although it slightly shifts toward
more cathodic values as L decreases.

As it is shown in Fig. 4 the amplitude of the peak in the IT(ES, L) curve
strongly depends on the product γξA. Thus, the peak convolutes contri-
butions of γ and ξA, and at a certain fixed L value an increase of γ should
be evidenced by an increase of the peak current. However, a similar in-
crease may also be caused by a higher mobility of Aad (or a larger ξA
value). Even though it is impossible to separate both contributions
from steady state responses, it should be important to note that γ is a
parameter that can be measured by an independent electrochemical
technique, such as cyclic voltammetry, allowing the estimation of ξA
(and DA) from SECM working curves.

The second analyzed situation is that schematized in Fig. 1b with a
finite rate constant (κ0 N 0) for an electrode reaction with υR = 0.5.
The simulated IT(ES) working curves that resulted using different values
of the product γξA for two different κ0 values are shown in Fig. 5. The
correspondingworking curves simulated in absence of surface diffusion
are included (open symbols) for a better appreciation of the effect that
this surface process has on the SECM feedback response.

The first important aspect that can be observed in these simulations
is that the surface diffusion peak appears lying on top of the working
curve of the electrode reaction. However, such overlapping is not the re-
sult of a simple addition of both separated responses. In fact, it is verified
that as the electrode reaction becomes faster, the termγξAmust become
larger to clearly identify the surface diffusion peak that affects thework-
ing curve. This is reasonable since a faster electrode reaction tends to re-
store the concentration of O at the substrate surfacemore efficiently and
over a potential range closer to the standard potential, causing the
uniformization of the Aad coverage and so decreasing the surface flux
density. Thus, a larger mobility of Aad and/or a larger surface density
of adsorption sites are required to produce a surface flux density with
detectable effects on the feedback of the O mediator.
The peak maximum shows up at a potential slightly cathodic to the
E⁎ value (E⁎ = E0 + 0.1 V in Fig. 5), so that in this case the value of ΔE
also affects the relative position of the peak and the peak amplitude as
well, as it is observed in Fig. 6. At both extremes of ΔE (too negative or
too positive) the surface diffusion peak is canceled. For too positive ΔE
values (in this case for ΔE N 0.15 V) the total positive feedback causes
that cO(z = d, r) ≅ cO⁎. For too negative ΔE values (in this case for
ΔE b −0.1 V) the shielding process [22,23] causes that cO(z = d, r) ≅ 0
because the electrode reaction at the substrate is driven in the same di-
rection than in the tip. In both cases the homogenization of cO(z= d, r)
over the substrate surface causes a decrease of the θ gradient. Thus, the



Fig. 3. (a) Coverage of Aad at the substrate calculated as a function of the substrate
potential right under the tip (r = 0) and far away from the tip affected region (r = ∞).
The difference between these two curves is also shown (dashed line). (b) Normalized
surface flux density of Aad on the substrate surface as a function of the radius and of the
substrate potential. In both figures the curves were simulated for L = 0.1, γξA = 2 and
κ0 = 0.

Fig. 5. Simulated IT(ES) curves showing the effect ofγξA for values of κ0=1 (a) and 0.1 (b).
ΔE= E⁎− E0=0.1 V. L=0.2. The curves simulated in the absence of surface diffusion are
included (open symbols).
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surface diffusion peak is only clearly detected from the feedback curve
for ΔE values between these two extreme situations. Then, in the
cases of very fast electrode reactions with large rate constants that
pass from total positive feedback to total shielding situations in a very
short potential range, a parallel surface diffusion process would hardly
affect the working curves.

Themagnitude of the distortion caused on the IT(ES) curve by the ad-
sorption peak (respect to that expected for a single electrode reaction)
strongly depends on the tip-substrate distance, as it is seen in Fig. 7.
When the tip is too far away from the substrate (L N 0.4 for the condi-
tions used in Fig. 7) the peak is practically undetectable from the
Fig. 4. Effect of γξA on the simulated IT(ES, L) dependence. The negative feedbac
working curve. As L decreases the adsorption peak grows and is clearly
detected over the response of the electrode reaction, although the
highest contrast between both processes is observed at intermediate
distances, and not necessarily at the closest proximity (as the response
of the electrode reaction becomes preponderant at smaller distances
and the peak turns into just a shoulder).

These results show that an electro-adsorption process occurring in
parallel to an electrode reaction studied by the feedback mode of
SECM in steady statemay interferewith the determination of the kinetic
parameters as long as at least one of the species involved in the electro-
adsorption reaction participates in the mediator loop. For fast electrode
reactions this interference will be important when the adsorption pro-
cess proceeds over the potential interval E0 ± 0.1 V and the surfacemo-
bility of the adsorbed species and/or the surface density of adsorption
sites are high. If the electrode reaction is slow the potential interval
where the adsorption process affects the measurement becomes
k current at each distance (INF) was subtracted from the IT values. κ0 = 0.



Fig. 6. Simulated IT(ES) curves showing the effect ofΔE= E⁎− E0 forγξA=10, κ0=1, and
L = 0.2. Y-axes of each curve are shifted for a better appreciation of the effect. The curve
simulated in the absence of surface diffusion is included (dashed line).
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wider. While there could be a chance to use these curves as a mean for
obtaining the adsorption and surface diffusion parameters through the
correlation of experimental curves with simulations resulting from the
complete model, this surely will not be straightforward. It is clear that
these parameters along with those of the electrode reaction play com-
plex roles in the definition of the resulting working curve, which
makes difficult to find the right set of parameters that should lead to
the simulated curves that better reproduce experimental results.

4.2. Surface diffusion of electroadsorbed Had on mono-oriented films of
Au(111)

The H+/H2 couple is a suitable mediator to study the
electroadsorption of Had on a substrate through reaction (1), which
could occur parallel to the hydrogen oxidation reaction (hor) as long
as the substrate is active enough for this reaction. In particular, the per-
formance of gold for the hor still is not completely well understood,
since the hor reaction rate and the sorption of H on this metal seems
to be strongly affected by the pretreatment of the Au surface [24–27]
Fig. 7. IT(ES) curves simulated at different tip-substrate distances for γξA = 10, κ0 = 1,
ΔE = 0.1. Dashed lines are the curves simulated in the absence of surface diffusion.
and by the presence of Pt traces [28]. In the case of an untreated gold
substrate, the rate of the hor in acid media is undetectable by SECM,
but the adsorption of atomic hydrogen on gold (an issue deeply investi-
gated at present [29–31]) is likely to occur only on certain types of sites
[30,31]. On that sense, it has been suggested thatHad is only adsorbed on
deficiently coordinated Au atoms located at plane borders and edges
[30,31] and is not adsorbed on Au atoms of terraces. Thus, any positive
feedback caused by regeneration of H+ at the substrate should come
only from reaction (1) fed by the surface diffusion of any Had generated
at the Au surface (case shown in Fig. 1a).

In this context, the adsorption and surface diffusion of H on mono-
oriented Au(111) films deposited on mica was analyzed. As compared
with the polycrystalline metal, this reconstructed surface presents a
large fraction of Au atoms at the (111) terraces and a very small per-
centage of reactive Au sites at the step edges and defects. Typical
IT(ES) curves measured in steady state by slow potentiodynamic scans
at different L values are shown in Fig. 8. At ES values larger than 0.7 V
vs. RHE the current corresponds to the pure negative feedback current
for each distance, indicating undetectable activity of Au for the hor
over the analyzed potential range. For the closest distances, a steady
state peak can be clearly detected over this negative feedback current
in the range 0 V b ES vs. RHE b 0.6 V, which is likely caused by the surface
diffusion of electroadsorbed Had. Besides, at ES values more negative
than−0.1 V vs. RHE the current decreases to near zero due to hydrogen
evolution at the substrate causing the depletion of the proton concen-
tration [19,23].

The IT(ES) curve measured at the closest distance (L = 0.28) (curve
d) presents a peak with a maximum amplitude Ipeak,max = IT,max −
INF ≅ 0.05, which according to the simulations would match a situation
with γξA b 0.1, which indicates a very small density of adsorption sites
and/or low mobility of Had. It is important to note that peaks for
electroadsorption of H are only barely detected by cyclic voltammetry
on polycrystalline Au, even when using expanded current scales [27],
so that γ should be very small. Moreover, the experimental peak
width of about 0.3 V at the base is larger than that observed in the sim-
ulated curves (b0.2 V). This could be indicative of the presence of mul-
tiple peaks with slightly different E⁎ values convoluted in an apparently
single peak. It is also possible that the kinetics of the adsorption reaction
is not very fast or the adsorption reaction deviates from the Langmuir-
type behavior, and this affects the peak shape. On the other hand, the
peak potential value is around 0.35 V vs. RHE, which is quite anodic
for H electro-adsorption. Voltammetric peaks for H adsorption/desorp-
tion were detected close to these anodic potentials on single gold nano-
particles [32]. Besides, the reported voltammetric responses of adsorbed
hydrogen on polycrystalline gold [25–27,33] indicate the strong
Fig. 8. Experimental IT(ES) curves measured using the H+/H2 mediator in steady state at
L = 0.48 (a), 0.4 (b), 0.32 (c), and 0.28 (d) on a Au(111)/mica substrate in 0.02 M
HClO4–0.1 M LiClO4. Substrate potential scan rate: 1 mV s−1.



Fig. 9. Experimental IT(ES) curvesmeasured on a polycrystalline Pt substrate using theH+/
H2 mediator at L = 1.31 (a), 0.64 (b), 0.45 (c), 0.34 (d), 0.27 (e), and 0.19 (f) in 0.02 M
HClO4–0.1 M LiClO4.
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sensitivity of this process to the surface state, and in particular to the
presence of absorbed hydrogen [33] and adsorbed oxygen-based spe-
cies (or incipient oxides) [25,26]. Thus, it is reasonable to think that
reaction (1) on gold could be driven or mediated by these species.

The peak is not detected at L values larger than typically 0.4, al-
though below this value the peak is clearly observed and its intensity in-
creases notably as L decreases. Such dependence of the peak current on
L is different to those obtained in the simulations for any value of γξA. If,
as it was proposed [30,31], the H adsorption and surface diffusion pro-
cesses are only operative onto the Au sites located at the crystalline
edges, then the positive feedback only comes from these localized re-
gions. Therefore, the feedback performance of this type of substrate
should be better represented as an ensemble of interconnected active
lines that would behave like nanobands with atomic widths. This type
of substrate should have an IT(L) feedback dependence quite different
to that of a continuous substrate, and should be strongly affected by
the ratio between the bandwidth and the tip radius [34], particularly if
this ratio is very small. Thus, the anomalous dependence of the peak
current on L could be an indirect indication of adsorption and surface
diffusion of H on Au steps and edges.

4.3. Surface diffusion of electroadsorbed Had on polycrystalline Pt

The hor on polycrystalline platinum substrate is a fast reaction that,
when is studied by SECM, approaches to the total positive feedback con-
dition at low overpotentials [19,35,36] (typically at ES N 0.2 V vs. RHE).
In this case, the electro-adsorption of Had, usually known as HUPD, pro-
ceeds over the same potential range (0 V b ES vs. RHE b 0.4 V) [19].
Thus, the positive feedback caused by regeneration of H+ at the sub-
strate comes both from the hor and from reaction (1) occurring simulta-
neously on different adsorption sites at the Pt surface (case shown in
Fig. 1b with υR = 0.5). In line with this, the transient dependence of IT
on ES during a scan of the substrate potential was already used to
probe reaction (1) [19,37] and to sense pH changes at the substrate sur-
face due to electro-adsorption reactions [38]. In addition, based on the
previously shown simulations, the steady state IT(ES) dependences
should also be sensitive to the hor, to reaction (1), and to the surface dif-
fusion of Had. In this context, Fig. 9 shows IT(ES) dependences measured
using the H+/H2 mediator in steady state on a polycrystalline platinum
substrate as described in the Experimental section using a platinum tip
(ET = −0.7 V vs. RHE) positioned at different tip-substrate distances.

The positive feedback of H+ is detected at ES N 0 V, and shielding of
the substrate is verified below this ES value as the incipient hydrogen
evolution at the substrate produces a decay of theH+ surface concentra-
tion [23]. The positive feedback tip current has contributions from the
hor and from the electro-adsorption/surface diffusion of Had, which, ac-
cording to the cyclic voltammogram of the Pt substrate in this media
[37], actually involves at least two adsorption reactions occurring with
different E⁎ values over the potential range 0 V b ES vs. RHE b 0.4 V.
Thus, the steady-state response for the hor over this potential interval
is accompanied by at least two steady-state overlapped peaks, which
are caused by the surface diffusion of the different types of Had. At the
largest tip-substrate distances the peaks are practically undetected, al-
though as the distance becomes smaller a single broad peak is clearly
detected over the potential interval 0.05 V b ES vs. RHE b 0.2 V. It should
be pointed out that an equivalent result was reported previously [35]
showing a maximum in the dependence of the SECM-determined hor
rate constant on the substrate potential over this same potential inter-
val. A second dim peak is barely detected at the closest distances in
the potential range 0.25 V b ES vs. RHE b 0.4 V, before the tip current
reaches the limiting value at ES N 0.5 V. It is clear that the adsorption
of H affects the SECM steady-state response for the hor, so that the anal-
ysis of this reaction, and of any electrode reaction that proceeds in par-
allel with adsorption processes that can affect themediator loop, should
take into account this effect.While it is possible tomake a qualitative in-
terpretation of these curves based on the previously described model, a
more quantitative correlation is not feasible due to the marked differ-
ences between the assumptions of the model and the real system.
Thus for example, while the model involves only one adsorbed species
with a characteristic E⁎ value, the real system includes several types of
Had that adsorb at different potentials [39]. However, the lower intensity
of the more anodic peak can be explained based on the results present-
ed in Fig. 6, which show that as the E⁎ value approaches to the total pos-
itive feedback condition the peak intensity decreases. On the other
hand, the model in this work is based on a single-step Butler-Volmer
type reaction, while it is known that the hor operates through a three-
step mechanism [11] that, in conditions of high mass transport rates
such as those defined by SECM, can lead to particular SECM depen-
dences that are impossible to be described by a single reaction, such
as the attainment of a kinetic limiting current and the transition be-
tween mechanistic routes [40].

5. Conclusions

In a typical feedback-based SECM experiment, the steady-state iT(ES,
d) dependence can be strongly affected by electro-adsorption reactions
that involve themediator as a reactant, in a similarway to other adsorp-
tion effects recently reported for varied SECM configurations [6]. While
electro-adsorption is a transient process, a steady-state positive feed-
back current can be sustained by the surface diffusion of the electro-
adsorbed species, which is driven by a radial gradient of surface
coverage.

On the one hand, when only the electro-adsorption reaction is oper-
ative at the substrate, the adsorption/surface diffusion processes lead to
a steady-state positive feedback current with a peak-shaped depen-
dence on ES, which is mounted on the negative feedback tip current.
Thus, the steady-state iT(ES, d) dependences are potentially useful for
qualitative and quantitative characterization of surface processes,
allowing for example the estimation of surface diffusion parameters.
When this analysis was applied to investigate the electro-adsorption
of H from H+ on mono-oriented Au(111), solid evidences were taken
that this reaction occurs only on a small fraction of sites, probably the
plane edges, although a quantitative characterization was not possible
with the developed model. Both the adsorption reaction and the SECM
response may be affected by other proton-sensitive surface processes
(i.e. reduction of gold oxide), which complicate the model and the
quantification.

On the other hand, when the electro-adsorption reaction is simulta-
neous to an electrode reaction of the mediator that proceeds under
mixed control over the same potential range, the adsorption/diffusion
peak is overlapped with the typical SECM response of the electrode
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reaction, affecting the iT(ES) shape and disturbing the determination of
kinetic parameters from iT(ES, d) dependences using the classical
SECM theoretical tools. The SECM analysis of the hydrogen oxidation
on polycrystalline Pt presented in this work shows an example of this
effect,which in this case is caused by the electroadsorption of under-po-
tential deposited H over the same potential range where hydrogen oxi-
dation is studied.
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