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This work presents an updated equation for analyzing experimental dependences of the tip current (iT) on
the tip potential (ET) and the tip-substrate distance (d) by scanning electrochemical microscopy (SECM).
The model includes the contribution of a general thin layer cell (TLC) with no aprioristic restrictions
about the reaction mechanism. The iT(ET, d) dependence for a particular reaction is governed both by
the microelectrode response (at large d values) and by the TLC response (more important at small d val-
ues) that result from solving the particular reaction mechanism. This equation was applied for studying
the mechanism and for quantifying the elementary kinetic parameters of the hydrogen evolution reaction
(her) on platinum and gold microelectrode tips. A dependence of the TLC current on ET previously devel-
oped for the her operating through the Volmer–Heyrovsky–Tafel (VHT) mechanism was included in the
model to correlate experimental iT(ET, d) curves measured on these two metals. The transition from the
VT to the VH route was clearly detected on both metals under conditions of high mass transport rates.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction these processes are in general well modeled [6] and can be in-
The thin layer cell (TLC) is a valuable electrochemical configura-
tion to carry out kinetic studies of electron-transfer reactions un-
der steady state and high mass-transport rates. In addition to the
well-known capacity of this setup for measuring rate constants
of fast reactions [1–3], the TLC configuration is a rather powerful
tool to reveal mechanistic details of electrocatalyzed multi-step
reactions. The great simplicity of the steady-state mass-transport
process in a TLC facilitates the rigorous mechanistic analysis of this
type of reactions, as it was recently shown for the case of the
hydrogen electrode reaction (HER) [4]. However, in spite of its
straightforward theory, an ideal TLC experimental setup is not so
easily obtained. Some problems such as alignment of the elec-
trodes and ohmic drops across the electrode gap hampered the
wide use of this electrochemical arrangement, regardless its appar-
ently high potentiality for this type of study.

Probably the most widely available technique that allows the
attainment of a TLC configuration is the scanning electrochemical
microscope (SECM) [5]. This setup permits to build a TLC with var-
iable and well-controlled separation between a microelectrode
(usually a disk) and a flat microregion of a macroelectrode. Even
though the SECM response convolutes a number of different
mass-transport processes in addition to the TLC contribution,
cluded in the theoretical formalism. The interaction between the
TLC and the microelectrode responses constitutes the theoretical
basis for the use of SECM for calculation of rate constants of sin-
gle-step electrode reactions [7–9], which still is a developing issue
[10,11]. On the basis of these developments and following the
same strategies, it should be possible to generate a SECM formal-
ism with an undefined general TLC contribution able to address
the mechanism of each particular electrode reaction, indepen-
dently of its complexity.

The HER has already been studied by SECM in different opera-
tion modes. On that sense, the hydrogen oxidation reaction on
polycrystalline noble metals [12–14], multi-metallic catalysts
[15] and supported nanoparticles [16–18] was mostly analyzed
using feedback-based modes, although generation–collection
modes were also employed [17–19]. On the other hand, the kinet-
ics of hydrogen evolution reaction (her), either electrolytic or med-
iated by a redox reaction, was studied on Pt microelectrodes
[12,20] and on ensembles of metal nanoparticles [17,21–23]. These
works used approximate models to describe the her mechanism
(rate determining step and quasiequilibrium-based formalisms
[24]), and proved the usefulness of SECM to reveal mechanistic de-
tails of this reaction [23]. In a previous work [4], it was theoreti-
cally shown that the complete HER mechanism can be analyzed
in a TLC setup through the her. This configuration can be experi-
mentally attained with SECM in the feedback mode by setting
the conditions that are shown in Scheme 1 [12]. In this case the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2013.11.027&domain=pdf
http://dx.doi.org/10.1016/j.jelechem.2013.11.027
mailto:jlfernan@fiq.unl.edu.ar
http://dx.doi.org/10.1016/j.jelechem.2013.11.027
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem


10 H.L. Bonazza et al. / Journal of Electroanalytical Chemistry 713 (2014) 9–16
her is analyzed on the tip microelectrode while the substrate (in
this case Pt) functions under diffusion control as a regenerator of
H+ from tip-generated dissolved H2. Thus, the tip potential (ET) is
varied over a cathodic range where H2 evolution occurs, while
the Pt substrate potential (ES) is kept at a constant value where
H2 is oxidized back to H+ under diffusion control. The steady-state
dependence of the tip current (iT) on ET is then recorded and ana-
lyzed at different tip-substrate distances (d). This setup was al-
ready used by Bard and co-workers to measure the apparent rate
constant and transfer coefficient of the her on Pt tips [12] by pro-
cessing the results using the classical theory previously developed
for a quasi-reversible one-step reaction [8]. Nevertheless, by incor-
porating the recently reported TLC formalism of the her [4] in the
SECM theoretical equations, it should also be possible to carry
out a 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 to interpret iT(ET, d) depen-
dences, which incorporates the TLC contribution in such a way that
any reaction mechanism can be accounted. This model was used to
analyze the her mechanism on two metals that represent limiting
performances, as are Pt (highly active) and Au (poorly active).

2. Materials and methods

2.1. Chemicals and materials

All electrochemical experiments were carried out in 0.02 M
HClO4 (Merck) with 0.1 M LiClO4 as supporting electrolyte. Water
was first deionized with an exchange resin, then doubly distilled,
and finally treated with a Purelab purifier (Elga Labwater, resistiv-
ity P18.2 MX cm). High purity (>99.999%) Pt and Au wires and
foils (Goodfellow) were employed.

2.2. Tip fabrication

Pt and Au tips were fabricated by heat sealing of sharpened
wires into borosilicate glass capillaries following a procedure pre-
viously described [25]. Briefly, pieces of 25-lm-diameter Pt and Au
wires (Goodfellow) were soldered to copper wires using a micro-
point soldering machine (S&H Dental, Argentina), and electro-
chemically sharpened at the end. Sharpening of Pt wires was
carried out by application of an AC voltage (sine wave, 50 Hz,
±2.5 V peak to peak) against a concentric annular Pt counter-elec-
trode (5 mm opening) in 4.5 M CaCl2 – 1 M HCl. Sharpening of Au
wires was carried out similarly, but using a Au counter-electrode
and applying a DC voltage (2 V) in 1 M HCl. The sharpened wires
were then introduced into borosilicate glass capillaries (1 mm
Scheme 1. Conditions for studying the her on tip microelectrodes by SECM.
outer diameter, 0.1 mm thickness), which ends were melted by
careful heating under a torch flame until the sealing of about
2 mm of the etched wires was visually verified. Heating was con-
tinued until the exposition of a protruding metal tip totally or par-
tially covered by a thin glass layer was verified. The capillaries
were embedded into cylindrical acrylic supports and polished until
the exposure of the metal disk surrounded by a complete glass ring
was verified. Then the acrylic supports were removed by dissolu-
tion in chloroform and the tips were ultrasonically cleaned in ace-
tone and finally rinsed with water. The tip dimensions were
estimated by cyclic voltammetry and SECM approach curves in
0.001 M ferrocene methanol solution, in addition to observation
by optical microscopy (Nikon Optiphot with a FX-35DX camera).

2.3. SECM experiments

A home-built SECM instrument with typical components [26]
(bipotentiostat and micropositioning system) was used. The bipo-
tentiostat was a PG 340 (Heka Elektronik, Germany) with an ITC-16
board. The tip position was controlled with three stepper motors
(Zaber, Canada) and a Nanocube P-611.3S closed-loop XYZ nanopo-
sitioning system driven by an E-664 voltage amplifier/servo con-
troller (Physik Instrumente, Germany). Both the bipotentiostat
and the positioning system were commanded via the software Pot-
Master (Heka Elektronik). The Teflon cell had a typical configura-
tion, with a Pt foil functioning as the substrate and a gold wire
counter-electrode. The reference electrode was a saturated calomel
electrode (SCE), but all potentials were reported respect to the
reversible hydrogen electrode (RHE).

The tips were approached to the substrate using the H+/H2 cou-
ple as mediator under total positive feedback [12,13]. A cathodic
potential was applied to the tip such as the proton reduction reac-
tion operated under proton-diffusion control. As it is observed in
the tip cyclic voltammograms shown in Fig. 1, the range of poten-
tials to reach this condition was different for each metal, since it
depends on the activity of each material for this reaction. Thus,
the approach potential for Pt tips was �0.6 V vs. RHE, while for
Au tips it was �1.2 V vs. RHE. Besides, the Pt-substrate potential
was kept at 0.5 V vs. RHE to operate the oxidation of the tip-gener-
ated H2 under diffusion control. In the case of Au tips, the approach
was stopped as soon as the current verified a slight increase
(typically 10% of its infinite-distance value). From this point, the
Fig. 1. Cyclic voltammograms of Pt (a) and Au (b) tips in 0.02 M HClO4 – 0.1 M
LiClO4. v = 0.1 V s�1.



Scheme 2. Potential-step sequences applied to the tip and the substrate for
measurement of steady-state iT(ET) SECM curves for the her. The step potential
values (vs. RHE) used for the Pt and Au tips are indicated in the inserted table.
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tips were slowly approached until the desired current increase was
reached, thus avoiding their physical contact with the Pt substrate.
This was particularly critical to prevent contamination of Au tips
with Pt.

Steady-state measurements of the her were carried out point by
point by applying the program of potential-step sequences that is
shown in Scheme 2. Each step sequence applied to the tip included
an oxidation potential (ET,ox, 5 ms) for cleaning the tip surface, a
reduction potential (ET,red, 5 ms) for reduction of formed oxides,
and a measuring potential (ET,m, 20 s) that varied over the analyzed
potential range in intervals of 0.025 V. These values were different
on Pt and Au, and are indicated in Scheme 2. Simultaneously, the
substrate potential was also controlled during the cleaning, reduc-
tion, and measuring steps. The cleaning (or oxidation) potential ap-
plied to the substrate was sufficiently low to avoid dissolution of Pt
traces. The tip current was registered during application of the
measuring potential, and the attainment of the steady state was
verified by its constancy in time. The mean current at each tip po-
tential was measured by averaging the current values registered
during the last half of the measuring periods.
3. Theory

3.1. General model

The model that incorporates the TLC contribution into the depen-
dency of the SECM tip current on ET and on the normalized tip-sub-
strate distance (L = d/a, where d is the tip-substrate distance and a is
the disk radius) was initially developed by Mirkin et al. [8], and
widely used for quasi-reversible single-step reactions [6,27–33].
On the basis of this model, the analytical expression for the normal-
ized tip current (IT) given by Eq. (1) is proposed here. This equation
includes the parallel inputs of the TLC process (ITLC) and of the reac-
tion at the disk microelectrode (Idisk), given by Eqs. (2) and (3),
respectively.
ITðET ; LÞ ¼ ITLCðET ; LÞ þ IdiskðET ; LÞ ð1Þ

ITLCðET ; LÞ ¼
iTLCðET ; LÞ

iT;1

� �
IPFðLÞ � INFðLÞ

p
4LbðRg Þ

 !
ð2Þ

IdiskðET ; LÞ ¼
idiskðETÞ

iT;1

� �
INF

T ðLÞ ð3Þ

The IT value is normalized respect to the diffusion-controlled tip
current at infinite distance (IT = iT/iT,1 , where iT,1 = 4bnFDCa),
where n is the number of exchanged electrons, F is the Faraday
constant, D and C are the diffusion coefficient and bulk concentra-
tion of the reacting species. Besides, the term b takes into account
the effect of the Rg both on the SECM approach curves and on iT,1
[6]. The TLC contribution given by Eq. (2) involves the intrinsic TLC
current density since iTLC/iT,1 = jTLC/jT,1, where jT,1 = iT,1/pa2. This
normalized TLC current is affected by a term that guarantees the
accomplishment of the tip current limiting behaviors, which are
defined by the negative (INF) and positive (IPF) feedback currents.
On the other hand, the contribution of the disk microelectrode cur-
rent given by Eq. (3) involves the normalized disk current at infi-
nite distance (idisk/iT,1), which also depends on the reaction
kinetics, affected by the blocking effect of the substrate. This block-
ing effect can be properly accounted by the negative feedback
current.

3.2. Quasi-reversible reaction

The core of Eq. (1) is the TLC current, which dependence on the tip
potential and on the tip-substrate distance is governed by the kinetics
and mechanism of the analyzed reaction. Differently to the previous
approach where the TLC contribution was specifically introduced
for a quasi-reversible reaction [8], this equation leaves undefined
the ITLC(ET,L) dependence, thus expanding its applicability. Thus for
example, for the quasi-reversible reduction of O to R, the introduction
of the ITLC(ET,L) and the Idisk(ET,L) dependences for a Buttler–Volmer
reaction [34,35], leads to the complete IT(ET,L) dependence given by
Eq. (4), where K = koa/DO (ko is the standard rate constant), a is the
symmetry factor, c = DO/DR, H = exp[f(ET–Eref)], and Eref = Eo0 (formal
potential of the reaction).

ITðET ; LÞ ¼
IPFðLÞ � INFðLÞ
1þ cHþ Ha

KL

þ INFðLÞ=bðRgÞ
1þ cHþ 4Ha

K
8ð1þcHÞþ3Ha=K

16ð1þcHÞþ3pHa=K

h i ð4Þ

This equation is similar to that originally developed by Mirkin
et al. (Eq. 25 in Ref. [8]). However, as Eq. (4) can be used together
with any of the Rg-dependant functions reported up today for IPF

and INF [6], its application is extended to tips with any Rg value.

3.3. The hydrogen evolution reaction

The dependence of the TLC current density for the her operating
through the Volmer–Heyrovsky–Tafel mechanism was already
developed in Ref. [4]. This equation takes into account the func-
tionality of the coverage of H(ad) (h) on the potential assuming a
Langmuir-type isotherm. The involved kinetic parameters are the
rates of the elementary steps (ve

i ) and the coverage of H(ad) (he)
evaluated at the equilibrium potential for the same bulk concen-
tration of H+ (C�Hþ) and hydrogen pressure (PH2) of 1 atm. It is quite
straightforward to modify this equation to take into account a
more complex description of the adsorption, for example by intro-
duction of the Frumkin interaction parameters u through the term
C = eu(h–he) and of the symmetry factor of the adsorption reaction
(k) [36]. By including these terms in the reported equation for
the her TLC current density, reordering and normalizing it respect
to jT,1, it is possible to obtain the dependence of the normalized
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TLC tip current for the her (jher
TLC=jT;1 ¼ iher

TLC=iT;1) on ET and L that is
shown in Eq. (5).

iher
TLCðET ; LÞ

iT;1
¼

p
4bL

� �
Ve

V
1�h
1�he

� �
H�1 � h

he

� �
C

h i
Ha þ Ve

H
h
he

� �
CH�ð1�aÞ

n o
Ck

L þ Ve
V

1�h
1�he

� �
H�1 þ Ve

H
h
he

� �
CH�1 � n 1�h

1�he

� �h in o
Ha

¼
p

4bL

� �
Ve

V
1�h
1�he

� �
H�1 � h

he

� �
C

h i
Ha � Ve

T
h
he

� �2C 2�kð Þ
n o
Ck

2L þ Ve
V

1�h
1�he

� �
H�ð1�aÞ � Ve

Tn
1�h
1�he

� �2C�k
h i

¼
p

4bL

� �
h
he

� �
C Ve

HH�ð1�aÞ þ Ve
T

h
he

� �
Cð1�kÞ

h i
Ck

2L þ Ve
H

h
he

� �
CH�1 þ n 1�h

1�he

� �h i
Ha þ Ve

Tn
1�h
1�he

� �2C�k
n o

ð5Þ

This equation includes the equilibrium rates of the elementary
steps normalized according to the relationship Ve

i ¼ ve
i a=ðDHþC�Hþ

(where i: V, H, T). Besides, in this case Eref involved in H is the po-
tential of the hydrogen reference electrode at C�Hþ and PH2 = 1 atm.
Then, the parameter n groups the diffusion coefficients and bulk
concentrations of H+ and dissolved H2 according to
n ¼ DHþC�Hþ=ð2DH2C�H2þÞ [4], which in this case results
n ¼ C�Hþ=3:59� 10�4ðdm3 mol�1Þ [37]. Note that the h (ET) depen-
dency is defined in Eq. (5) and can be obtained for example by reor-
dering the last identity in this equation.

The second kinetically effected term that is involved in Eq. (1) for
the her is the response of the disk microelectrode tip, that is
iher
diskðETÞ=iT;1. This functionality corresponds to the polarization curve

of a disk microelectrode for the her, whose general expression (valid
for any pH) was recently obtained under the assumption of uniform
accessibility [37]. In fact, as in SECM experiments the H+ concentra-
tion varies over a restricted interval (typically 0:005M < C�Hþ
< 0.06 M [12]) and the bulk concentration of dissolved H2 is null
(C�H2 ¼ 0), the resulting dependence (relative to iT,1) of the her on a
disk tip can be simplified into Eq. (6). This equation is valid as long
as the potential for water discharge [37] is not reached.

iher
diskðETÞ

iT;1
¼

Ve
V

1�h0

1�he
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H�1 � h0

he
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C

h i
Ha þ Ve

H
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C�k
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he

� �
C Ve
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T

h0

he

� �
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h i
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Ck þ Ve

H
h0

he
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CH�1 þ n 1�h0

1�he

� �h i
Ha þ Ve

Tn
1�h0

1�he

� �2
C�k

ð6Þ

It should be noted that as Eq. (6) was obtained under the uni-
form accessibility assumption, it is similar to the TLC current with
an electrode distance equal to the diffusion layer thickness (d), that
in this case is d = pa/4b. In this equation, h0 represents the H(ad) cov-
erage that should be verified on the tip at infinite distance for a set
of kinetic parameters. Similarly to h, its dependency on ET can be
obtained from the second or third identity in Eq. (6).

The application of Eq. (1) for studying the her can be completed
by assuming the functionality of INF and IPF on L and Rg, by instance
given by Eqs. (7) and (8) [6]. The parameters a0 (Rg) and b(Rg), de-
fined by Eqs. (9) and (10) respectively [6,38], permit to take into
account the effect of the tip Rg on the positive and negative feed-
back currents.

INFðLÞ ¼

2:08
R0:358

g

L� 0:145
Rg

� �
þ 1:585

2:08
R0:358

g
ðLþ 0:0023RgÞ þ 1:57þ lnðRg Þ

L þ 2
pRg

ln 1þ pRg

2L

� � ð7Þ
IPFðLÞ ¼ a0ðRgÞ þ
p

4bðRgÞArcTanL

þ 2
p

1� a0ðRgÞ �
1

2bðRgÞ

� �
ArcTanL ð8Þ

a0ðRgÞ ¼ ln 2þ ln 2 1� 2
p

ArcCos
1
Rg

� �

� ln 2 1� 2
p

ArcCos
1
Rg

� �2
" #

ð9Þ

bðRgÞ ¼ 1þ 0:639 1� 2
p

ArcCos
1
Rg

� �

� 0:168 1� 2
p

ArcCos
1
Rg

� �2
" #

ð10Þ
4. Results and discussion

4.1. Descriptive capability

The behavior of the TLC current density for the Volmer–Heyrov-
sky–Tafel mechanism was already fully analyzed previously [4].
With the goal to visualize the manifestation of these features in
the SECM response, some IT(ET,L) curves were calculated with
Eqs. (1)–(3) and (5)–(10) using the software Mathcad (version
2000). Different kinetic parameters that are representative of typ-
ical electrode behaviors were selected in these calculations. Thus
for example, the curves shown in Fig. 2 provide a concrete view
of the effect that should be expected when approaching the tip
to the substrate for two different mechanistic situations. On the
one hand, Fig. 2-I shows situations where the equilibrium rates
are very large, so that the her response on an disk microelectrode
approaches to the diffusion-controlled (reversible) behavior. It is
possible to see that in this type of situation the polarization curves
are poorly sensitive to variations in ve

V over more than two orders
of magnitude. Thus, in this case the her curves measured on a disk
microelectrode are hardly useful to make a precise estimation of
this parameter over this range of values. However, as the tip is ap-
proached to the substrate, for example to a distance L = 0.1, the
contribution of the TLC added to the her polarization curve be-
comes more important and the mass transport rate is significantly
increased. Under these conditions the curves calculated for differ-
ent values of ve

V are clearly distinguished, even for the largest ve
V

values. Thus, the use of IT(ET) dependences obtained at small L val-
ues is particularly suitable for accurate calculation of the kinetic
parameters of fast elementary rates of the her. On the other hand,
a similar situation is shown in Fig. 2-II, which emphasizes the ef-
fect of the ratio of the Tafel and Heyrovsky rates. While the re-
sponse of the isolated disk is barely influenced by the
mechanistic features, the SECM IT(ET) dependence for a small L va-
lue is clearly affected by the transition between routes (evidenced
by a shoulder), which in this case is strongly dependent on the va-
lue of ve

T .
Moreover, the curves in Fig. 3 show the effect of the tip-sub-

strate distance, both in conditions where the equilibrium rates
are very large (Fig. 3-I) and where the transition between routes
should occur (Fig. 3-II). These plots highlight that the use of these
curves to analyze the her on a highly active material is benefited
when the tip is approached to a distance L 6 0.4, which implies at
least a three-fold increase in the value of iT respect to iT, 1. Only
under these conditions the mechanistic features can be detected
and analyzed from the IT(ET) curves with the purpose to obtain
the complete set of kinetic parameters on a highly active
material.



Fig. 2. SECM IT(ET) dependences for the her calculated with Eqs. (1)–(3) using different kinetic parameters for L = 0.1 and1. Rg = 5. C�Hþ ¼ 0:02M. Kinetic parameters: he = 0.2,
u(RT) = 0.3, a = k = 0.5. Ve

i ¼ ve
i a=ðDHþC�HþÞ: (I) Ve

V ¼ 100 (a), 10 (b), 1 (c), ve
H ¼ 0:01, Ve

T ¼ 10. (II) Ve
V ¼ 10, ve

H ¼ 0:001, Ve
T ¼ 1 (a), 0.1 (b), 0.03 (c). Dashed lines are the diffusion-

controlled dependences.
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The contribution of each of the two terms involved in Eq. (1) can
be better analyzed in the graphs presented in Fig. 4. These curves
show the TLC and disk currents (in addition to the tip current) cal-
culated under total diffusion control with Eqs. (2) and (3) as a func-
tion of L. For L values smaller than 0.5, the TLC response conforms
more than 80% of the total tip current (as is better observed in
Fig. 4b), while the disk current becomes the predominant contribu-
tion for L > 2.

It should be remarked that the main advantage of using this
SECM-based configuration to study the her on microelectrodes is
the inclusion of a well-controlled variable (the tip-substrate dis-
tance) that affects the mass-transport rate, in addition to the
microelectrode size. Thus for example, an increase of one order
of magnitude of the limiting current density for the her that is ver-
ified on a microelectrode can be reached either by decreasing the
disk radius that magnitude (i.e. from 10 to 1 lm) or by approach-
ing the tip to a tip-substrate distance of about one tenth of the ra-
dius (L ffi 0.08).
Fig. 3. SECM IT(ET) dependences for the her calculated with Eqs. (1)–(3) using different va
u(RT) = 0.3, a = k = 0.5. Ve

i ¼ ve
i a=ðDHþC�Hþ): (I) Ve

V ¼ 10, ve
H = 0.01, Ve

T = 0.2. (II) Ve
V ¼ 100,
4.2. SECM study of the her on Pt tips

The her was studied in this work by SECM IT(ET, L) curves on Pt
tips pursuing two objectives. On one hand, this analysis permits to
visualize the capability of the equations to correlate experimental
curves obtained on a well-known electrocatalyst for the her, as it is
Pt. On the other hand, this model system is adequate to evaluate
the sensitivity of the correlations to the involved adjusted kinetic
parameters.

In fact, the her was already studied on Pt through the fitting of
SECM IT(ET,L) curves by Bard and co-workers [12]. That study was
carried out on a 25-lm-diameter Pt tip (C�Hþ ¼ 0:01M;
iT,1 = �311.3 nA), and the reaction was interpreted under the
assumption of a quasi-reversible model. Thus, the values of ko

and a were estimated using the classical theory [8]. In order to car-
ry out a deeper mechanistic analysis, Eqs. (1)–(3) were used to fit
these earlier results and to estimate the full set of elementary
kinetic parameters that consistently reproduces these published
lues of L (indicated in the graphs). Rg = 5. C�Hþ ¼ 0:02 M. Kinetic parameters: he = 0.2,
ve

H = 0.001, Ve
T = 0.1. Dashed lines are the diffusion-controlled dependences.



Fig. 4. Dependences on L of the TLC (ITLC) and disk microelectrode (Idisk) contribu-
tions to the normalized tip current (IT) for the her (a), and the same dependences
relative to IT (b). ET = �0.5 V vs. RHE; Rg = 5. C�Hþ ¼ 0:02M. Kinetic parameters:
Ve

V ¼ 10, ve
H ¼ 0:0001, Ve

T ¼ 0:5, he = 0.2, u(RT) = 0.3, a = k = 0.5.
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curves. The equilibrium rates and coverage were freely varied in
these fittings, while the other kinetic parameters (u, a and k) were
kept invariant in their accepted values for Pt. The resulting correla-
tions that are shown in Fig. 5 indicate that the her follows the Vol-
mer–Tafel route at low potentials, which led to the parameters
shown in Table 1 (first row). Besides, no evidence of a route tran-
sition is detected in this data, as probably the mass-transport rates
required to observe this process (affected both by the tip size and
distance) were not reached.
Fig. 5. Correlations with Eqs. (1)–(3) (solid lines) of reported SECM IT(ET,L)
dependences for the her [12] on a Pt tip (symbols). C�Hþ ¼ 0:01 M. a = 12.5 lm;
Rg = 11; iT,1 = �311.3 nA. Dashed lines are the diffusion-controlled dependences.
Furthermore, SECM IT(ET,L) curves for the her were measured in
this work on a 2.5-lm-radius Pt tip (Rg ffi 2.3) in perchloric acid
solution ((C�Hþ ¼ 0:02M; iT,1 = �149.5 nA) and correlated with
Eqs. (1)–(3). These experimental curves, as well as the resulting
correlations that were reached with a unique set of kinetic param-
eters (presented in Table 1, second row) for all curves, are shown in
Fig. 6. These parameters are in the order of those reported for Pt in
these pH conditions [37], and indicates that the her proceeds
through the Volmer–Heyrovsky route at high overpotentials. Such
a behavior was also detected by SECM on ensembles of Pd nano-
particles [23]. It is important to remark that while the correlations
of curves measured at L > 0.2 are poorly sensitive to some of the ki-
netic parameters shown in Table 1 (i.e. to ve

H), the curves measured
at L < 0.2 show features that can only be reproduced with this par-
ticular set. This occurs because the transition from the Volmer–Ta-
fel to the Volmer–Heyrovsky route is effective only at potentials
ET < �0.4 V vs. RHE, where the reaction already reached the
mass-transport limitation for the larger L values. These values are
in accordance with the parameters determined from the results
measured by Bard et al. [12] excepting for the Tafel elementary
rate, which is more than one order of magnitude larger in this
work. This is not surprising, since the curves shown in Fig. 6 were
obtained on a pre-activated electrode, which was cleaned by an
anodic pulse just before the acquisition of each point of the curve.

The results obtained from the application of the developed
SECM theoretical formalism to study the her on Pt, both on our
own measurements and on reported data, validate the presented
SECM methodology. Thus, this procedure can be applied for study-
ing the her on other electrode materials with a high degree of
confidence.

4.3. SECM study of the her on Au tips

SECM IT(ET, L) curves for the her measured on a 3.7-lm-radius
Au tip (Rg ffi 3) in perchloric acid solution (C�Hþ ¼ 0:02M;
iT,1 = �218.5 nA) are shown in Fig. 7. As it was already observed
in the cyclic voltammogram presented in Fig. 1b, the her requires
much larger overpotentials on gold than on platinum to reach dif-
fusion limiting conditions [13]. The steady-state IT(ET) curve mea-
sured on the isolated tip shows typical features of an irreversible
reaction. However, as soon as the tip approaches the substrate sur-
face and the TLC contribution becomes perceptible, a shift of the
whole polarization curve toward slightly larger currents is ob-
served. Upon continuing approaching the tip to the substrate, the
tip limiting currents keep increasing as expected, but the currents
at the lower overpotentials remain almost at similar values (almost
independent of L). Globally, what can be observed from these
curves is that the IT(ET) dependences evolve from essentially a typ-
ical irreversible behavior at infinite distance to a response full of
mechanistic features at decently small distances (L < 0.6). More-
over, the correlations of these experimental curves with Eqs. (1)–
(3), represented with solid lines in Fig. 7, led to the kinetic param-
eters that are shown in Table 1 (third row). Remarkably, all curves
can be correlated with parameters whose values are quite similar.
These values, particularly ve

T and he, are in agreement with those
previously reported for this metal in very acid condition [39].
The most significant aspects about these calculated parameters
are the very low values of ve

V and of he (which implies a large equi-
librium constant for desorption of adsorbed hydrogen, or the Tafel
step [37]). These two magnitudes, together with the very small val-
ues of the Heyrovsky elementary rate constant, cause the signifi-
cantly low electrocatalytic activity of this metal for the her. As on
Pt, the her proceeds on Au through the Volmer–Tafel route at the
less cathodic potentials (typically down to ET ffi �0.7 V vs. RHE),
and from this potential to more cathodic values the Volmer–Hey-
rovsky route becomes predominant.



Table 1
Kinetic parameters resulting from correlations of SECM IT(ET,L) curves for the her. ve

i in mol s�1 cm�2, u (in RT units) = 0.3, a = k = 0.5.

Metal C�Hþ (mol dm�3) ve
V ve

H ve
T he Source

Pt 0.01 4.4 � 10�6 <1 � 10�9 6.8 � 10�8 0.21 [12]
Pt 0.02 1.8 � 10�5 6.3 � 10�10 1.47 � 10�6 0.20 This work
Au 0.02 5.5 � 10�10 7.3 � 10�15 5.9 � 10�9 0.05 This work

Fig. 6. Experimental SECM IT(ET,L) dependences for the her measured on a Pt tip
(a = 2.5 lm; Rg = 2.3; iT,1 = �149.5 nA) in 0.02 M HClO4 – 0.1 M LiClO4 (symbols),
and correlations of these curves performed with Eqs. (1)–(3) (solid lines). Dashed
lines are the diffusion-controlled dependences.

Fig. 7. Experimental SECM IT(ET,L) dependences for the her measured on a Au tip
(a = 3.7 lm; Rg = 3.0; iT, 1 = �218.5 nA) in 0.02 M HClO4 – 0.1 M LiClO4 (symbols),
and correlations of these curves performed with Eqs. (1)–(3) (solid lines). Dashed
lines are the diffusion-controlled dependences.
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5. Conclusions

A new theoretical formalism that expands the applicability of
SECM for the kinetic analysis of electrode reactions on microelec-
trode tips was presented in this work. More precisely, the modifi-
cation of the classical TLC-based SECM theory led to an equation
that permits to analyze electron-transfer reactions operating
through complex multi-step mechanisms from SECM IT(ET,L)
curves measured on microelectrode tips. The main requirement
is that the reaction mechanism must be solved in a steady-state
TLC configuration. As this was previously done for the case of the
hydrogen evolution reaction [4], this model was used in this work
to analyze the mechanism of this reaction and quantify the kinetic
parameters on Pt and Au under mass-transport conditions hardly
achievable with other techniques. For the case of Pt, the kinetic
parameters are similar to those previously determined. Moreover,
what was remarkable in this analysis on Pt is that the transition
between mechanistic routes (usually observed in the hydrogen
oxidation on microelectrodes [40]) was clearly observed in the
hydrogen evolution, which was never reported even when analyz-
ing small microelectrodes [37]. On the other hand, interesting
mechanistic aspects of the her were also detected on Au. For the
first time, it was shown that such transition of routes also occurs
on this metal. However, such transition is only observed under
high mass-transport rates and at much more negative potentials,
since the kinetic parameters for the her on Au are very small.
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