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ABSTRACT: Herein, we demonstrate for the first time that the mechanism of adsorption-coupled electron-transfer
(ACET) reactions can be identified experimentally. The electron transfer (ET) and specific adsorption of redox-active
molecules are coupled in many electrode reactions with practical importance and fundamental interest. ACET reactions
are often represented by the concerted mechanism. In reductive adsorption, an oxidant is simultaneously reduced and
adsorbed as a reductant on the electrode surface through the ACET step. Alternatively, the non-concerted mechanism
mediates outer-sphere reduction and adsorption separately when the reductant adsorption is reversible. In electrocataly-
sis, reversibly adsorbed reductants are ubiquitous and crucial intermediates. Moreover, electrocatalysis is complicated by
the mixed mechanism based on simultaneous ACET and outer-sphere ET steps. In ths work, we reveal the non-concerted
mechanism for ferrocene derivatives adsorbed at highly oriented pyrolytic graphite as simple models. We enable the tran-
sient voltammetric mode of nanoscale scanning electrochemical microscopy (SECM) to kinetically control the adsorption
step, which is required for the discrimination of non-concerted, concerted, and mixed mechanisms. Experimental volt-
ammograms are compared with each mechanism by employing the finite element simulation. The non-concerted mecha-
nism is supported to indicate that the ACET step is intrinsically slower than the outer-sphere counterpart by at least four
orders of magnitude. This finding implies that an ACET step is facilitated thermodynamically but may not be necessarily
accelerated or catalyzed by the adsorption of the reductant. Significantly, SECM-based transient voltammetry will become
a powerful tool to resolve and understand electrocatalytic ACET reactions at the elementary level.

The coupling between electron transfer (ET) and specif-
ic adsorption of redox-active molecules at the electrode
surface is imperative in both applied and fundamental
electrochemistry.”> The adsorption-coupled electron-
transfer (ACET) reactions are often considered to proceed
in a single step, e.g., reductive adsorption.3 In this con-
certed mechanism,>* an oxidant in the solution, O (= H*,
Li*, O,, CO,, etc), is simultaneously reduced and adsorbed
through the ACET step to deposit a reductant, Rags, on the
electrode surface

O +e IR,y (1)

The adsorbate serves as a crucial intermediate or a prod-
uct in many electrode reactions with great importance
and interest as exemplified by electrocatalysis,*¢ electro-
deposition,” and electrointercalation.® Alternatively, an
ACET reaction may proceed through the non-concerted
mechanism based on separate ET and adsorption steps,>#
i.e.,, reduction and adsorption, respectively. Practically,
both ACET and non-ACET steps may occur simultaneous-
ly in the mixed mechanism.

Recently, we demonstrated that concerted and non-
concerted mechanisms of ACET reactions have not been
discriminated experimentally.# The two mechanisms were
proposed five decades ago® but systematically compared
only recently.># Theoretically, unique voltammograms are
expected for each mechanism to discriminate between
the two mechanisms if the adsorption step is kinetically
controlled>+ and the ET steps are chemically reversible.
Only one of the two requirements, however, has been met
experimentally® to yield identical voltammograms for
both mechanisms.# Problematically, experimental volt-
ammograms of ACET reactions have been assessed by
considering only the concerted" or non-concerted*
mechanism, thereby preventing the unambiguous deter-
mination of the reaction mechanism.# Moreover, the
mixed mechanism has been considered theoretically by
assuming the arbitrary sequence of ACET and non-ACET
steps not the simultaneous occurrence of the two ET
steps.B

Our current understanding of electrocatalysis is limited
by the ambiguity in the mechanism of ACET reactions.>#



In many electrocatalytic reactions, a reductant is reversi-
bly adsorbed

R B R )
to enable not only ACET (eq 1) but also outer-sphere ET
O+elER 3)

For instance, both adsorbed and non-adsorbed forms of
0.~ were detected experimentally'#’5 for the one-electron
reduction of O,, which controls the rate and product of
the entire oxygen reduction reaction.'®7 Similarly, the
overall CO, reduction reaction is controlled by the one-
electron CO, reduction,® which yields both adsorbed
and non-adsorbed forms of CO,~ as observed experimen-
tally.2>> It, however, has not been determined experimen-
tally whether a reductant, R, or R, is produced from an
oxidant, O, through an ET step or ET and adsorption
steps. Moreover, electrocatalytic ACET reactions are
complicated by coupling with multiple ET, adsorption,
and desorption steps as well as homogeneous and surface
chemical steps.’>>* Irreversible chemical steps'®* prevent
the determination of the ACET mechanism.4

Herein, we report for the first time that the mechanism
of ACET reactions can be determined experimentally. We
employ nanoscale scanning electrochemical
microscopy*#* (SECM) to confirm the non-concerted
mechanism of ferrocene derivatives at highly oriented
pyrolytic graphite (HOPG) as simple models. Previously,
we employed cyclic voltammetry (CV) to demonstrate
quantitatively that only the reduced form of the ferrocene
derivatives is adsorbed on HOPG (eq 2).2%*” The experi-
mental CVs, however, agreed with both non-concerted
(eq 3) and concerted (eq 1) mechanisms because all steps
were diffusion-controlled to maintain the thermodynamic
equivalence between the two mechanisms.# In this work,
we develop the transient voltammetric mode of nanoscale
SECM to kinetically control the common adsorption step
as required for the identification of the ACET mecha-
nism.>* This unprecedented achievement is made by in-
creasing the scan rate up to 10 V/s from o.05 V/s in our
previous studies.?®29 We find that the ACET step is intrin-
sically slower than the outer-sphere counterpart at least
by four orders of magnitude to manifest the non-
concerted mechanism neither concerted nor mixed
mechanism.

EXPERIMENTAL SECTION

The redox reactions of (ferrocenylme-
thyl)trimethylammonium (FcTMA*) and ferroceneacetate
(FcCH,COO") at HOPG were investigated by employing
nanoscale SECM as detailed in SI. HOPG (SPI-1 grade,
SPI, West Chester, PA) was peeled in the filtered air as
humidified over dry ice to minimize the airborne contam-
ination of the exposed surface.?93° Freshly peeled HOPG
was immediately set up in the SECM cell that was sealed
to prevent the airborne contamination of the solution
(Figure S-1). The ferrocene solution was prepared from
ultrapure water with a resistivity of 18.2 MQ c¢m and a
total organic carbon of 2-3 ppb.

The transient voltammetric mode of nanoscale SECM
was enabled by using two potentiostats (Figure S-1) to
quantitatively investigate adsorption effects. The poten-
tial of HOPG was cycled at up to 10 V/s with the electron-
ic compensation of ohmic potential drop owing to the mA
current by using a potentiostat (CHI 660B, CH Instru-
ments, Austin, TX). The three-electrode cell was equipped
with a Pt counter electrode and a Pt quasi-reference elec-
trode. The potentiostat was floating? and isolated from a
grounded patch-clamp amplifier (Axopatch 200B, Molec-
ular Devices, San Jose, CA) as the second potentiostat for
the measurement of the low-nA tip current with 0.1 ms
resolution. The amplifier recorded the amperometric cur-
rent of a Pt tip at a fixed potential in a two-electrode cell
with a Pt quasi-reference/counter electrode. The cycle of
the substrate potential was synchronized with the meas-
urement of the tip current by using a digital switch with
an optical coupler,3 which isolated the floating potenti-
ostat from the grounded amplifier.

A sharp, flat, and damage-free tip was positioned at a
distance, d, of ~50 nm from the atomically flat HOPG sur-
face as established previously.®20 Specifically, an ~1 pm-
diameter Pt tip was surrounded by a thin glass sheath
with an outer diameter of ~2 pm and flattened by fo-
cused-ion-beam milling (Figure S-2A).3334 The tip was
protected from electrostatic damage3>37 as confirmed af-
ter SECM experiments (Figure S-2B). The tip-HOPG dis-
tance was controlled precisely and quickly by measuring
an approach curve in the intelligent mode373® to prevent
the tip-substrate contact (Figure S-3) and minimize the
fouling of the HOPG surface by residual contaminants in
redox molecules,® respectively. The tip-substrate
nanogap was maintained by minimizing the thermal drift
of the tip by using a homebuilt isothermal chamber .3

The amperometric tip current, it, was free from the ca-
pacitive current and directly compared with the tip cur-
rent simulated for non-concerted, concerted, and mixed
mechanisms as detailed in SI. Only the rate constant of
ferrocene desorption from HOPG, kq4es, was adjusted.
Other parameters were determined by CV.2°?7 Experi-
mental and simulated voltammograms were compared by
normalizing the tip current against the diffusion-limited
tip current, ir.», in the bulk solution#°

Ito = 45nDFcoa (1)
where the current due to oxidation has a positive sign,*
is a function of RG (= rg/a =~2; ry and a are outer and in-
ner tip radii, respectively), n is the number of the trans-
ferred electrons, and D and ¢, are the diffusion coefficient
and concentration of the ferrocene derivatives in the solu-
tion.

RESULTS AND DISCUSSION

Non-Concerted Oxidation and Desorption of FcT-
MA*. We developed the transient voltammetric mode of
nanoscale SECM to identify the non-concerted oxidation
and desorption of FcTMA*. FcTMA* was present in the
solution and adsorbed on HOPG to yield an initial cover-
age of 0.51°° from the isotherm (eq S-3). FCTMA* was oxi-



dized voltammetrically at HOPG to amperometrically
detect the substrate-generated ferrocenium, Fc*TMA®, by
the tip positioned at ~50 nm from HOPG. In the non-
concerted mechanism (Figure 1A), the non-adsorbed form
of FcTMA* was oxidized through the outer-sphere ET
step, where the adsorbate was desorbed and oxidized. In
the concerted mechanism (Figure 1B), the adsorbate was

(A) Non-Concerted Mechanism

(B) Concerted Mechanism

oxidized through the ACET step, where the non-adsorbed
form of FCTMA* was adsorbed and oxidized. In the mixed
mechanism (Figure 1C), the adsorbate was desorbed and
oxidized through the outer-sphere step or oxidized
through the ACET step. Both forward and reverse direc-
tions of adsorption and ET steps were considered in the
simulation of each mechanism.

(C) Mixed Mechanism
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Figure 1. Scheme of SECM measurement of FcTMA* oxidation at HOPG through (A) non-concerted, (B) concerted, and (C)
mixed mechanisms. FcX and FcX* represent ferrocene and ferrocenium, respectively. (D), (E), and (F) The finite element analysis
of the identical experimental tip current versus the cycled HOPG potential at 10 V/s with different mechanisms. The experi-
mental curve was obtained with 0.3 mM FcTMAPF; in 1 M KCl for it = 32 pA during forward anodic and reverse cathodic scans
(solid and dotted lines, respectively). Simulated curves (circles) were obtained with a = 560 nm, RG = 1.8, and d = 48 nm. ET
steps were electrochemically reversible except for the ACET step in part F, where kges = 5.8 x 10% 57

We employed the fast scan rate of 10 V/s to find that
the plot of the tip current versus the HOPG potential
agreed with the simulation of the non-concerted mecha-
nism (lines and circles, respectively, in Figure 1D). The tip
current was enhanced to peak at ir/it» = 53 during the
forward anodic scan, where Fc*TMA* was generated from
both adsorbed and non-adsorbed forms of FcTMA* at
HOPG. The best fit between experimental and simulated
voltammograms yielded k¢es = 5.8 x 10* s for ferrocene
desorption from HOPG. A standard rate constant of [Jjj
>17 cm/s was employed to represent the electrochemically
reversible outer-sphere ET step. The minimum [Jjjj was as
high as estimated previously at 0.05 V/s and as predicted
by the Marcus theory.?®* The experimental voltammo-
grams were highly reproducible to yield average ks of
(6.6 + 0.7) x 10> s (N = g). The highly precise determina-
tion of kqes is attributed also to the high sensitivity of the
tip current to kees (Figure S-5A).

By contrast, we were not able to fit experimental volt-
ammograms with the voltammograms simulated for the
concerted mechanism (lines and blue circles, respectively,
in Figure 1E). The concerted mechanism yielded a nar-
rower peak with a width of 0.12 V at half height than the

experimental width of 0.14 V. The narrower width is de-
termined by the potential dependence of the electro-
chemically reversible ACET step with a standard rate con-
stant of ]= 0.25 cm/s. The broader peak of the non-
concerted mechanism represents that the potential-
independent desorption of FcCTMA* can be delayed from
the potential scan.# This result confirms that non-
concerted and concerted mechanisms can be discriminat-
ed against each other when the common adsorption step
is kinetically controlled.# The two mechanisms coupled
with the equilibrium adsorption step yield the identical
voltammogram (Figure S-6A).

Moreover, the concerted mechanism required errone-
ously high kges of 2.9 x 10* s to match the experimental
peak current with the simulated peak current (Figure 1E).
High kges corresponds to a high adsorption rate constant,
kads, because their ratio was fixed by an equilibrium con-
stant, Sk (= kads/kdes), in our simulation. A very low tip
current was simulated for the concerted mechanism with
kdes = 5.8 x 10% 57 (red circles), which was determined for
the non-concerted mechanism (Figure 1D). In the con-
certed mechanism, the adsorption of FcTMA* must be
fast to sustain the adsorption-coupled oxidation of FcT-



MA* and, subsequently, enhance the tip current (Figure
1B). By contrast, the outer-sphere oxidation step of the
non-concerted mechanism can be sustained by regenerat-
ing FcTMA* at the tip to enhance the tip current despite
the slow desorption of FcTMA* (Figure 1A).

We also examined the mixed mechanism (Figure 1C)
not only to obtain a poor fit with the experimental volt-
ammogram but also to estimate [} We employed the
same parameters as determined for the outer-sphere ET
and adsorption steps of the non-concerted mechanism
and adjusted only [} The experimental voltammogram
fitted the voltammogram simulated with JJj of up to 2.5 x
107+ cm/s (black circles in Figure 1F). Higher [Jjyielded a
higher and narrower voltammetric peak (blue circles)
than the experimental peak. The maximum JJj of 2.5 x 107
cm/s for a good fit is much lower than the minimum [Jjj
of 17 cm/s as determined for the non-concerted mecha-
nism. This result indicates that the ACET step was at least
6.8 x 104 times intrinsically slower than the outer-sphere
ET step and, subsequently, was not observed.

Confirmation of Non-Concerted Oxidation Mecha-
nism. We further confirmed the non-concerted mecha-
nism for FCTMA* oxidation at HOPG. Experimentally, we
confirmed the non-concerted mechanism at slower scan
rates of 5, 3, 1, and 0.1 V/s (Figure S-7). At 5 V/s, the ad-
sorption step was kinetically controlled to fit the experi-
mental voltammogram with the non-concerted mecha-
nism but not with the concerted mechanism. The two
mechanisms yielded identical voltammograms at 3, 1, and
0.1 V/s, thereby indicating that the adsorption step be-
came diffusion-controlled to prevent the identification of
the ACET mechanism.>* We, however, excluded the con-
certed mechanism, which required erroneously high kjes
of >10% s to fit experimental voltammograms at slow scan
rates. By contrast, the experimental voltammograms fit-

(A) Non-Concerted Mechanism

(B) Concerted Mechanism

ted well with the non-concerted mechanism with con-
sistent kqes at all scan rates.

We also found that the implementation of additional
steps into the concerted mechanism did not improve the
fit with experimental voltammograms. We considered the
lateral diffusion of FcTMA* adsorbed on HOPG because
the local concentration of the adsorbate under the tip was
modulated by the tip reaction to generate a lateral con-
centration gradient.## The simulated voltammogram,
however, was not broadened and was lowered for both
concerted and non-concerted mechanisms to deviate
from the experimental voltammogram (Figure S-9).
Moreover, we considered the adsorption of Fc*TMA* on
the glass sheath of a Pt tip, which only lowered the tip
current for both mechanisms (Figure S-10). These results
confirm that the surface diffusion of FcTMA* and the
glass adsorption of Fc*TMA* had a negligible effect on the
tip current. It should be noted that the adsorption of fer-
rocene derivatives on Pt was excluded experimentally2%27
and is not relevant to this work because the tip reaction is
diffusion-limited.

Non-Concerted Reduction and Adsorption of
Fc*'TMA*. We also investigated Fc*TMA* reduction at
HOPG by nanoscale SECM to confirm the non-concerted
mechanism. In this experiment, Fc*TMA* was generated
from FcTMA* amperometrically at the tip and reduced
voltammetrically at HOPG with a separation of ~50 nm.
In the non-concerted mechanism (Figure 2A), Fc*TMA*
was reduced through the outer-sphere ET step, where
FcTMA* was adsorbed or transported to the tip. In the
concerted mechanism (Figure 2B), Fc*TMA* was reduced
to the adsorbate through the ACET step. The adsorbate
must be desorbed from HOPG to react at the tip. In the
mixed mechanism (Figure 2C), Fc*TMA* was reduced
competitively through ACET and outer-sphere ET steps.
Both directions of adsorption and ET steps were consid-
ered in the simulation of each mechanism.

(C) Mixed Mechanism
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Figure 2. Scheme of SECM measurement of Fc*TMA* reduction at HOPG through (A) non-concerted, (B) concerted, and (C)
mixed mechanisms. FcX and FcX* represent ferrocene and ferrocenium, respectively. (D), (E), and (F) The finite element analysis
of the identical experimental tip current versus the HOPG potential at 10 V/s with different mechanisms. The experimental
curve was obtained with 0.3 mM FcTMAPFs in 1 M KCl for ity = 32 pA during forward anodic and reverse cathodic scans (solid
and dotted lines, respectively). Simulated curves (circles) were obtained with a = 560 nm, RG = 1.8, and d = 48 nm. ET steps were

electrochemically reversible except for the ACET step in part F, where kges = 5.8 x 10* 57,

Experimental voltammograms of Fc*TMA* reduction at
HOPG fitted well with the non-concreted mechanism
(Figure 2D) by employing the same parameters as deter-
mined for the non-concerted FcTMA* oxidation (Figure
1D). The simulated voltammogram employed kges of 5.8 x
10% s and an electrochemically reversible outer-sphere ET
step. The experimental voltammogram also fitted well
with the concerted mechanism but required extremely
high kdes of 2.9 x 10% s (blue circles in Figure 2E). The
high kqes failed to fit the experimental voltammogram of
FcTMA* oxidation (Figure 1E). The erroneously high kges is
needed to enhance the tip current in the concerted mech-
anism (Figure 2B). This is not the case for the non-
concerted mechanism (Figure 2A), where the non-
adsorbed form of FcTMA* was regenerated from Fc*'TMA*
at HOPG to enhance the tip current. Similarly, experi-
mental voltammograms at o0.1-5 V/s support the non-
concerted mechanism with consistent ks and exclude
the concerted mechanism, which requires erroneously
high kqes (Figure S-8).

The experimental voltammogram did not fit with the
mixed mechanism when the ACET step became signifi-
cantly fast (Jfj >2.5 x 10 cm/s in Figure 2F), thereby con-
firming the non-concerted mechanism. The minimum [Jj
was erroneously high because it exceeded the maximum
[ of 2.5 x 107 cm/s that was required to obtain a good fit
for FCTMA* oxidation at HOPG (Figure 1F). Notably, the
voltammograms simulated with ] > 2.5 x 107 cm/s
showed a forward peak, which resulted from the accumu-
lation of the adsorbate under the tip before the potential
scan.

Effect of Adsorbate-Adsorbate Attractions. Since
this work is the first to experimentally determine the
ACET mechanism, we generalized our finding of the non-
concerted mechanism by investigating FcCH,COO- with
adsorbate-adsorbate attractions on HOPG.?” FcCH,COO-
is anionic and readily dissolved in the solutionat pH 6.2
but is attracted to each other on HOPG by presumably
sharing co-adsorbed aqueous cations between carboxylate
groups. The co-adsorption of aqueous cations maintains
the electroneutrality of the double-layer region and ac-
counts for the potential independence of the adsorption
isotherm®” (eq S-3), which yields an initial coverage of
0.35. The adsorbate-adsorbate interaction, JJj, of +3.57
and -0.3*° in the isotherm was determined for
FcCH,COO- and FcTMA®, respectively, by CV.

Experimental voltammograms of FcCH,COO- oxidation
at HOPG at 10 V/s agreed well with the non-concerted
mechanism (lines and circles, respectively, in Figure 3A).
The tip current peaked at ir/it» = 78 during the forward
anodic scan to yield kqes = 4.7 x 10> s. The outer-sphere
ET step was electrochemically reversible as represented
by JJjj 213 cm/s. The simulated voltammogram was highly
sensitive to the desorption rate constant (Figure S-5C).
Average kdes of (4.9 £ 0.3) x 10*> s (N = 8) was determined
precisely from highly reproducible experimental voltam-
mograms. FcCH,COO- and FcTMA* had similar kges.
FcCH,COO-, however, yielded a narrower peak width of
o1V at half height owing to adsorbate-adsorbate attrac-
tions.
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Figure 3. SECM measurement of FcCH,COO- oxidation at HOPG at 10 V/s as compared with (A) non-concerted, (B) concerted,
and (C) mixed mechanisms. The identical experimental curve was obtained with 0.1 mM FcCH,COOH in 1 M KCl and 01 M
phosphate buffer (pH = 6.2) for it» = 7.1 pA during forward anodic and reverse cathodic scans of the HOPG potential (solid and
dotted lines, respectively). Simulated curves (circles) were obtained with a = 333 nm, RG = 2.3, and d = 30 nm. The outer-sphere
ET step was electrochemically reversible in parts (A) and (C). The ACET step was quasi-reversible in part B with ] = 4.9 x 10

cm/s and part C with [J] as given in the figure and kdes = 4.7 x 102 7.

experimental peak (blue circles and lines, respectively, in
Figure 3B). The simulated peak had a width of 0.07 V at

The concerted mechanism was excluded because the
simulated voltammetric peak was too narrow to fit the



half height to represent attractions among the adsorbates
in addition to the potential dependence of the oxidative
desorption step. The peak of the experimental voltammo-
gram can be as high as that of the simulated voltammo-
gram with erroneously high k¢es of 1.8 x 104 s7'. Moreover,
kaes of 4.7 x 10*> s was determined with the non-concerted
mechanism and used for the concerted mechanism to
yield a much lower peak (red circles). High kges corre-
sponds to high k.4, which is needed for the concerted
mechanism to sustain the ACET step (Figure 1B).

We also excluded the mixed mechanism for
FcCH,COO- oxidation at HOPG. When the same parame-
ters as determined for the non-concerted mechanism
were employed, a good fit was obtained for the mixed
mechanism with . = 5.8 x 10 cm/s (black circles in Fig-
ure 3C) or lower. Below the threshold | FcCH.COO-
oxidation at HOPG was dominated by the outer-sphere
ET step. The maximum [Jj was compared with the mini-
mum [Jjj of 13 cm/s to find that the ACET step is at least
2.2 x 104 times intrinsically slower than the outer-sphere
ET step.

We also investigated Fc*CH,COO- reduction at HOPG
to ensure the non-concerted mechanism. The experi-
mental voltammogram (lines in Figure 4A) fitted well
with the non-concerted mechanism with the same kges of
4.7 x 10*> s (red circles) as determined for FcCH,COO-
oxidation (Figure 3A). The best fit required a quasi-
reversible ET step with a finite [Jjj of 6.9 cm/s, which is
attributed to the self-inhibitory effect from the adsorb-
ates.4 By contrast, the experimental voltammogram devi-
ated from the voltammogram simulated for the concerted
mechanism (blue circles in Figure 4B), which also re-
quired erroneously high kges of 1.7 x 10* s7. The concerted
mechanism with the same ks of 4.7 x 10% s as the non-
concerted mechanism yielded a much lower tip current
(red circles) than observed experimentally. Moreover, the
mixed mechanism was excluded to find that [ must be
smaller than 5.8 x 10 cm/s to fit the experimental volt-
ammogram (Figure 4C). This analysis adjusted [Jj while
employing the same parameters as determined for the
non-concerted mechanism. The maximum [Jj of 5.8 x 107
cm/s also yields a good fit with the experimental tip cur-
rent for FcCH,COO- oxidation at HOPG (Figure 3C).
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Figure 4. SECM measurement of Fc*CH,COO- reduction at HOPG at 10 V/s as compared with (A) non-concerted, (B) concerted,
and mixed mechanisms. The identical experimental curve was obtained with 0.1 mM FcCH,COOH in 1 M KCl and 0.1 M phos-
phate buffer (pH = 6.2) for it = 7.1 pA during forward anodic and reverse cathodic scans of the HOPG potential (solid and dot-
ted lines, respectively). Simulated curves (circles) were obtained with a = 333 nm, RG = 2.3, d = 30 nm in addition to (A) and (C)

. = 6.9 cm/s, (B) . =12 x 1072 cm/s, and (C) kges = 4.7 x 10* s7.

We also employed slower scan rates of 0.1-5 V/s to con-
firm the non-concerted mechanism for both FcCH,COO-
oxidation and Fc*CH,COO reduction (Figures S-11 and S-
12, respectively) at HOPG. Only the non-concerted mech-
anism agreed with experimental voltammograms of
FcCH.COO- oxidation at scan rates of down to 3 V/s. The
desorption step was slowed down by adsorbate-adsorbate
attractions and still kinetically controlled at 3 V/s in con-
trast to FcTAM* (Figure S-7B). Moreover, a good fit with
experimental voltammograms at all scan rates required
consistent kges for the non-concerted mechanism but er-
roneously large kqes for the concerted mechanism.

We investigated the ACET reactions of ferrocenemeth-
anol, 1,1"-ferrocenedimethanol, and tris(1,10-
phenanthroline)cobalt(ll) with j= +3.2,>° +1.2,*° and -
4.6,% respectively, to yield irreproducible SECM-based
voltammograms at HOPG. The irreproducibility is at-
tributed to the inadequate purity of the sub-millimolar

redox molecules after recrystallization. A sub-micromolar
contaminant can significantly foul the HOPG surface in
the solution.?®

Implications for Electrocatalysis. Our experimental
results are used to theoretically compare ACET and outer-
sphere ET kinetics, the competition of which determines
the overall rate and product selectivity of important elec-
trocatalytic reactions.'®*® Specifically, the kinetics of ad-
sorption-coupled and outer-sphere reduction steps are
compared by considering standard free energies. The free
energy change of the outer-sphere reduction step is given
by |l ‘here E is the electrode potential (Figure
5A). The reductive adsorption step is thermodynamically
facilitated by the reductant adsorption with the standard
adsorption energy, [ (Figure 5B). Accordingly, the free
energy change of the reductive adsorption step at the
more positive potential of E Jj/F (Figure 5C) is equiv-
alent to the outer-sphere counterpart at E (Figure s5A).



The [ of FcTMA* and FcCH,COO- (Table 1) is indica-
tive of weak adsorption but is still comparable to the [Jjij
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estimated for O, at Au(100) as a good oxygen-reduction
electrocatalyst in the alkaline media.4546
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Figure 5. Standard free energy of redox-active species involved in (A) outer-sphere ET (red line) and (B) and (C) ACET (blue

lines) steps.

Table 1. Comparison between FcTMA* and
FcCH.COO .

adsorbate FcTMA~ FcCH,COO-
B (<V) -0.20¢ -0.280
CHIR/4 (eV) 0.26¢ 0.28¢

Ac/Aos <1.0 X 1074 <6.9 x 1074

@ Ref. 26. ® Ref. 27. ¢ 1 = 0.85 eV from ref. 47.

We compare activation energies of outer-sphere and
adsorption-coupled reduction steps at the same electrode
potential (Figures 5A and 5B, respectively). The activation
energy of the outer-sphere reduction step, Jjjj is given
by the Marcus theory as®

-4+ oaFE- D (5)

where 1 is the solvent reorganization energy, and ¢ (=
0.5) is the transfer coefficient. Similarly, the activation
energy of the adsorption-coupled reduction step, JJjjj is
defined as

I ©
where JJjjJjjj is the standard activation energy of the ACET

step. A comparison between eqs 5 and 6 indicates that
[l is lower than i at any potential to accelerate the
adsorption-coupled reduction step in comparison with

the outer-sphere counterpart when ] < 4/

We also assess whether the reductant adsorption cata-
lyzes the adsorption-coupled reduction step as implied in
the terminology of electrocatalysis. By definition, a cata-
lyst, i.e., the electrode, lowers the activation energy of a
reaction without changing the overall change in the free
energy.# This definition implies that [Jjjj < JJJJij when
the overall free energy change of the outer-sphere reduc-
tion step is identical to the adsorption-coupled counter-
part (Figures 5A and 5C, respectively). These conditions
for the catalysis of the adsorption-coupled reduction step
by the electrode are satisfied when [Jjjjj < 4/4 in egs 5

and 6. The intrinsic activation energy of the ACET step,

-, must be lower than the outer-sphere counterpart,
/4, for catalysis by the electrode.

Overall, the effect of the reductant adsorption on the
adsorption-coupled reduction kinetics varies with the
standard activation energy, -, to define Cases I, II,
and III as

L > /Bl oy facilitated thermodynami-

cally

I. /4 < - < /4J: 2'so accelerated
111. i < #/4: also catalytic

For instance, - is increased by the reorganization of
the adsorbate-electrode interactions® as required for
Cases I and II. Moreover, the dielectric constant and, sub-
sequently, reorganization energy of water molecules can
be reduced near the electrode surface,> which lowers [Jjj
as required for Case III.

The rates of ACET and outer-sphere ET steps depend
also on the pre-exponential factor as deduced from eqs S-
5 and S-7

where Ac and Aps are pre-exponential factors of the re-
spective steps. We found experimentally that [Jjwas at
least four orders of magnitude lower than [Jjj We as-
sumed - = (A4 as the middle value of Case II

to deduce from eq 7 that Ac can be three or four orders of
magnitude lower than Aos (Table 1). Low Ac is attributed
to the slow dynamics of ice-like water molecules at the
HOPG surface,3° where the ferrocene derivatives are ad-
sorbed and solvated to participate in the ACET step. Our
estimation of Ac/Aos is significant because the theory for
Ac has been underdeveloped owing to the scarce availa-
bility of experimental data.>

It should be noted that an ACET reaction (eq 1) may be
mediated through another non-concerted mechanism

(7)



based on adsorption and inner-sphere ET steps as given
respectively by>+

O Il Oy (8)
Oads + e HE R4 (9)

When the common adsorption step (eq 8) maintains
equilibrium, inner-sphere ET and ACET steps are equiva-
lent to each other>+ as represented by the ACET step and
excluded in this work.

CONCLUSIONS

In this work, we determined the mechanism of ACET
reactions experimentally for the first time. Specifically,
the non-concerted mechanism of ferrocene derivatives at
HOPG was identified by developing the transient volt-
ammetric mode of nanoscale SECM. In contrast to CV,2027
this nanoelectrochemical method kinetically controlled
the adsorption step, which is required for the identifica-
tion of the ACET mechanism.>¢ In addition to non-
concerted and concerted mechanisms, the mixed mecha-
nism was considered to estimate the kinetics of the ACET
step, which was not observed experimentally. These re-
sults quantitatively demonstrate that the ACET step was
at least four orders of magnitude intrinsically slower than
the outer-sphere ET step. The intrinsically slow ACET
kinetics is attributed to the higher standard activation
energy, lower pre-exponential factor, or both. These re-
sults imply that the ACET reaction is thermodynamically
facilitated® but is not necessarily accelerated or catalyzed
by the reductant adsorption in comparison with the out-
er-sphere counterpart. We envision that SECM-based
transient voltammetry will be useful as a powerful tool to
resolve the coupling between the ET and specific adsorp-
tion of redox-active molecules in important electrocata-
lytic reactions.
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