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Abstract

The coupling between the electron transfer and specific adsorption of a redox-active molecule is
ubiquitous and crucial in many important electrode reactions. Practically, adsorption-coupled electron-
transfer (ACET) reactions generate irreversibly adsorbed products in electrodeposition and
electrointercalation and reversibly adsorbed intermediates in electrocatalysis and photoelectrocatalysis.
Fundamentally, ACET reactions are highly complex owing to the co-existence of concerted and non-
concerted mechanisms. Herein, we model the ACET mode of scanning electrochemical microscopy
(SECM) theoretically to experimentally and quantitatively investigate the dynamics and mechanism of
ACET reactions. Specifically, an ACET reaction at the substrate is driven voltammetrically and
monitored amperimentrically at the tip to yield the voltammogram of the tip current versus the cycled
substrate potential. In the negative ACET mode, irreversible adsorbates are produced from reversibly
adsorbed reactants through the concerted or non-concerted mechanism. Moreover, reversible adsorbates
are produced from non-adsorbing reactants through the concerted or non-concerted mechanism in the
positive ACET or positive feedback mode, respectively, as complemented by the substrate generation/tip
collection mode of both mechanisms. We predict that the ACET mechanism can be identified when a
reversible adsorption step is kinetically controlled. The validity and application of our model are
demonstrated by considering various substrate reactions reported previously. These reactions include
hydrogen electrocatalysis, metal electrodeposition, lithium electrointercalation, the ACET-like
formation of metal oxides, and even the redox reaction of a conducting polymer coupled with ion
transfer. The powerful ACET mode will complement the surface-interrogation mode based on the

quantitation of preformed adsorbates.



1. Introduction

Many important electrode reactions involve the coupling between the electron transfer (ET) and
specific adsorption of a redox-active species [1, 2] to represent adsorption-coupled electron-transfer
(ACET) reactions [3]. Electrodeposition [4] and electrointercalation [5] exemplify ACET reactions as

O +M+e = Rags (1)
where O is an oxidant in the solution, Rags 1s the reductant adsorbed on the electrode surface, e.g., a
metal ion and an irreversibly adsorbed metal atom, respectively, and M is an adsorption site. Moreover,
ACET reactions are ubiquitous and crucial in electrocatalysis [1, 6, 7] and photoelectrocatalysis [1] to
produce an adsorbed intermediate, which can be reversibly desorbed to form a soluble reductant, R, as

R +M = Rags ()

For instance, both adsorbed and non-adsorbed forms of O>™ [8, 9] and CO,™ [10, 11] were detected
experimentally as the key intermediates of electrochemical O [12, 13] and CO; [14, 15] reduction
reactions, respectively.

Fundamentally, the molecular mechanism of ACET reactions is highly complicated [1] and
ambiguous owing to the co-existence of concerted and non-concerted mechanisms [2, 3, 16-18]. The
ACET reaction of an irreversible adsorbate can be mediated through the concerted mechanism (Equation
1) as well as the non-concerted mechanism based on separate adsorption and inner-sphere ET steps [2, 3,
16, 18]

O +M = Ougs 3)

Ouds + € = Rads “

The non-concerted mechanism was predicted theoretically to account for the fast electrodeposition of
silver [19] and hydrogen [20] but has not been resolved from the concerted mechanism experimentally

[3, 18]. The reversibly adsorbed intermediate of electrocatalysis and photoelectrocatalysis can be
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produced through the non-concerted mechanism [2, 3, 16, 17], where the adsorption step (Equation 2) is
preceded by the outer-sphere ET step

O+e=R (5)

The rate and final product of gross catalytic reactions strongly depend on the reaction mechanism [12-
15].

Herein, we develop the voltammetric theory for the ACET mode of scanning electrochemical
microscopy (SECM) to quantitatively investigate the dynamics and mechanism of ACET reactions.
Specifically, an ACET reaction at the substrate is driven voltammetrically and monitored
amperometrically at the tip to measure the tip current against the cycled substrate potential [21, 22]. In
the negative ACET mode, irreversible adsorbates are produced from non-adsorbed reactants (Figure 1A)
or reversibly adsorbed reactants through concerted and non-concerted mechanisms to lower the tip
current without the substrate reaction at the initial potential [21, 22]. In the positive ACET mode,
reversible adsorbates are produced at the tip to regenerate non-adsorbed reactants at the substrate,
thereby enhancing the tip current [23] (Figure 1B). The positive ACET mode of the concerted
mechanism is distinct from the positive feedback mode of the non-concerted mechanism and
complemented by the substrate generation/tip collection (SG/TC) mode of both mechanisms [24]. When
the reversible adsorption step is kinetically controlled, unique voltammograms are expected for each
mechanism to discriminate between the two mechanisms [2, 3, 24].

More broadly, we generalize the theory of SECM-based voltammetry [25] to understand ACET
reactions at the substrate more quantitatively than reported in the previous experimental work.
Advantageously, we consider transient voltammetric conditions to manifest adsorption effects, which
are concealed by employing SECM under steady-state conditions [26]. Specifically, the theoretical

voltammograms of the negative ACET mode simulate experimental voltammograms for the
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underpotential deposition of hydrogen [21, 22, 27], the ACET-like formation of metal oxides [22], and
lithium electrointercalation [28]. Moreover, the voltammograms predicted for the negative ACET mode
manifest that the redox reaction of a conducting polymer film can be concerted or non-concerted with
ion transfer [29-32]. Furthermore, we compare positive ACET and positive feedback modes to identify
non-concerted and concerted mechanisms for the ACET reaction of ferrocene derivatives [24] and the
hydrogen oxidation reaction [23], respectively. We also assess the experimental voltammogram of
copper electrodeposition in the SG/TC mode [33]. Finally, the ACET mode is compared with the
surface-interrogation (SI) mode based on the quantitation of adsorbates preformed through ACET or

ACET-like reactions [34].

2. Results and Discussion
2.1. Diffusion-reaction model

The diffusion-reaction model of ACET reactions was developed and validated for cyclic
voltammetry (CV) [2, 3] and SECM [24] and generalized in this work (see Supplementary Materials).
The generalized model was solved numerically by employing the finite element method in COMSOL
Multiphysics (version 6.0, COMSOL, Burlington, MA). A few hundred voltammograms were obtained
for each kinetic zone diagram and analyzed by using home-written Python and Java programs.
Specifically, the diffusion-reaction model was extended to the negative ACET mode to discriminate
between concerted and non-concerted mechanisms. The respective mechanisms were considered for
positive ACET and positive feedback modes as complimented by the SG/TC mode to simulate more
general conditions than reported in our recent work [24]. The tip—substrate distance, d, was added to the
diffusion-reaction model of SECM in comparison with that of CV. We selected a sufficiently short tip—
substrate distance of d/a = 0.5, where a represents the inner radius of the tip. The outer radius of the tip,
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rg, was also fixed to RG = r¢/a = 2.0. In addition, the scan rate of the substrate potential, v, was

normalized against the inner tip radius to yield

a?vF

o= DRT (6)

where the diffusion coefficients of the oxidant and reductant are both assumed to be D. We selected o=
0.15 to represent typical experimental conditions of v = 0.1 V/s and 10 V/s for @ = 5 pum and 0.5 um,
respectively, in Equation 6 with D=7 x 107° cm?/s.

An ACET reaction at the substrate was characterized by two dimensionless parameters. A
dimensionless parameter, x, represented the ratio of the total concentration of adsorption sites at the

substrate, [5, against the availability of the oxidant within the diffusion layer near the substrate as given

I , Fv
K —-z; E;B (7)

where ¢y is the concentration of the oxidant in the solution. For instance, x increases with higher v or

by

lower co to enhance the adsorption effect from the ACET reaction as well as the adsorption step. In

addition, the standard rate constant of the ACET reaction was given in the dimensionless form, AQ, by

RT
AQ = kcy/coCset_ry (8)

where ¢yt is a standard concentration, e.g., 1 M. The standard rate constants of outer-sphere and inner-
sphere ET steps were also defined in the dimensionless form (see Equations S-20 and S-21 in
Supplementary Materials). Transfer coefficients of 0.5 were employed.

An adsorption step is involved in concerted and non-concerted mechanisms and must be

controlled kinetically to discriminate between the two mechanisms. The dimensionless parameter, A,



represented the desorption rate constant normalized against the inverse of the time scale for the cycle of

the substrate potential as given by

. . RT
iies = ktlies Fv (9)

This parameter is equivalent to the ratio of the normalized adsorption rate constant, A4, to the
normalized strength of the interactions between the adsorbate and the electrode surface, o, with

pi = cofs (10)
where Al = ALy /p. The ALy /p ratio was employed in a previous study to obtain kinetic zone
diagrams [2]. In this study, o was specified for each kinetic zone diagram.

The diffusion-limited tip reaction was assumed to simulate the tip current. In any operation
mode, the tip current was given by

it = —2nF foarvder (11)
where the current due to oxidation has a positive sign [35] and vk is the diffusion-limited rate of the tip
reaction of species 1. The tip current was normalized against the tip current based on the diffusion-
limited reduction of the oxidant in the bulk solution, it , as given by

it = —4xnFDcya (12)
where x is a function of RG; and n (= 1) is the number of transferred electrons. The substrate current was

also simulated to agree with the CV response as obtained by using COMSOL and the finite difference

method [3]. This agreement validated the tip current simulated in this work.

2.2. Negative ACET mode

2.2.1. Characteristic voltammograms



We simulated the tip current against the cycled substrate potential to yield characteristic
voltammograms for the negative ACET mode. Specifically, we varied x for the ACET reaction at the
substrate to simulate the characteristic desorption peak current at the tip with k¥ > 1 (Figure 2A). The
substrate potential was initially positive enough not to drive the ACET reaction at the substrate. The
resultant tip current, it, went below it ., owing to the negative feedback effect from the non-reactive
substrate to yield the normalized tip current of it/it o = Ine = 0.57 as expcted at d/a = 0.5. The tip
current decreased to zero during the cathodic forward scan of the substrate potential and then peaked
during the reverse scan. Steady states were maintained during the forward scan because x was large
enough to continuously deplete the oxidant in the tip—substrate gap without the saturation of the
substrate with the adsorbate. A finite amount of the adsorbate was reductively formed during the
forward scan and oxidatively desorbed during the reverse scan to transiently peak the tip current.

Our simulation also revealed that the tip current response was controlled by the ACET reaction
at the substrate not under the tip but outside of the tip. The concentration of the oxidant, O, in the tip—
substrate gap was simulated at initial, switching, and peak potentials (Figures 2B—2D, respectively). At
any potential, the oxidant was consumed by the diffusion-limited tip reaction and completely depleted at
the substrate under the tip. The substrate reaction was not driven at the initial potential (Figure 2B),
thereby generating no adsorbate on the substrate. The substrate reaction was diffusion-limited at the
switching potential to deplete the oxidant at the entire surface of the substrate (Figure 2C), thereby
yielding the zero tip current owing to the shielding effect [36]. The adsorbate was also formed at the
exterior region of the substrate during the forward scan. The adsorbate was oxidatively desorbed during
the reverse scan to transiently triple the concentration of the oxidant at the exterior surface of the
substrate in comparison with co (Figure 2D). The substrate-generated oxidant was transported laterally

through the tip—substrate gap and detected at the tip to transiently enhance the tip current (Figure 1A).
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Our simulation results demonstrated that all parameters of an ACET reaction at the substrate are
determinable by employing the negative ACET mode. Characteristic voltammograms with x >> 1
depended on the standard rate constant of the ACET reaction, k2, at the substrate (Figure 3A) as
evaluated by using A2 (Equation 8). As the ACET reaction became slower, forward and reverse waves
shifted cathodically and anodically, respectively, as expected for reversible, quasi-reversible, and
irreversible ACET reactions. The cathodic shift of the forward wave accelerated the slower reductive
adsorption of the reductant at the substrate to deplete the oxidant in the tip—substrate gap, thereby
lowering the tip current to zero. The anodic shift of the reverse wave accelerated the slower oxidative
desorption of the reducant to yield a lower and broader desorption peak. The broadness of the reverse

wave corresponded to the transfer coefficient, «. The observation of both forward and reverse waves

also facilitated the determination of the formal potential, Egl. The identical wave shape, however, was
predicted with x >> 1, thereby preventing the determination of I's. Accordingly, ¥ must be lowered to
~1 to observe another characteristic voltammogram (Figure 3B), which allowed for the determination of
I's from Equation 7. The corresponding voltammogram was featured by a surface wave with an offset of
the negative feedback current, it/it . = 0.57. More specifically, the tip current was lowered initially by
the negative feedback effect and then transiently by the reductive consumption of the oxidant to the
adsorbed reductant at more negative potentials than Egl during the cathodic scan of the substrate
potential. The dip of the tip current was completed by the saturation of the substrate with the adsorbed
reductant. The adsorbate was oxidatively desorbed from the substrate during the anodic scan to yield a
peak current at the tip. The voltammogram was dependent on kg, Egl, and «a, which can be determined

experimentally.



2.2.2. Experimental examples

The simulation results of the negative ACET mode were summarized in the kinetic zone diagram
(Figure 4) and compared with experimental voltammograms. We found five zones in the kinetic zone
diagram with various A2 and x. Some notations of the kinetic zones followed those of the corresponding
CV [2]. Specifically, D and A represent the diffusion-controlled and adsorptive behavior, respectively.
Each zone covers reversible and irreversible ET kinetics, as indicated by R (or O) for reversible (or
ordinary) kinetics and I for irreversible kinetics. The DON and DIN zones of the negative ACET mode
were presented in Figure 3A and discriminated from the DO and DI zones of positive ACET and
positive feedback modes. The SECM-based voltammograms of AR/AI zones were detailed in Figure
3B. Moreover, the tip current in the NF zone was identical to Inr at any substrate potential.

The Al zone of the negative ACET mode simulated voltammograms for the underpotential
deposition of hydrogen at the Pt substrate as studied at pH 4 (Figure 4 in [22]). The H" concentration
was high enough to obtain a measurably high current based on the hydrogen evolution reaction at a Pt
tip (2H" + 2e — H>). The tip-generated H, was not oxidized at the Pt substrate to yield it/it < 1 owing
to the negative feedback effect. The substrate potential was scanned cathodically to drive the Volmer
reaction at the substrate as

H"+M + e = Hags (13)

The tip current was lowered by the consumption of H in the tip—substrate gap until the saturation of the
substrate with Haq to yield the characteristic dip of the tip current in the Al zone. The reverse scan
transiently peaked the tip current as expected for the Al zone. The wide separation of ~0.2 V between
the peak potentials corresponds to the electrochemical irreversibility of the Volmer reaction to indicate

the Al zone, not the AR zone.
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The DON zone of the negative ACET mode was observed for the underpotential deposition of
hydrogen at the Pt substrate at pH 7.0 (Figure 7 in [21]). The concentration of H" was too low to observe
the substantial tip current during the cathodic scan. Hags on the substrate, however, was formed during
the cathodic scan and desorbed during the reverse scan to yield a characteristic voltammogram of the
DON zone. We confirmed that the desorption peak was attributed to the transient Volmer reaction, not
only to the surface diffusion of Hags on the Pt substrate [27] (see Figure S-2 in Supplementary
Materials). The transition from the Al zone at pH 4 to the DON zone at pH 7 is due to larger x with the
lower concentration of H' in the solution. This consistency implies that Hags is formed from the low
concentration of H" at pH 7, where H»O is usually considered as the H' source [21], i.e.,

HO +M + e & Hags + OH™ (14)

Equation 14 is not equivalent to the Volmer reaction in the acidic media and must be implemented in our
model to identify the H source from experimental voltammograms.

Interestingly, the characteristic voltammogram of the Al zone in the negative ACET mode was
observed for the ACET-like formation of oxides at the Pt substrate (Figure 4 in [22]). The gross reaction
of Pt oxidation is given by

PtO + 2H" + 2e = Pt + H,O (15)
Equation 15 is equivalent to an ACET reaction (Equation 1) when PtO and Pt are considered as an
adsorption site and an adsorbate, respectively, in the presence of excess water. During the cathodic scan,
H" was not reduced but consumed at the substrate to demonstrate the characteristic dip of the tip current
based on the hydrogen evolution reaction. The subsequent oxidation of Pt during the anodic scan
generated H' to peak the tip current. The reverse peak of the tip current was broadened to mirror the

broadened peak of the substrate current based on the Pt oxidation.
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The voltammogram of the DIN zone in the ACET mode is also similar to an experimental
voltammetric plot obtained for Li electrointercalation at the graphite electrode [28]. In this case, the
potential of a Hg-film-coated Pt tip was cycled to uptake and strip Li" during potentiostatic Li
electrointercalation at the substrate. A plot of the stripping peak current against the substrate potential
resembled the characteristic voltammogram of the DIN zone. The standard rate constant of Li
electrointercalation was determined from not the plot of the tip current versus the substrate potential but
tip stripping voltammograms at various substrate potentials. The latter analysis, however, required the

kinetics of Li amalgamation at the tip, which is simplified to a diffusion limit in the ACET mode.

2.2.3. Concerted and non-concerted mechanisms

We predict that the concerted and non-concerted mechanisms of the negative ACET mode are
discriminable when the adsorption of the oxidant is kinetically controlled [2, 3]. Specifically, we
developed kinetic zone diagrams for concerted and non-concerted mechanisms by varying 19, and & for
the common adsorption step (Figures SA and 5B, respectively). In the notation, Kin represents a forward
(or reverse) wave controlled purely by adsorption (or desorption) kinetics. The weak adsorption of the
oxidant with po = 10~* was assumed to avoid interference with the reductant adsorption. Both concerted
and non-concerted mechanisms were significantly affected by the weak oxidant adsorption to yield
KinR/Kinl zones in addition to DON/DIN and AR/AI zones. KinDR/KinDI zones were predicted only
for the concerted mechanism. The KinDR/KinDI zones of the negative ACET mode have not been
predicted theoretically or demonstrated experimentally. The characteristic voltammograms of KinR/Kinl
zones have not been predicted theoretically but were observed experimentally for the redox reaction of a

conducting polymer film [32] as discussed below.
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The kinetic zone diagrams of concerted and non-concerted mechanisms confirmed that different
voltammograms are expected for the two mechanisms when the common adsorption step is kinetically
controlled. Specifically, the same combination of adsorption parameters, A3, and «, yielded distinct
voltammograms for the two mechanisms when A3, is sufficiently small (Figure SA and 5B,
respectively). With x > 0.1, the negative feedback response was predicted for the non-concerted
mechanism when the adsorption step was too slow to mediate the following inner-sphere ET step (the
inset of Figure 5B). With any x in the concerted mechanism, the tip current was affected by the ACET
step, which was separated from the adsorption step (the inset of Figure 5A). Uniquely, the concerted
mechanism yielded the KinDR/KinDI zone, where the desorption peak was observed in contrast to the
KinDR/KinDI zone and enhanced much more than in the DON/DIN zone. The high desorption peak is
attributed to the slow adsorption of the oxidant, which is competitively reduced at the tip to enhance the

tip current (the inset of Figure 5A).

2.2.4. ET coupled with ion transfer
We found that the characteristic voltammograms of the negative ACET mode resemble those
observed experimentally for the redox reaction of a conducting polymer coupled with ion transfer. The
Kinl zone of the negative ACET mode simulated the SECM-based voltammogram of a poly(3,4-
ethylenedioxythiophene) (PEDOT) film coupled with the transfer of an anion, X", (Figure 4 in [32]) as
PEDOT'X +e = PEDOT + X~ (16)
Equation 16 is equivalent to the ACET reaction of an adsorbed oxidant as given by
Ous te=M+R (17)
where Oags = PEDOT X", M = PEDOT, and R = X. Experimentally, the anion was detected at the tip to

yield a soluble product (e.g., 2CI" & Clz + 2e). The tip-generated species was not reactive at the PEDOT
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film to lower the tip current as expected for the negative ACET mode. The experimental voltammogram
at a slow scan rate of 10 mV/s was sigmoidal with hysteresis as expected for the Kinl zone. The Kinl
zone requires an adsorption step (compare Figures 4 and 5), which is equivalent to anion transfer as
given by

PEDOT'X = PEDOT" + X~ (18)
The anion-transfer step is separated in the non-concerted mechanism from an ET step as defined by

PEDOT" + e = PEDOT (19)
The two mechanisms are discriminable when the ion transfer step is kinetically controlled at faster scan
rates to observe KinDI or NF zones (Figure 5).

The Al and DIN zones of the negative ACET mode were also observed for the redox reaction of
a conducting polymer film coupled with ion transfer. The Al zone was observed for the redox reaction
of a polyaniline film coupled with H' transfer at 5 mV/s (Figure 3a in [29]). Moreover, the DIN zone
was observed for redox-coupled cation transfer at the polypyrrole film at 10 mV/s (Figure 3B in [31]).
Overall, the variation of kinetic zones among Al, DIN, and Kinl zones corresponds to the variation of «;
where I is determined by the availability of the redox site in the polymer films. Al, DIN, and Kinl
zones are common between concerted and non-concerted mechanisms, thereby indicating that the fast

ion-transfer step is coupled with the rate-determining ET step (Equation 16 or 19).

2.2.5. Diffusion-limited tip reaction

The negative ACET mode employs the diffusion-limited ACET reaction at the tip, which is
significantly covered with irreversible adsorbates as simulated by using our model (see Figure S-3 in
Supplementary Materials). The saturation of the tip surface with irreversible adsorbates must be

prevented experimentally to maintain the diffusion-limited ACET reaction at the tip. For instance,
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adsorbates can be electrochemically extracted into a liquid-based tip, e.g., a tip based on a Hg film [28,
37] or an immiscible electrolyte solution [38]. The diffusion of the extracted species in the bulk liquid
phase is more efficient than the surface diffusion of adsorbates [28], which also lowers the surface
concentration of the adsorbates (Figure S-3). The availability of adsorption sites on the tip surface can
be enhanced by roughening the tip surface [39]. A lower concentration of the oxidant (i.e., lower x) in
the solution can minimize the surface concentration of the adsorbate. The oxidant concentration,
however, can not be lower than the threshold concentration of x ~ 10*, which is required to obtain a
measurable tip current (see Equation S-27 in Supplementary Materials). Alternatively, the tip reaction
can be mediated by the electrodeposition of the bulk material.

It should be noted that the ACET reaction at the tip may be mediated through the concerted or
non-concerted mechanism. In the non-concerted mechanism, the preceding adsorption of the oxidant at
the tip must be fast enough to reach a diffusion limit. Otherwise, the adsorption kinetics limits the tip
reaction as exemplified by the NF zone of the non-concerted mechanism at the substrate (Figure 5B). In
this case, the concerted mechanism will prevail to reach a diffusion limit with x> 0.1 as ensured for the

concerted mechanism at the substrate (Figure 5A).

2.3. Positive ACET mode
2.3.1. Characteristic voltammograms

We also simulated the characteristic voltammograms of the positive ACET mode, where the
reductant was reversibly adsorbed both on the tip and the substrate (the inset of Figure 6A). We
considered an adsorption equilibrium constant of pr = 10°, which corresponded to weak adsorption with
a free energy change of —28.5 kJ/mol (= —RTlnpr at 298 K). The weak and reversible adsorbate,

however, can still saturate the electrode surface [3]. Our simulation yielded the characteristic desorption
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peak of the positive ACET mode with x>> 1 (Figure 6A). The tip current at the initial substrate
potential was enhanced by the positive feedback effect from the substrate to yield the normalized tip
current of it /it . = Ipr = 2.3 as expcted at d/a = 0.5. The reductant was generated at the tip, adsorbed on
the substrate under the tip, and oxidized through the ACET step to locally regenerate the oxidant (Figure
6B). The substrate-regenerated oxidant was reduced at the tip to enhance the tip current. As the substrate
potential was scanned cathodically, the oxidant was reduced at the entire substrate (Figure 6C at the
switching potential). The substrate reaction not only lowered the tip current to zero but also accumulated
the reductant adsorbed on the substrate. During the anodic scan, the adsorbate was oxidatively desorbed
from the substrate under the tip to transiently peak the tip current (Figure 6D), where the concentration
of the oxidant at the substrate under the tip was tripled in comparison with co.

The voltammograms of the positive ACET mode with a characteristic desorption peak were

obtained with x >> 1 and dependent on k, Egl, and a. The desorption peak was not only shifted
anodically but also enhanced as the ACET reaction at the substrate became slower (Figure 7A). With the
correspondingly lower k2, the tip-generated reductant was adsorbed on the substrate but was not
oxidized quickly through the ACET reaction. Subsequently, the tip current decreased from Ipr to INr
during the cathodic scan (blue and magenta solid lines). Eventually, the tip current dropped to zero at
more negative potentials owing to the shielding effect [36]. As the substrate potential was scanned
anodically, the adsorbed reductant was oxidatively desorbed at more positive potentials through the
ACET reaction with lower k2. Since the adsorbate was formed for a longer time, the resultant desorption
peak was enhanced.

In addition, characteristic voltammograms with both adsorption and desorption peaks were

predicted for the positive ACET mode with 0.01 << x << 10 (Figure 7B). The tip current was initially
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enhanced by the positive feedback effect and lowered transiently around E8’ during the cathodic scan of
the substrate potential. The dip of the tip current was completed by the saturation of the substrate with
the adsorbed reductant. The oxidant was depleted from the tip—substrate gap at negative potentials to
yield the zero tip current owing to the shielding effect [36]. The adsorbate was oxidatively desorbed

from the substrate during the anodic scan to yield a peak current at the tip. The resultant voltammogram
was sensitive to k2 (i.e., A9), Egl , and a, which can be determined experimentally. The shape of
voltammograms dramatically changed between x = 1 and 10, which can be achieved experimentally by

adjusting co to determine I's from «.

2.3.2. Concerted and non-concerted mechanisms

The voltammograms of the positive ACET mode were simulated for various combinations of x

and Adoes and compared with those of the positive feedback mode (Figures 8 A and 8B, respectively). The
zone notations of A, D, Kin, R, O, I, N, and NF are the same as those defined for the negative ACET
mode. In addition, DM and DP indicate the modified- and pure-diffusion-controlled zones, respectively,
in the DMR/DMI, ADMR/ADMI, DPR/DPI, and ADPR/ADPI zones as defined for CV [2, 3]. The
voltammograms of DO/DI and ADMR/ADMI zones were detailed for the positive ACET mode in
Figures 7A and 7B, respectively. Moreover, DON/DIN, AR/AI, and NF zones were predicted for the
positive ACET mode when the adsorption step was too slow to drive the ACET reaction at the substrate.
The adsorption step was kinetically limited also in the DO’/DI” zone to yield a tip current that was
intermediate between DO/DI and DON/DIN zones. In the DMR/DMI zones, the adsorbates on the

substrate were abundant and able to mediate the ACET reaction at the substrate but not to yield

substantial peak current at the tip.
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The positive ACET mode based on the concerted mechanism was compared with the positive
feedback mode of the non-concerted mechanism with the same combinations of x and AJ, to
discriminate between the two mechanisms. The voltammograms simulated for the positive feedback
mode were represented by the kinetic diagram (Figure 8B) to yield the same voltammograms as the
positive ACET mode in the DO/DI zone. Moreover, the ADPR and DPR zones of the positive feedback
mode were thermodynamically equivalent to the DMR and ADMR zones of the positive ACET mode
when both ET and adsorption steps maintained equilibrium. The thermodynamic equivalence, however,
was not maintained when outer-sphere ET and ACET steps were kinetically controlled in ADPI and DPI
zones and DMI and ADMI zones, respectively. The two mechanisms were distinguishable from each
other despite the fast adsorption step in these zones, where the surface coverage of the substrate with the
adsorbate was high [3]. The thermodynamic equivalence was not maintained when the adsorption step
was kinetically controlled to yield NF and DPR/DPI zones in positive ACET and positive feedback
modes, respectively. When the adsorption step was kinetically controlled, the positive feedback mode

yielded AIDPR/AIDPI, DRKin/DIKin, and DRAI/DIAI zones in contrast to AR/AI, DON/DIN, and

DO’/DI" zones of the positive ACET mode.

2.3.3. Experimental identification of the ACET mechanism

We applied simulation results to discuss the mechanisms of the ACET reaction at the substrate as
studied by SECM previously. We confirmed the concerted mechanism expected for the hydrogen
oxidation reaction at the Pt substrate [23], where SECM-based voltammetry resulted in the ADMI zone
not the AIDPI zone. The concerted mechanism corresponded to the Volmer reaction as an ACET
reaction coupled with the Tafel reaction as an adsorption step (H> + 2M = 2Hags). The non-concerted

mechanism was prohibited because H" can not be reduced directly to H> through the outer-sphere ET
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step. Experimentally, the amperometric response of a Pt tip was based on the hydrogen evolution
reaction and enhanced by the oxidation of the tip-generated H» at the Pt substrate. The experimental
voltammogram (Figure 8B in [23]) resembled the theoretical voltammogram of the ADMI zone.
Specifically, the tip current was lowered by competitively reducing H' at the substrate during the
cathodic forward scan of the substrate potential. The tip current during the reverse scan was peaked by
the oxidative desorption of Hags deposited during the forward scan and crossed during the reverse scan as
expected for the ADMI zone. This kinetic zone is characteristic of the concerted mechanism to exclude
the non-concerted mechanism. Our model, however, must be extended to determine whether the
hydrogen oxidation reaction was coupled with the Tafel reaction or the Heyrovsky reaction (Hags + H" +
e = Hy+M).

The kinetic zone diagrams of positive ACET and positive feedback modes were also used to
confirm the non-concerted ACET reaction of ferrocene derivatives adsorbed on highly oriented pyrolytic
graphite (HOPG) [27]. In this case, the characteristic voltammogram of the DRKin zone was observed
when ferrocene derivatives were oxidized on the HOPG substrate to detect the ferroceniums at the tip,
i.e., the SG/TC mode. Experimental voltammograms were obtained at fast scan rates of ~10 V/s and a
short distance of ~50 nm with a 1 um-diameter Pt tip to kinetically control the adsorption step. The
experimental voltammograms fitted the DRKin zone of the non-concerted mechanism not the
corresponding DO zone of the concerted mechanism. The observation of the DRKin zone also
confirmed that reversible quasi-steady-state voltammograms at slower scan rates [40, 41] were attributed
to the DPR zone, not to the DMR zone. The adsorption of ferrocene derivatives on HOPG was too weak
(i.e., pr = 10) to yield ADPR/ADPI or AIDPR/AIDPI zones (see Figure S-4 in Supplementary

Materials).

19



It should be noted that the non-concerted mechanism of the positive feedback mode was assumed
for the electrodeposition of magnetite [42]. Experimental voltammograms fitted the voltammograms
simulated for the DRKin/DIKin zone (Figure 3A in [42]) but were not assessed by considering the
concerted mechanism, thereby leaving ambiguity in the ACET mechanism. Moreover, magnetite
electrodeposition involved a slow chemical step, which can hamper the identification of the ACET

mechanism [3].

2.3.4. SG/TC mode of concerted and non-concerted mechanisms

We also simulated the SG/TC mode to discriminate between concerted and non-concerted
mechanisms when the reductant was reversibly adsorbed on the substrate (Figures 9A and 9B,
respectively). In either mechanism, the tip current was based on the diffusion-limited oxidation of the
reductant generated at the substrate. The voltammogram of the DMR zone was identical to that of the
DPR zone owing to the thermodynamic equivalence between concerted and non-concerted mechanisms.
The thermodynamic equivalence was not maintained when ET steps were kinetically controlled to yield

distinct voltammograms in DMI and DPI zones. Moreover, the adsorption step was kinetically

o

controlled with low A3

to discriminate between the two mechanisms. The tip current was negligible for
the concerted mechanism, where the slow adsorption step followed the ACET reaction to serve as the
rate-determining step. By contrast, DPR/DPI zones were predicted for the non-concerted mechanism,
where the reductant was generated directly through the outer-sphere ET step separated from the slow
adsorption step. In addition, the concentration of the reducant must be high enough (i.e., x < 1 in Figure
9) to obtain the significant tip current for the concerted mechanism. With x> 1 in the non-concerted

mechanism, the adsorption step can be slow enough to detect a large fraction of the substrate-generated

reducant at the tip.
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The experimental voltammograms measured in the SG/TC mode deviated from the simulated
voltammograms when the experimental mechanism was not identical to the simulated mechanism.
Magnetite electrodeposition was studied by employing the SG/TC mode to yield a peak-shaped
voltammogram (Figure 3B in [42]), which can not be expected from the concerted or non-concerted
mechanism without a surface chemical reaction (Figure 9). Moreover, the characteristic voltammogram
of the DI zone was observed for copper electrodeposition in the SG/TC mode (Figure 4b in [33]).
Experimentally, Cu* was generated voltammetrically from Cu?' at the glassy carbon substrate and
oxidized amperometrically to Cu®" at the Pt tip in the SG/TC mode. The tip current was lowered as the
substrate potential was scanned cathodically to electrodeposit Cu from Cu’ through the ACET step on
the substrate. The reverse scan of the substrate potential oxidatively desorbed Cu” from Cu to peak the
tip current. In the resultant voltammogram, the tip current crossed between forward and reverse scans as
expected for the DI zone to indicate that the ACET step was kinetically controlled. More work is needed
to assess whether the ACET step was mediated through the concerted mechanism or the non-concerted

mechanism as predicted theoretically [43].

2.3.5. Diffusion-limited tip reaction

Care must be taken to drive the tip reaction at the diffusion-limited rate even when the tip is
covered with reversible adsorbates. In positive ACET and positive feedback modes, the tip reduces the
oxidant in the solution to the reversibly adsorbed reductant. This reaction can not reach a diffusion limit
when the adsorption step is fast and the oxidant concentration is low as represented by the NR zone for
both concerted and non-concerted mechanisms (Figure 9). In this case, the diffusion-limited tip reaction
requires a higher concentration of the oxidant in the solution to lower x. In the SG/TC mode, the tip

reaction is the oxidation of the reductant generated at the substrate. This reaction can always reach a
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diffusion limit through the non-concerted mechanism (Figure 8B) but not the concerted mechanism

when the adsorption step is as slow as that in NF, AR/AIL, DON/DIN, and DO’/DI" zones (Figure §B).

2.4. Comparison with SI Mode

Finally, we propose the ACET mode as the powerful complement of the SI mode, which has
been widely used to investigate the ACET reactions at the substrate. The SI mode has been applied to
quantify hydrogen adsorbates [44, 45], oxygen-containing metal electrocatalysts [46], and
photoelectrochemical surface intermediates [47] as preformed through ACET or ACET-like reactions on
the substrate. This work predicted that both reactions can be studied also by employing the ACET mode.
In comparison with the SI mode, the ACET mode offers a few advantages and disadvantages.
Advantageously, the dynamics of the ACET reaction can be investigated by the ACET mode but not by
the SI mode. Moreover, a large substrate can be investigated by the ACET mode in contrast to the SI
mode, which requires the tip and the substrate with similar sizes. Furthermore, a redox titrant in the
solution is needed for the SI mode but not for the ACET mode. The amperometric tip current of the
ACET mode is free from capacitive current in contrast to the voltammetric tip current of the SI mode.
Disadvantageously, the oxidant concentration, co, must be low enough for the ACET mode (e.g., x> 0.1
in Figures 4 and 5) but not for the SI mode. Moreover, the tip surface can be saturated with irreversible
adsorbate in the negative ACET mode, not in the SI mode, which uses non-adsorbing and soluble redox
couples as titrants. It should be noted that the reaction of an intermediate adsorbate formed through an
ACET reaction, e.g., hydrogen electrocatalysis, can be studied dynamically by both SI [48, 49] and

positive ACET [23] modes.
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3. Conclusions

In this work, we generalized the theory of SECM-based voltammetry [25] to quantitatively
understand the dynamics and mechanism of ACET reactions at the substrate. An ACET reaction can be
mediated through concerted and non-concerted mechanisms when the reactant or the product is
reversibly adsorbed on the substrate [3, 24]. We simulated the transient voltammograms of negative and
positive ACET, positive feedback, and SG/TC modes to confirm that the ACET mechanism can be
identified when the adsorption step is kinetically controlled [2, 3]. We envision that transient SECM-
based voltammetry will be useful as the powerful complement of the SI mode to experimentally and
quantitatively investigate actual ACET reactions. The negative ACET mode can be used to interrogate
electrodeposition and electrointercalation as well as the ACET-like formation of metal oxides as
electrocatalysts and the redox reaction of a conducting polymer concerted or non-concerted with ion
transfer. The ACET reactions involved in electrocatalysis and photoelectrocatalysis can be studied by
detecting reversible adsorbates in positive ACET and positive feedback modes as complemented by the
SG/TC mode. The new theoretical framework reported in this work will facilitate the broad application

of transient SECM-based voltammetry to deepen our understanding of important electrode reactions.
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Figure Captions

Figure 1. Scheme of (A) negative and (B) positive ACET modes of SECM with a disk-shaped tip over a
macroscopic substrate. Red, blue, and black arrows indicate ACET, adsorption, and diffusion steps,
respectively. The magenta arrow indicates the ACET step coupled with the adsorption step or the outer-
sphere ET step. We employed the tip inner radius of a to define the tip outer radius of 7, = 2.0a and the

tip—substrate distance of d = 0.5a in this work.

Figure 2. (A) Characteristic voltammogram with a desorption peak simulated for the negative ACET
mode with A2 = 10 and x = 10 and the corresponding concentrations of the oxidant, O, around the tip—
substrate gap at (B) initial, (C) switching, and (D) peak potentials. Solid and dashed lines correspond to
forward and reverse scans of the substrate potential, respectively. Red and black arrows indicate ACET

and diffusion steps, respectively.

Figure 3. Effect of the normalized standard ACET rate constant, /18, on characteristic voltammograms
of the negative ACET mode with k¥ = (A) 10 or (B) 1. Solid and dashed lines correspond to forward and

reverse scans of the substrate potential, respectively.

Figure 4. Kinetic zone diagram of the negative ACET mode. Reversible and irreversible
voltammograms (red and black lines, respectively) of each zone are indicated by positive current and
positive potential directed up and right, respectively. Solid and dashed lines correspond to forward and

reverse scans of the substrate potential, respectively. Zone notations: D stands for diffusion-controlled
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behavior; A for adsorptive; R (or O) for reversible (or ordinary); I for irreversible; N for the negative

ACET mode; and NF for the negative feedback tip current.

Figure 5. Kinetic zone diagrams of the negative ACET mode with (A) concerted and (B) non-concerted
mechanisms based on the reversible adsorption of the oxidant, O, with po = 10~* at the substrate.
Reversible and irreversible voltammograms (red and black lines, respectively) of each zone are indicated
by positive current and positive potential directed up and right, respectively. Solid and dashed lines
correspond to forward and reverse scans of the substrate potential, respectively. Zone notations: D
stands for diffusion-controlled behavior; A for adsorptive; R (or O) for reversible (or ordinary); I for
irreversible; N for the negative ACET mode; and NF for the negative feedback tip current. Kin indicates
that the forward (or reverse) wave is kinetically controlled by the adsorption (or desorption) step. Red,

blue, and black arrows indicate ET, adsorption, and diffusion steps, respectively.

Figure 6. (A) Characteristic voltammogram with a desorption peak simulated for the positive ACET
mode with /18 =10 and k= 100 and the corresponding concentrations of the oxidant, O, around the tip—
substrate gap at (B) initial, (C) switching, and (D) peak potentials. Solid and dashed lines correspond to
forward and reverse scans of the substrate potential, respectively. Red, blue, and black arrows indicate
ACET, adsorption, and diffusion steps, respectively. The magenta arrow indicates the ACET step

coupled with the adsorption step or the outer-sphere ET step.

Figure 7. Effect of the normalized standard ACET rate constant, A2, on characteristic voltammograms

of the positive ACET mode for the equilibrium adsorption of the reductant, R, with pr = 10°, A9, = 10,

des
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and k= (A) 10% or (B) 1. Solid and dashed lines correspond to forward and reverse scans of the substrate

potential, respectively.

Figure 8. Kinetic zone diagrams of (A) positive ACET and (B) positive feedback modes for concerted
and non-concerted mechanisms, respectively, based on the reversible adsorption of the reductant, R,
with pr = 10° at the substrate. Reversible and irreversible voltammograms (red and black lines,
respectively) of each zone are indicated by positive current and positive potential directed up and right,
respectively. Solid and dashed lines correspond to forward and reverse scans of the substrate potential,
respectively. Zone notations: D stands for diffusion-controlled behavior; A for adsorptive; R (or O) for
reversible (or ordinary); I for irreversible; N for the negative ACET mode; and NF for the negative
feedback tip current. Kin indicates that the forward (or reverse) wave is kinetically controlled by the
adsorption (or desorption) step. DM and DP indicate the modified- and pure-diffusion-controlled zones,
respectively. Red, blue, and black arrows indicate outer-sphere ET, adsorption, and diffusion steps,
respectively. The magenta arrow indicates the ACET step coupled with the adsorption step or the outer-

sphere ET step.

Figure 9. Kinetic zone diagrams of the SG/TC mode for (A) concerted and (B) non-concerted
mechanisms based on the reversible adsorption of the reductant, R, with pr = 10° at the substrate.
Reversible and irreversible voltammograms (red and black lines, respectively) of each zone are indicated
by negative current and negative potential directed down and left, respectively. Solid and dashed lines
correspond to forward and reverse scans of the substrate potential, respectively. Zone notations: R for
reversible; 1 for irreversible; and NR for negligible tip current. DM and DP stand for modified- and

pure-diffusion-controlled, respectively. Red, blue, and black arrows indicate ET, adsorption, and
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diffusion steps, respectively. The magenta arrow indicates the ACET step coupled with the adsorption

step or the outer-sphere ET step.
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Figure 8
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Figure 9
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